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Sinopse

Nesta tese investigamos a diversidade e taxonomia de espécies de anuros no
interfliivio entre os rios Purus e Madeira, bem como os fatores responsaveis pela
distribuicdo e diversificacdo de espécies ao longo da paisagem. Foram utilizados
dados morfoldgicos, bioacusticos e moleculares para investigar a diversidade
escondida e descrever novas espécies do género Scinax. Dados de distribuigdo e
variaveis ambientais foram utilizados para descrever associagdes espécie-habitat
em uma espécie de Scinax. Por fim, foram utilizados dados gendmicos de ultima
geracdo e analises de gendmica da paisagem para entender o papel de gradientes
ecoldgicos no fluxo génico de Phyzelaphryne miriamae.

Palavras-chave: 1. biodiversidade. 2. taxonomia integrativa. 3. ecologia. 4.
heterogeneidade ambiental. 5. polimorfismo de nucleotideo tnico. 6. gendmica
da paisagem. 7. fluxo génico. 8. Amazodnia.
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RESUMO

O interfluvio entre os rios Purus e Madeira (IPM) compreende uma das regides mais
desconhecidas da Amazdnia brasileira. Mesmo sendo uma regido extremamente
ameagada pelas agdes do homem, pouco se conhece sobre a identidade taxondmica dos
anuros que habitam a regido e os processos responsaveis por determinar padrdes de
distribui¢do e diversificagdo de espécies. O objetivo geral desta tese foi investigar a
diversidade escondida de anuros, fornecer subsidios para estudos ecologicos e de
conservagdo através da descricdo de novos taxons, e revelar processos ecoldgicos
responsaveis pela distribuicdo e diversificagdo de espécies no IPM. No primeiro
capitulo, integramos dados morfoldgicos, bioacusticos € moleculares para investigar a
existéncia de diversidade escondida em anuros do género Scinax ao longo de 1000 km de
paisagens no IPM e dareas circunvizinhas. Andlises integrativas revelaram que
aproximadamente 82% da riqueza regional de espécies de Scinax era composta por
espécies desconhecidas para a ciéncia. Os resultados evidenciaram o quanto o IPM ¢
pouco conhecido do ponto de vista faunistico e a necessidade de agdes conservacionistas
na regido. No segundo capitulo, descrevemos formalmente a espécie de Scinax com
maior distribuicdo ao longo do IPM e investigamos se sua distribuicdo geografica e
abundancia sao influenciadas por varidveis ambientais. Scinax ruberoculatus ¢ facilmente
distinta das demais congéneres por caracteres morfologicos (adultos e girinos) e
bioacusticos. Diferente do que se esperava para anuros de reproducdo aquatica, sua
distribuicdo e abundancia ao longo do IPM ¢ influenciada positivamente pela
porcentagem de silte no solo e ndo pela estrutura da floresta (densidade de arvores).
Sugere-se que estd associagdo espécie-habitat seja guiada pelas necessidades reprodutivas
da espécie, uma vez que sitios reprodutivos em solos siltosos podem ser menos efémeros,
favorecendo assim a sobrevivéncia dos girinos da nova espécie. No terceiro capitulo,
descrevemos formalmente uma nova espécie de Scinax com distribuicdo aparentemente
restrita a por¢ao central do IPM. Apesar de ser proximamente relacionada com espécies
do clado Scinax wandae, a nova espécie se distingue de todas estas por caracteres
morfoldgicos e de coloragdo, bem como por seu canto de antincio. Sua area de ocorréncia
passa por forte pressdo antrdpica em decorréncia do desmatamento influenciado pela
especulagdo imobiliaria decorrente da reconstru¢do da BR-319. No quarto capitulo,
Scinax onca foi descrita com base em espécimes provenientes de duas populagdes
distintas do IPM, uma distribuida em florestas densas e a outra em florestas abertas.

Andlises filogenéticas do primeiro capitulo mostraram que estas populagdes formam
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clados reciprocamente monofiléticos. As diferencas no padrao de coloracdo entre as duas
populagdes, juntamente com suas relagcdes evolutivas, nos levaram a levantar a hipotese
de que variagdes ecologicas do IPM podem ser os responsaveis pela diferenciagdo destas
duas populagdes. Entretanto, dados coletados ao longo de sua distribuicdo se fazem
necessarios para elucidar se a diferenciacdo observada ¢ influenciada pelos gradientes
ambientais. No quinto capitulo, utilizamos uma espécie diminuta de anuro terricola
(Phyzelaphryne miriamae) amplamente distribuida no IPM como modelo para testar se o
fluxo génico ao longo da paisagem pode ser explicado pela hipotese de gradientes
ambientais. Pela primeira vez na Amazonia, utilizamos analises gendmicas de paisagem
e milhares de polimorfismos de nucleotideos tinicos (SNPs) para testar esta hipotese.
Andlises de estrutura genética estimaram cinco populagdes em P. miriamae. Os efeitos
dos gradientes ambientais no fluxo gé€nico da espécie alvo foram pronunciados. Os
valores de explicagdo das variaveis ambientais, apos corrigidas pelo efeito da distancia
geografica, variaram entre 24.7% (teor de silte no solo) e 30.2% (sazonalidade da
temperatura). Enquanto que a distancia geografica explicou apenas 2.3-3.7% do fluxo
génico. Embora haja efeito da distancia geografica no fluxo génico de P. miriamae, este

se limita apenas a pequenas e longas distancias, sendo nulo em distancias intermediarias.
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ABSTRACT

The Purus-Madeira Interfluve (PMI) represents one of the less known areas of Brazilian
Amazonia. Despite it is extremely threatened by anthropic actions, the knowledge about
the taxonomic identity of anurans inhabiting the PMI and the processes driving their
distribution and diversification are poorly known. The main goals of this thesis were to
investigate the hidden diversity in anurans, provide bases to ecological and conservation
studies through the description of new taxa, and illuminating the role of environment on
species distribution and diversification along the PMI. In the first chapter, we integrated
morphology, bioacoustics, and genetics to explore if there was hidden diversity in anurans
of the genus Scinax along 1000 km of landscapes in the PMI. Integrative analyses
revealed that approximately 82% of the regional richness in Scinax was unknown to
science. Results highlighted how much the PMI faunal diversity is poorly known and its
need for conservation actions. In the second chapter, we formally described the most
widely distributed new species of Scinax in the PMI and tested if its geographic
distribution and abundance were driven by environmental variables. Scinax ruberoculatus
is easily distinguished from its congeners through morphological (adults and tadpoles)
and bioacoustical characters. Differing from the predicted for aquatic breeding anurans,
its distribution and abundance along the PMI is positively driven by silt content and not
by forest structure (tree density). It is suggested that this habitat-association is driven by
the species’ reproductive needs once reproductive sites in silty soils may be less
ephemeral, favouring the survival of tadpoles of the new species. In the third chapter,
we described a new species of Scinax with distribution apparently restricted to the central
portion of PMI. Despite it is close related to species of the Scinax wandae clade, the new
species is distinguished from all other Amazonian Scinax through morphology and
colouration, as well as by the advertisement call. The species’ habitat is deeply threatened
by the anthropic pressure due to property speculation as result of the reconstruction of the
BR-319 highway. In the fourth chapter, Scinax onca was described based in specimens
from two distinct populations in the PMI, one living in dense forests and the other in open
forests. Phylogenetic analyses of the first chapter recovered these populations as
reciprocally monophyletic. Differences in colour pattern, as well as its evolutionary
relationship, led us to hypothesize that environmental gradients of the PMI may be
responsible by observed differentiation in these populations. However, data collected

along its distribution are necessary to elucidate if the observed differentiation is really
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influenced by environmental gradients. In the fifth chapter, we used a diminutive
terrestrial anuran (Phyzelaphryne miriamae) and widely distributed in the PMI as a model
to test if the gene flow along the landscape can be explained by the ecological gradient
hypothesis. For the first time in Amazonia, genomic landscape analyses and thousands of
single nucleotide polymorphisms (SNPs) were used to test this hypothesis. Genetic
structure analyses estimated five ancestral populations in P. miriamae. Results indicated
that the effect of environmental gradients on gene flow of the target species was
pronounced. After accounting the effect of geographic distance, the explanation of
environmental variables ranges from 24.7 % (silt content) to 30.2% (temperature
seasonality). On the other hand, geographic distance explained just 2.3—3.7% of the gene
flow. Although there is an effect of geographic distance on gene flow in P. miriamae, it

is restricted to short and long distances, being null in moderated distances.
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Figure 2. Maximum clade-credibility tree of Scinax from the Purus-Madeira interfluve
and the east bank of the upper Madeira (Brazilian Amazonia) and correlated species. The
16S gene tree was recovered by Bayesian analyses in BEAST. Posterior probabilities are
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Figure 3. Specimens of Scinax from the Purus-Madeira interfluve and east bank of the
upper Madeira River, Brazilian Amazonia. (A) Scinax sp. 1, male, SVL 20.2 mm, INPA-
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Figure 1. Sampling area in the Purus-Madeira Rivers Interfluve and schematic
representation of RAPELD sampling modules and plots. (A) Distribution of RAPELD
sampling modules along a 600 km transect. Legend: green colour (M1-M9) D tropical
lowland rainforest with emergent canopy; gold colour (M10-M11) D open rainforest
lowlands with palm trees. (B) General configuration of each module with ten sampling
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measured. BRA, Brazil.

Figure 2. Holotype of Scinax ruberoculatus sp. nov. INPA-H 34665. (A) Dorsal view.
(B) Ventral view. Scale D 5 mm. Photos by M Ferrao.

Figure 3. Hand and foot of the holotype of Scinax ruberoculatus sp. nov. INPA-H 34665.
Scale = 1 mm. Photos by M Ferrao.

Figure 4. Multivariate morphometric space of Scinax ruberoculatus sp. nov. Principal
Components Analysis of the SVL and 15 body ratios of males (N = 28) and females (N =
6). (A) Sampled by sex and (B) sampled by RAPELD sampling modules. Abbreviations:
M2-5 and M7-9, RAPELD sampling modules where specimens were collected; F,

females; M, males.

Figure 5. Variation in the dorsal colouration from preserved specimens of Scinax
ruberoculatus sp. nov. (A) INPA-H 34601, male, SVL 24.1 mm. (B) INPA-H 34600,
female, SVL 27.5 mm. (C) INPA-H 34609, male, SVL 24.5 mm. (D) INPA-H 34598,
male, SVL 25.5 mm. (E) INPA-H 34614, male, SVL 25.5. (F) INPA-H 34611, male, SVL
23.8 mm. (G) INPA-H 34612, male, SVL 24.4 mm. (H) INPA-H 34618, male, SVL 25.2
mm. (I) INPA-H 34605, female, SVL 26.2 mm. Photos: M Ferrao.

Figure 6. Variation in the colouration of living specimens of the paratypes of Scinax
ruberoculatus sp. nov. (A) INPA-H 34607, female, SVL 25.4 mm. (B) INPA-H 34602,
male, SVL 22.6 mm. (C) INPA-H 34603, male, SVL 23.3 mm. (D) INPA-H 34604, male,
SVL 25.8 mm. (E) INPA-H 34623, male, SVL 23.9 mm. (F) INPA-H 34602, male, SVL
22.6 mm. Photos: AP Lima (B, F) and R Fraga (A, C, D, E).

Figure 7. Advertisement call of Scinax. ruberoculatus sp. nov. (A) Waveform. (B)

Audiospectrogram. Call recorded at RAPELD sampling module 9, Nascentes do Lago
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Jari National Park, Beruri Municipality, Amazonas, Brazil. Male recorded: INPA-H
34665 (SVL 25.9 mm). Temperature: 25 °C.

Figure 8. Tadpole of Scinax. ruberoculatus sp. nov. (INPA-H 35410) in developmental
stage 34. (A) Lateral view. (B) Dorsal view. (C) Ventral views. (D) Details of the opened
oral disc. (E) closed oral disc. Tadpoles were collected at RAPELD sampling module 9,
Nascentes do Lago Jari National Park, Amazonas, Brazil. Scales for A—C = 5 mm. Scales

for D-E = 0.5 mm. Photos: M Ferrio.

Figure 9. Newly metamorphosed Scinax. ruberoculatus sp. nov. (INPA-H 35412). (A)
Dorsolateral view. (B) Frontodorsal views. This specimen developed under our care from

a typical tadpole of the new species. Photos: R de Fraga.

Figure 10. Geographic range of Scinax. ruberoculatus sp. nov. Numbers indicate the
RAPELD sampling module. Yellow circles: RAPELD sampling modules where the new
species was observed. White circles: RAPELD sampling modules where the new species
was not observed. Triangles: RAPELD sampling modules outside the study area where
the new species was not observed. The diameter of the yellow circles indicates the
percentage of plots occupied by the new species within each sampling module (10% in

3-5;20% in 7-8; 40% in 9; 50% in 2).

Figure 11. Relationship between the abundance of Scinax ruberoculatus sp. nov. and silt
content in the Purus-Madeira Rivers Interfluve, Amazonas, Brazil. Model: Log

(abundance + 1) = constant + log (silt content). r* = 0.41, F1,9 = 6.48, P = 0.031.

CAPITULO 3

Figure 1. Holotype of Scinax sp. nov. (INPA-H 34688), from Nascentes do Lago Jari

National Park, Tapaud, Amazonas, Brazil. Scale bar = 5 mm.

Figure 2. Ventral view of hand (A) and foot (B) of the holotype of Scinax sp. nov. (INPA-
H 34688), from Nascentes do Lago Jari National Park, Tapaua, Amazonas, Brazil. Scale:

2 mm.

Figure 3. Holotype of Scinax sp. nov. (INPA-H 34688, SVL = 20.2 mm), Nascentes do

Lago Jari National Park, Tapaud, Amazonas, Brazil. Photo: Rafael de Fraga.
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Figure 4. Color in preservative of the Scinax sp. nov. type series from Nascentes do Lago
Jari National Park, Tapaud, Amazonas, Brazil. A: INPA-H 34700, female, SVL 26.5 mm.
B: INPA-H 34689, male, SVL 20.7 mm. C: INPA-H 34688, male, 20.2 mm. D: INPA-H
34692, male, SVL 22.5 mm. E: INPA-H 34691, male, SVL 22.5 mm. F: INPA-H 34690,
male, SVL 21.6 mm.

Figure 5. Wave form and audiospectrogram of the advertisement call type A interspersed
with advertisement call type B of Scinax sp. nov. (INPA-H 34691, SVL 22.5 mm) from
Nascentes do Lago Jari National Park, Tapaud, Amazonas, Brazil (A). Wave form and

detailed audiospectrogram (B) of the advertisement call type A (C) and type B (D).

Figure 6. Bayesian 50% consensus tree inferred from mitochondrial 16S rRNA. Posterior

probabilities are given above the node when > 0.95. Blue area highlights the new species.

Figure 7. Geographic range of Scinax sp. nov. in the interfluve between the Purus and
Madeira rivers, Brazilian Amazonia. Black star: type locality, border of Nascentes do
Lago Jari National Park (green polygon) in contact with the federal highway BR-319,

Municipality of Tapaud, Amazonas, Brazil.

CAPITULO 4

Figure 1. Distribution of Scinax onca sp. n. and Scinax iquitorum in Brazilian Amazonia.
Yellow star: A type locality of S. onca sp. n., kilometre 350 of the BR-319 Highway,
municipality of Beruri, State of Amazonas. Yellow circles: B paratype locality of S. onca
sp. n., Floresta Estadual Tapaua Reserve, municipality of Tapaud, State of Amazonas C—
D paratype localities of S. onca sp. n., municipality of Porto Velho, State of Rondonia.
White triangles: E record of S. iquitorum near southern distribution of S. onca sp. n.
according Melo-Sampaio and Souza (2015), municipality of Placido de Castro, State of
Acre, Brazil F record of S. iquitorum according Machado et al. (2015), municipality of

Cruzeiro do Sul, State of Acre, Brazil.

Figure 2. Holotype of Scinax onca sp. n. Dorsal and ventral view of the preserved
holotype of S. onca sp. n. INPA-H 34584 from middle Purus-Madeira Interfluve, at the
kilometre 350 of the BR-319 highway, municipality of Beruri, State of Amazonas, Brazil.

Scale bar 5 mm.
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Figure 3. Hand and foot of holotype of Scinax onca sp. n. Ventral view of the hand and

foot of the preserved holotype of Scinax onca sp. n. Scale bar 5 mm.

Figure 4. Adult specimens of Scinax funereus and S. iquitorum. A, Female specimen of
Scinax funereus (KU221960b) from San Jacinto, Region Loreto, Peru. B, Male paratype
of Scinax iquitorum (NMP6V 71267/1) from Puerto Almendras, Region Loreto, Peru.
Photograph by W_.E. Duellman (A) and Jifi Moravec (B).

Figure 5. Colour in life of Scinax onca sp. n. Colour variation in life of Scinax onca sp.
n. from the Purus-Madeira Interfluve, Brazilian Amazonia. A-B, INPA-H 34584
(holotype), adult male from the kilometre 350 of the BR-319 highway, State of
Amazonas. C-D, INPA-H 34591, adult female from municipality of Porto Velho, State
of Rondonia. E-F, INPA-H 26625, adult female from the Floresta Estadual Tapaua
Reserve, municipality of Tapaud, State of Amazonas. Photographs: A—D and F were
taken after transport of the specimens to the camp, while the image of E was taken

immediately in the field.

Figure 6. Colour in preservative of dorsum of Scinax onca sp. n. Dorsal colour variation
of preserved specimens of Scinax onca sp. n. Specimens from middle (A—C) and southern
(D—F) Purus-Madeira Interfluve, Brazilian Amazonia. A, INPA-H 34581, male, SVL
34.3 mm. B, INPA-H 34583, female, SVL 35.5 mm. C, INPA-H 34582 male, SVL 31.5
mm. D, INPA-H 34594, male, SVL 32.6 mm. E, INPA-H 34589, female, SVL 38.9 mm.
F, INPA-H 34593, male, SVL 34.5 mm.

Figure 7. Colour in preservative of venter of Scinax onca sp. n. Ventral colour variation
of preserved specimens of Scinax onca sp. n. Specimens from middle (A—C) and southern
(D—F) Purus-Madeira Interfluve, Brazilian Amazonia. A, INPA-H 34583, female, SVL
35.5 mm. B, INPA-H 34582, male, SVL 31.5 mm. C, INPA-H 34581 male, SVL 34.3
mm. D, INPA-H 34588, male, SVL 34.1 mm. E, INPA-H 34593, male, SVL 34.5 mm. F,
INPA-H 34589, female, SVL 38.9 mm.

Figure 8. Advertisement call of Scinax onca sp. n. Spectrogram (A) and oscillogram (B)
of an advertisement call of Scinax onca sp. n. The specimen (INPA-H 26624, SVL 32.1
mm) was recorded in Floresta Estadual Tapaud Reserve, middle Purus-Madeira
Interfluve, Amazonas, Brazil. (C) A series with eleven calls. Air temperature not

measured.
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Figure 9. Tadpole of Scinax onca sp. n. from the middle Purus-Madeira Interfluve (lot
INPA-H 35411). Specimen collected at kilometre 350 of the BR-319 highway,
municipality of Beruri, State of Amazonas, Brazil. From top to bottom: dorsal, ventral,

and lateral views of preserved tadpole in developmental Stage 37. Scale bar 5 mm.

Figure 10. Oral disc of the tadpole of Scinax onca sp. n. (lot INPA-H 35411;
developmental Stage 37). Left: ventrolateral and right: ventral view. The tadpole was
collected in the middle Purus-Madeira Interfluve, at the kilometre 350 of the BR-319

highway, municipality of Beruri, State of Amazonas, Brazil. Scale bar 2 mm.

CAPITULO 5

Figure 1. Hypothetical representation of slopes of isolation by resistance (IBR)
hypotheses tested for the effect of environmental variables on Fst/(1-Fst) using seven
values of y (0.01, 0.1, 0.5, 1, 5, 10, 100) and a. = 1000. Relationships between resistance
and environmental variables for which high values were interpreted as restrictive (A) or
permissive to gene flow (B). Numbers close to lines represent y values. Remaining o

values (0.5, 10, 100) were not shown to simplify visualization.

Figure 2. Variables used to test the effect of environmental gradients on gene flow of P.
miriamae within the interfluve between Purus and Madeira rivers. (A) Silt content. (B)
Vegetation biomass. (C) Walsh Index. (D) Temperature seasonality. Black circles:

RAPELD sampling sites.

Figure 3. Genetic structure of Phyzelaphryne miriamae along the Purus-Madeira
Interfluve. (A) Population admixture estimates (k = 5) as recovered by SNMF. (B)
Ancestral coefficients of individuals (k = 5) retrieved by SNMF. (C) Posterior
membership probabilities of individuals according to DAPC using k = 5.

Figure 4. Correlation between Fst/(1-Fst) and log(geographic distance) (A) and mantel
correlogram plot depicting the spatial autocorrelation of Fst/(1-Fst) in seven classes of

log(geographic distance) (B). Filled squares = distance classes with p < 0.05.
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INTRODUCAO GERAL

A regido Neotropical abriga o maior numero de espécies de anuros do planeta
(Duellman 1999), sendo a Amazonia a floresta tropical de terras baixas com a maior
riqueza de espécies (Mittermeier et al. 2003). Aproximadamente 37% das espécies de
anuros amazonicos sdo conhecidas por estarem distribuidas em areas superiores a
1.000.000 km?, podendo ser consideradas amplamente distribuidas (Fouquet et al. 2007a).
Entretanto, a ideia de que tantas espécies possuem ampla distribui¢do estd em desacordo
com a baixa capacidade de deslocamento e alta filopatria observada em diversos grupos
de anuros (Fouquet et al. 2007a). Adicionalmente, ¢ sabido que linhagens cripticas estao
ocultas dentro de espécies nominais com amplas distribui¢cdes (Angulo e Icochea 2010,
Simdes et al. 2010, Fouquet et al. 2014, Caminer et al. 2017, Rojas et al. 2018). Gragas
aos avangos recentes em diversas areas da ciéncia e a integracdo de varias ferramentas
(e.g., bioacustica, biologia molecular, morfologia, comportamento), atualmente ¢
possivel investigar de forma mais detalhada e minuciosa a diversificacdo evolutiva de

grupos problematicos de espécies de anuros (veja Padial et al. 2010).

Anuros amazonicos com amplas distribui¢cdes geograficas (e.g Adelophryne spp.,
Adenomera spp., Allobates spp., Amazophrynella spp., Engystomops spp., Hypsiboas gt.
calcaratus, Osteocephalus spp., Pristimantis fenestratus, Rhinella gr. margaritifera,
Scinax gr. ruber) estdao sendo alvo de estudos que buscam investigar diversidade criptica
e seus processos de diversificagdo evolutiva. Diversas linhagens previamente
desconhecidas de Rhinella gr. margaritifera e Scinax gr. ruber foram descobertas na
Guiana Francesa (Fouquet et al. 2007b). Funk et al. (2011) revelaram que duas espécies
reconhecidas do grupo Hypsiboas calcaratus correspondem atualmente a seis espécies, €
que duas espécies amazodnicas de Engystomops correspondem a cinco espécies, um
incremento de 200 e 150% na riqueza conhecida para estes grupos, respectivamente. Oito
espécies de Adenomera ainda ndo descritas ocorrem na Amazonia, o que representa um
incremento de 160% na riqueza conhecida para o bioma (Fouquet et al. 2014). Jungfer et
al. (2013) revelou através de dados moleculares e morfologicos a existéncia de pelo
menos nove novas espécies de Osteocephalus. De forma similar, Caminer et al. (2017)
investigou a existéncia de diversidade escondida em Dendropsophus gr. leucophyllatus
através da integragdo de dados morfolédgicos, bioactsticos e moleculares, resultando na

descri¢do de duas novas espécies. Estimativas iniciais apontavam que o numero de
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espécies de anuros amazonicos estava subestimado em até 115% (Fouquet et al. 2007a).

Entretanto, o nimero de espécies desconhecidas pode ser ainda maior (Funk et al. 2011).

Anuros estdo passando por um drastico declinio global (Houlahan et al. 2000,
Stuart et al. 2004). Paradoxalmente, o nimero de descrigdes de novas espécies de anuros
encontra-se longe da estabilidade (Caramaschi 2010, Brown et al. 2011, Padial et al. 2012,
Teixeira et al. 2012, Venegas e Duellman 2012, Brandao et al. 2013, Carvalho e Giaretta
2013, Caminer ¢ Ron 2014, Peloso et al. 2014, Lima et al. 2015, Jungfer et al. 2016,
Caminer et al. 2017, Rakotoarison et al. 2017, Melo-Sampaio et al. 2018), o que corrobora
as predi¢cdes de diversidade escondida de Fouquet et al. (2007a) e Funk et al. (2011).
Apesar do continuo incremento no nimero de descri¢des, dezenas ou talvez centenas de

espécies de anuros amazonicos aguardam descri¢ao formal.

Espécies sao amplamente conhecidas como unidades fundamentais em estudos
ecologicos (Gotelli 2004). Estudos taxonOmicos em areas pouco conhecidas,
especialmente em florestas megadiversas como a AmazoOnia, sdo essenciais para a
obtencdo de padrdes ecologicos. A falta de identificagdes precisas em nivel especifico
pode comprometer a obtencdo de padrdes ecologicos, tanto em nivel de espécie quanto
em nivel de comunidade (Isaac et al. 2004, Bortolus, 2008). Além disto, erros de
identificacdo taxonOmica empobrecem as comparagdes entre diferentes areas e
conclusdes sobre distribuicdo de muitas espécies de anuros na Amazodnia (Fouquet et al.
2007a, Pinheiro et al. 2012). Isto prejudica diretamente medidas de conservacao com base
na biodiversidade e endemismo de uma determinada area, refletindo preconceitos graves
na semelhanca de composi¢do real entre areas a serem selecionados para fins de
conservagdo (Bickford et al. 2007). Portanto, a delimitacdo e descri¢gdo de espécies
desempenha um papel importante no desenvolvimento de agdes conservacionistas em
areas ameagadas, além de ser fundamental para a condugdo de investigacdes ecologicas

(Nair et al. 2012).

O estudo dos processos envolvidos na distribuicdo da biodiversidade em
diferentes escalas espaciais ¢ uma das principais questdes em ecologia e biogeografia
(Gaston e Blackburn 2003). Sabe-se que fatores bidticos e abidticos determinam a
distribuicao das espécies em diferentes escalas espaciais (Ricklefs 2004). Entretanto, para
que os fatores abidticos sejam importantes preditores em modelos de distribuicdo e
abundancia de espécies, € necessario que estes atuem diretamente sobre as restricdes

fisioldgicas das espécies. Caracteristicas tais como pele permeavel (Ludwig 1945),
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diversidade de modos reprodutivos (Silva et al. 2012), susceptibilidade dos ovos a
desidratacdo (Duellman e Trueb 1994) e baixa habilidade de dispersao (Blaustein et al.
1994) fazem dos anuros um excelente grupo para se investigar o papel de gradientes na

distribuicdo e abundancia das espécies ao longo da paisagem na qual estas ocorrem.

Os principais fatores ambientais determinando a distribui¢do de anuros em
grandes escalas espaciais sdo temperatura, precipitacdo, altitude e vegetagdo (Duellman
e Thompson 1996, Duellman 1999, Silva et al. 2012). Em pequena e média escala, os
principais fatores influenciando a distribui¢do e abundancia de anuros com reproducdo
aquatica sdo distancia do riacho (Menin et al. 2011, Ribeiro et al. 2012, Rojas-Ahumada
et al. 2012), largura (Eterovick e Barata 2009, Keller et al. 2009) e fluxo do riacho (Keller
et al. 2009), disponibilidade (Ernst e Rddel 2006, Zimmerman e Bierregaard 1986) e pH
de pocas (Jorge et al. 2016), e por fim, a estrutura da vegetagao (Parris e McCarthy 1999,
Eterovick e Barata 2006, Koller et al. 2009, Ferreira et al. 2018). Os estudos
correlacionando gradientes ambientais a distribuicdo e abundancia de anuros florestais na
Amazonia estdo limitados a pequenas e médias escalas, e a maior parte deles foi realizada
na Amazonia Central (Allmon 1991, Pearman 1997, Menin et al. 2007, Menin et al. 2011,
Tsuji-Nishikido e Menin 2011, Rojas-Ahumada et al. 2012). O que se observa ¢ que o
modo reprodutivo dos anuros constitui um exemplo formidavel de como as diferengas na
biologia das espécies podem fornecer importantes explicacdes sobre seus padrdes de
distribui¢ao (Menin et al. 2007, Keller et al. 2009, Menin et al. 2011, Silva et al. 2012).
Novos estudos abrangendo grandes extensdes da paisagem podem revelar associagdes
espécie-habitat que de outra forma seriam impossiveis de serem observados em pequena

e média escala.

Entender como a paisagem afeta o fluxo génico de populacdes na natureza
permanece como um dos principais interesses da biologia evolutiva e possui papel
fundamental na compreensao dos fatores que promoveram a alta diversidade de espécies
encontrada atualmente na Amazonia. Desde o século 19, diversas hipoteses alternativas
foram criadas para tentar explicar a diversificagdo de espécies (Wallace 1852, Haffer
1969, Endler 1977, 1982, Risdnan et al. 1990, Ayres et al. 1992, Webb 1995, Nores
1999). Dentre estas, a mais explorada e testada nos ultimos 20 anos na Amazoénia ¢ a
teoria de rios como barreira (Wallace 1852). Esta teoria postula que grandes rios
promovem isolamento alopatico através do impedimento de fluxo génico entre

populagdes que habitam margem opostas de um dado rio. Apesar da diferencia¢do
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genética de vdrias espécies ter sido correlacionada com a presenca de grandes rios
Amazodnicos (Funk et al. 2007, Fernandes et al. 2012, Ribas et al. 2012, Lynch Alfaro et
al. 2015, Boubli et al. 2015, Fouquet et al. 2015, Ferreira et al. 2017, Maia et al. 2017,
Nazareno et al. 2017, Ortiz et al. 2018, Naka & Brumfield 2018, Ribas et al. 2018), a
mesma correlagdo ndo € clara ou ndo se aplica a outros organismos (Gascon et al. 1996,
1998, Lougheed et al. 1999; Gascon et al. 2000, Symula et al. 2003, Aleixo 2004). Com
o avanco recente de técnicas analiticas e o aumento no esforco em se amostrar areas
desconhecidas da Amazoénia, o teste de outras hipdteses de diversificagdo devem ganhar

campo dentro da biologia evolutiva.

Dentre as hipdteses menos exploradas, a teoria de gradientes ambientes (Endler
1977) demonstra plausibilidade visto a heterogeneidade ambiental da paisagem
Amazodnica. Esta teoria prediz que diferenciacdo genética pode ocorrer entre populagdes
naturais em decorréncia de divergéncia adaptativa guiada por gradientes ambientais,
como por exemple mudancas na estrutura da floresta, granulometria do solo, temperatura
e pluviosidade ao longo da area de distribuicdo da espécie alvo. De acordo com esta
hipotese, a diferenciacdo genética pode ocorrer mesmo diante a presenca de fluxo génico
(Moritz et al. 2000). Dentre as principais dificuldades em se testar a hipotese de gradientes
ambientais, a presenca de potenciais barreiras fisicas ao longo da area de estudo e a
distancia geografica entre amostras podem enviesar fortemente os resultados de testes
estatisticos. O viés associado a distancia geografica pode ser minimizado através do uso
de analises que permitam condicionar esta varidvel, como por exemplo, andlises de
redundancia parcial baseadas em matrizes de distancia. Quanto ao viés relacionado a
presenca de barreiras fisicas, a forma mais simples ¢ delimitar geograficamente a area de
estudo de maneira a incluir apenas amostras de um lado de potenciais barreiras, como por

exemplo, restringir o esfor¢o amostral dentro de grandes interfliivios.

Devido a heterogeneidade da paisagem (Cintra et al. 2013, Martins et al. 2015,
Schietti et al. 2016, Ferreira et al. 2018) ao longo de sua extensdo, sua disposicao
latitudinal dentro da Amazdnia, o interflivio entre os rios Purus e Madeira se mostra ideal
para investigar as influéncias de gradientes ambientais na diferenciacdo genética de
organismos. Recentemente, Ortiz et al. (2018) correlacionou a estrutura genética
encontrada em trés marcadores (um mitocondrial e dois nucleares) de um anuro arboricola
com os diferentes tipos de florestas de terras baixas que compdem o interfluvio Purus-

Madeira. A variagdo na coloracdo da plumagem de trés espécies de aves que habitam este
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mesmo interflivio foi fortemente correlacionada com a heterogeneidade ambiental
existente ao longo da paisagem (Abreu et al. 2018), o que pode ser indicio indireto do
efeito da variabilidade ambiental no fluxo génico destas espécies. Ortiz et al. (2018) e
Abreu et al. (2018) utilizaram apenas variaveis que representam o tipo de floresta ou a
estrutura da floresta em suas associagdes, respectivamente. O efeito de importantes
varidveis ambientais conhecidas como preditoras em anuros (e.g., temperatura,
pluviosidade e granulometria do solo: Menin et al. 2007, Menin et al. 2011, Ferreira et al.

2018) na diferenciag¢do genética permanece desconhecido na Amazdnia.

A obtengdo de amplas quantidades de marcadores moleculares em estudos
evolutivos com grande cobertura geografica e com grande numero de individuos foi,
durante muito tempo, uma das principais barreiras para o estudo dos efeitos da
heterogeneidade ambiental no fluxo génico de organismos. Novas técnicas moleculares
(Mardis 2008), habilitadas por tecnologias de sequenciamento e facilitadas pelo rapido
desenvolvimento de métodos computacionais ¢ modelos mateméticos t€ém permitido que
pesquisadores deixem de utilizar apenas poucas dezenas de marcadores, e passem a
utilizar milhares até dezenas de milhares de sitios polimorficos unicos - SNPs (Davey et
al. 2011, McCormack et al. 2013). Dentre as vantagens de se utilizar SNPs em escala
gendmica em estudos evolutivos, uma das mais atrativas ¢ a possibilidade de detectar de
maneira refinada os possiveis efeitos da paisagem na diversificacdo de espécies (Rasi¢ et

al. 2014).
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OBJETIVOS

O principal objetivo desta tese foi investigar e descrever a diversidade de espécies
de anuros que ocorrem no interflivio entre os rios Purus e Madeira (IPM) e revelar o
papel dos gradientes ambientais na sua distribuicdo e diversificagao.

Capitulo 1: investigar a existéncia de diversidade escondida em anuros do género Scinax
ao longo de 1000 km de paisagens do IPM e areas vizinhas.

Capitulo 2: descrever uma nova espécie de Scinax do IPM e testar se sua distribuigdo e
abundancia estdo sendo influenciados por varidveis ambientais.

Capitulo 3: descrever uma nova espécie de Scinax com distribui¢do aparentemente
restrita a por¢ao central do IPM.

Capitulo 4: descrever uma nova espécie de Scinax com base em duas populacdes
divergentes e distribuidas em diferentes florestas do [PM.

Capitulo 5: testar se gradientes ambientais influenciam o fluxo génico de Phyzelaphryne
miriamae ao longo de paisagens heterogéneas do IPM através de abordagem genomica.
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CAPITULO 1

High species richness of Scinax treefrogs (Hylidae) in a threatened Amazonian
landscape revealed by an integrative approach. PLoS ONE 11(11): e0165679.
doi:10.1371/journal.pone.0165679
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Abstract

Rising habitat loss is one of the main drivers of the global amphibian decline. Neverthe-
less, knowledge of amphibian diversity needed for effective habitat protection is still
highly inadequate in remote tropical regions, the greater part of the Amazonia. In this
study we integrated molecular, morphological and bicacoustic evidence to evaluate the
species richness of the treefrogs genus Scinax over a 1000 km transect across rainforest
of the Purus-Madeira interfluve, and along the east bank of the upper Madeira river, Bra-
zilian Amazonia. Analysis revealed that 82% of the regional species richness of Scinaxis
still undescribed; two nominal species, seven confirmed candidate species, two uncon-
firmed candidate species, and one deep conspecific lineage were detected in the study
area. DNA barcoding based analysis of the 16s rRNA gene indicates possible existence
of three discrete species groups within the genus Scinax, in addition to the already-known
S. rostratus species Group. Quantifying and characterizing the number of undescribed
Scinax taxa on a regional scale, we provide a framework for future taxonomic study in
Amazonia. These findings indicate that the level to which Amazonian anura species rich-
ness has been underestimated is far greater than expected. Consequently, special atten-
tion should be paid both to taxonomic studies and protection of the still-neglected
Amazonian Scinax treefrogs.

Introduction

Frogs achieve mega-diversity in the tropics, but this extreme species richness is under strong
pressure from human disturbance, mainly via habitat loss and degradation of breeding sites
[1]. Contemporaneously, it is becoming increasingly evident that the diversity of frogs has been
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severely underestimated, and that this is true in many different anuran groups. For instance,
the species richness in the genus Aderomera Steindachner, 1867, in the subfamily Phyzelaphry-
ninae Hedges, Duellman and Heinicke, 2008 and in the genus Osleocephalus Steindachner,
1862 increased by 116%, 100% and 37.5%, respectively [2-1]. Moreover, species richness in the
genus Engystomops imenez de la Espada, 1872 and in the Hypsiboas calcaraius-Hypsiboas fas-
ciatus species complex increased by at least 150% and 200%, respectively [5-6] (see S1 Appen-
dix for cryptic diversity estimates). Finally, 11 distinct lineages of leal-(rogs of the Rhineila
margaritifera species complex and six lineages of treefrogs of the Scinax ruber species complex
have been identified as potentially new species [7].

Taxonomic studics of the genus Scinax Wagler, 1830 arc very challenging duc to the large
number of maorphologically similar species, especially these belonging to the same species com-
plexes [8-10]. Tn addition to difficulties in species recognition, the high number of cryptic spe-
cies [7] and the lack of information about the geographical range of many species, call for the
introduction of non-morphological methods into rescarch on the taxonomy of the genus. Such
integrative laxonomic studies of Amazonian frogs have usually addressed morphological,
molecular, bicacoustic and natural history data (e.g. [11-13, 6, 14-15]). The integration of dif-
ferent lines of evidence is a powerful tool for solving taxonomic problems (e.g. [10, 11, 13]) and
understanding evolutionary relationships between taxa [16].

At present. the genus Scingx comprises 63 species of small and medium-sized arboreal
frog (15-52 mmy), and is distributed throughout the Americas [rom Mexico (o Argentina
[17]. Until 2014, 29 species of the Scinax ruber Clade (sensu [18]) were known from Amazao-
nia (see [19]). However, S. parkeri (Gaige, 1929) and S. frifineatus (Hoogmoed and Gorzula,
1977) were recently synonymized with S. fuscomarginatus (Lutz, 1925), S. madeirae (Boker-
mann, 1964) was revalidated and $. villasboasi Brusquetti, Jansen, Barrio- Amarrés, Scgalla
and Haddad, 2014 was described [rom the eastern Brazilian Amazonia [10]. Therefore, 28
valid species of Scinax currently occur in Amazonia. Of these, seven species are placed in the
S. rostratus species Group: 8. garbei (Miranda-Riheiro, 1926), S. jolyi Lescure and Marty,
2000, S. kennedyi (Pyburn, 1973), S. nebulosus (Spix, 1824), S. pedromedinae (11enle, 1991),
S. proboscideus (Brongersma, 1933) and S. rostratus (Peters, 1863). Twenty-one species are
not associated with any known species group (sensu [18]): S. baumgardneri (Rivero, 1961), S.
vlairi (Fouquette and Pyburn, 1972), 8. boesemni (Goin, 1966}, S. chiguitanus (De la Riva,
1990), S. cruentonmmus (Duellman, 1972), 8. danae (Duellman, 1986), S. exiguus (Duellman,
1986), S. funereus (Cope, 1874), S. fuscomarginatus, S. fuscovarius (A. Lutz, 1925), S. ictericus
Ducllman and Wiens, 1993, S. iquitorum Moravee, Tuanama, Pérez and Lehr, 2009, S. kare-
nanneae (Pyburn, 1992), 8. lindsayi Pyburn, 1992, 8. madeirae, S. oreites Duellman and
Wicens, 1993, S. ruber (Laurenti, 1768), S, sateremawe Sturaro and Peloso, 2014, S. villasboasi,
S. wandae (Pyburn and Fouquetle, 1971) and S. x-signatus (Spix, 1824).

The number of currently-known species in the S. ruber Clade means it is already relatively
specics-rich. However, because evolutionary relationships among the species are still poorly
known, addtional undescribed species may occur in this clade [7Z, 10, 20-21]. Our herpetologi-
cal survey in southern Amazonia indicated thal Seinax species richness has been underesti-
maled, especially in poorly-sampled regions of the Purus-Madeira interfluve, and the east bank
of the upper Madeira river, which are currently threatened by an extensive deforestation [22-
24]. In this study, we investigated the species richness of Scisax (reefrogs in the Purus-Madeira
interfluve and along the eastern bank of the upper Madeira river, combining molecular, mor-
phological and bivacoustic evidence.
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Materials and Methods
Study area

The study area is located south of the Amazon river in the Brazilian states of Amazonas and
Rondénia, and includes the interfluve between the Purus and Madeira rivers (PMIR) and the
eastern bank of the upper Madeira (EBMR; Fig 1). It covers an area of approximately 15.4 mil-
lion hectares and contains a complex network of water bodies [24]. The soil is mostly charac-
terized as plinthosols [25], with a predominance of silt [26]. The Madeira river is the main
tributary of the Amazon and its basin covers approximately 1.4 million km®. On a regional
scale, the topography of PMIR and RBMD is relatively flat, with elevation ranging from 27 to
80 m amsl. At the local scale, elevation ranges between one and three meters, promoting the
occurrence of temporary ponds in lower-lying areas during the rainy season [27]. On a coarse
scale, the northern portion of PMIR is covered by tropical lowland rainforest with emergent
canopy, while open lowland rainforest with palm trees occurs in the southern portion of PMIR
and EBMR ([28], Fig 1 A).

Sampling design, collection effort and ethics

We collected data in 18 RAPELD sampling modules [29] distributed across a geographical
transect of approximately 1000 km transect (15 modules in the PMIR and three modules in the
EBMR; Fig 1). Each sampling module (hereafter abbreviated as M, followed by the number of
each sampling unit) contained two parallel trails of 5 km each, spaced 1 km apart. Each trail
contained five plots with a standardized area of 2500 m” (250 m in length and 10 m in wide),
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Fig 1. Sampling area in the Purus-Madeira interfluve and on the east bank of the upper Madeira river, Brazilian Amazonia. (A)
Vegetation cover types. (B) Soil types. Abbreviations: BR, Brazil; M1-M18, RAPELD sampling modules; Abp, lowland ombrophilous open
forest with palm trees; Dbe, lowland ombrophilous dense forest with emergent canopy: Caa, Chromic-Alumic Acrisol; Ahp, Alumic-Humic
Plinthosol; Hvi, Hyperdystri-Vetic Ferralsol. The small insert in each map shows pari of South America and abbreviated names of
countries. The transverse gray bar represenis the study area and adjacent territory.

doi:10.1371/journal.pone.0165679.g001
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totaling 10 plots per module. To minimize environmental heterogeneity within each sampling
unit, the outline of each plot followed local topographic contours [29].

We sampled frogs using visual search (adapted from [30]) and auditory searches for calling
males. Plots from M1-M11 were sampled three times each during the rainy season (Novem-
ber-March) between 2013 and 2014, and the plots M12-M18 were sampled three times each
during the rainy season (October-March) between 2011 and 2014. In addition, we collected
adults and tadpoles when this were encountered on the individual trails and the areas sur-
rounding the sampling modules. Adults and tadpoles were anesthetized and killed with a solu-
tion of 10% benzocaine. After death, adults were fixed in 10% formaldehyde solution and
stored in 70% ethanol, tadpoles were fixed and stored in 5% formaldehyde solution. Specimens
were deposited in the herpetological collection of Instituto Nacional de Pesquisas da Amazonia
(INPA-TT), Manaus, Amazonas, Brazil (52 Appendix).

Specimens were collected from M12 to M18 under IBAMA/SISBIO permit number
02001.000508/ 2008-99, and from M1 to M11 under ICMBio/RAN permit number Reg.
659755 Number 13777. IBAMA and ICMBio are institutes of Ministry of Environment, Gov-
ernment of Brazil. These permits were subject to approval of all procedures for collecting and
euthanizing frogs.

DNA extraction and sequence alignment

Genomic DNA was extracted from muscle tissue using the Wizard Genomic DNA Purification
Kit (Promega Corporation, USA), following the manufacturer's protocol. We used the 16sa-L
(or 16sar-L) (CGC CTG TTT ATC ARAAAC AT) and the 16sbr-H (GCC GTC TGAACT CAG
ATC GCAT) primers [31] to amplify ribosomal DNA fragments of the gene 16S. These frag-
ments were amplified via polymerase chain reaction (PCR) using a mixture with a final volume
of 15 uL, containing 5.7 uL of ddI20, 1.5 uL of 25 mM MgCl,, 1.5 uL of 10 mM dNTPs
(2.5mM in each dNTP), 1.5 uL. of 10X amplification buffer (75 mM Tris HCI, 50 mM KCl, 20
mM (NH4) 2504), 1.5 uL. of 2 uM solution of each of the two primers, 0.3 pL. of Tag DNA
polymerase 5 U / uL (Life Technologies, USA) and 1.5uL. of DNA (about 30 ng / uL). The reac-
tion conditions had a pre-heating step at 73°C for 60 s, 35 cycles of denaturation at 92°C for 10
s, primer annealing at 50°C for 35 s, and primer extension at 72°C for 90 s, followed by a final
extension step of five minutes at 72°C. Prior to the sequencing reactions, PCR products were
purified with Exonuclease I and Thermosensitive Alkaline Phosphatase following manufac-
turer recommendations (Thermo Fisher Scientific, USA) and followed ABI BigDye Terminator
Cycle Sequencing Kit protocols (Life Technologies, USA), as indicated by the manufacturer.
The forward primer was used in sequencing reactions, with an annealing temperature of 50°C.
The resulting single-stranded products were solved in an ABI 3130x] automatic sequencer.
Base calls were verified by viewing electropherograms in Geneious [32] and sequences obtained
were aligned using Clustal W algorithm [33] implemented in BioEdit [34] and checked by eye.

Candidate species delimitation

The concept of candidate species adopted in this study follows the subcategories proposed by
[35]: Unconfirmed Candidate Species (UCS) corresponds to a genetically distinct lineage, for
which no morphological and/or bioacoustic data are available; Deep Conspecific Lineages
(DCL) represent lineages that are genetically divergent, but species cannot be differentiated by
morphological and/or bioacoustic data; Confirmed Candidate Species (CCS) corresponds Lo a
lineage that usually shows genetic divergence and can be differentiated by morphological
and/or bioacoustic data, but which is not formally described as a nominal species.
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Molecularapproach. Unlike [35] and [36] that used genetic distance as molecular evi-
dence in classifying genetic lineages, we opted for two automated barcoding algorithms as
molecular evidence to delineate lineages of Scinax. When there was a discrepancy between the
results from Automatic Barcoding Gap Discovery (ABGD) and Generalized Mixed Yule Coa-
lescent (GMYC) for a set of lineages, we used the most conservative result, except in cases
where morphological and/or bioacoustic evidence supported the less conservative approach.

The first algorithm used, ABGD [37], first estimates the genetic distance between pairs of
aligned sequences from a matrix. It then statistically infers potential gaps as the minimum in
the distribution of pairwise distances by dividing the sequences in a way that the distance
between two sequences of different groups is greater than the distance between two sequences
within a group [37]. The algorithm was performed via the web interface (http://wwwabi.snv.
jussieu.fr/public/abgd/abgdweb.html) with the following priors: Kimura-two-parameters
nucleotide substitution model—K2P [38], ten recursive steps, gap width of 1.0 and value of
intraspecific divergence of 0.003 (3%). We opted for K2P distance because this is the most used

method in barcoding analysis [39], as it effectiveness is similar to more complex models [40].
The use of a 3% divergence in the 165 rRNA in ABGD analysis has been recommended as an
appropriate value for interspecific divergence when classifying lineages of Neotropical and
Malagasy frogs as possible candidate species [41-42].

The magnitude of intraspecific differences can vary among lineages of anurans [411, 43]. The
sole use of distance-based DNA barcoding methods can introduce errors in species delimita-
tion [35]. To minimize these potential errors in our delimitation, we used GMYC [44] as addi-
tional algorithm based on branching patterns: branching patterns within clades reflect genetic
neutral coalescing processes occurring within species [45], while branching among clusters
reflect the timing of speciation events [46]. The GMYC algorithm assesses the difference in the
degree of branching between these two modes of lineages evolution, through estimation of the
point of greatest probability of transition between them by using likelihood-based analysis
[44]. We used the single-threshold approach, which estimates a single point of transition
between intra and interspecific coalescence rates [44, 47]. The GMYC was implemented in the
SPLITS package (available http://r-forge.r-project.org/projects/splits) through the platform R
[48]. Because the GMYC uses genealogical information rather than genetic distances, the algo-
rithm requires an ultrametric genealogical tree as input.

We estimated an ultrametric genealogical tree using 16S rRNA sequences of 55 specimens
of Scinax from PMIR and EBMR samples. Additionally, we selected 61 sequences available in
Genbank but from species not previously assigned to any species group in the S. ruber Clade
(S1 Table). As outgroup, we used seven 165 rRNA sequences from members of Scinax rostratus

species Group, as well as Julianus uruguayus and Ololygon berthae. Ultrametric genealogical
tree was estimated with BEAST software version 1.8.2 [49]. The nucleotide substitution model
GTR + 1 + G was selected via Akaike Information Criterion [50] through jModeltest 2.1.7 [51].
The priors used for obtaining the ultrametric tree were lognormal uncorrelated relaxed clock
model, substitution rate of 7.35 x 10> /site / Ma [median of ucld.mean parameter (95%

HPD = 6.1-8.7 x 107)], coalescent constant size tree and random starting tree. The substitu-
tion rate used here for the 16S rRNA was obtained from [43] which inferred Bayesian genealog-
ical dates for 216 species of Hylidae, including species of the genus Scinax. Three individual
runs of 100 million generations each were performed in BEAST and they were sampled every
10,000 steps, totaling a posterior distribution of 10,000 trees per running. The stationarity of
the posterior distributions, the effective sample size (effective sample sizes—ESS; > 200) and
the convergence between runs were examined using Tracer v1.6 [52]. We combined the files
containing trees after discarding the first 10% using LogCombiner v1.8.2 [49], and we built the
Maximum Clade Credibility (MCC) tree using TreeAnnotator v1.8.2 [49].
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In addition, we estimated interspecific pairwise distances K2P [38] between Scinax from
PMIR and EBMR, and related species using MEGA 6.06 [53]. The distances are summarized in
S2 Table.

Morphologicalapproach. We used morphological data to compare our specimens with
described Scinax species. The following diagnostic characters, all classically used in Scinax tax-
onomy, were evaluated: head shape, snout shape, skin texture, toe webbing, adult body color,
and adult iris color. Additionally, ten morphometric characters were measured with digital cal-
ipers in adult specimens, according to [54]: SVL (snout-vent length), HL (head length), HW
(head width), ED (horizontal eye diameter), UEW (upper eyelid width) IND (internarial dis-
tance), IOD (interorbital distance), T'D (horizontal tympanum diameter), T'L (tibia length) and
FL (foot length). The following characters were measured according to [55]: END (eye-nostril
distance), 3FD (third finger disk diameter), 4TD (fourth toe disk diameter). Length of tarsus
(TAL), hand (HAL) and thigh (THL) followed [56]. Webbing formulae followed [57] as modi-
fied by [58]. Color in life was described based on field observations and color photographs of

live specimens. See S3 Table for morphometric data.

Bioacoustic approach. Spectral and temporal parameters used in the diagnosis of Scinax
species were obtained from 109 recordings of advertisement calls of different Scinax specimens
taken in the study area. As the advertisement call of Seinax is characterized by one note we ana-
lyzed the following acoustic characteristics: note duration (s), number of pulses per note, pulse
duration (s), pulse repetition rate (pulse/s), and fundamental frequency (Hz) of the note. The
calls were analyzed through oscillograms and spectrograms (Blackman window, 80 Tz of fre-
quency resolution and 1,024 data points of Discrete Fourier Transform-DFT) generated with
Raven 1.5 software [59].

Bioacoustic parameters were compared with data available in the formal descriptions of the
species or descriptions of advertisement calls from (or near) the type locality of each nominal
species. Differences in fundamental frequency, duration of the note and pulse repetition rate
are frequently used to differentiate Scinax species (e.g. [60-62, 10, 63]). Therefore, as opposed
to [35), and following to [36], quantitative differences between calls were considered sufficient
to set the CCS lineages. The advertisement call parameters from the candidate species are avail-
able in $4 Table. Advertisement call recordings were stored in the bioacoustic library of the
Research Program on Biodiversity (PPBio) from Instituto Nacional de Pesquisas da Amazonia
(https://ppbio.inpa.gov.br/en/home), Manaus, Brazil.

Results
Candidate species delimitation

Barcoding analysis revealed the occurrence of 12 (GMYC) and 13 (ABGD) putative units of
Scinax in the PMIR and EBMR samples (Fig 2). GMYC and ABGD were discordant in the defi-
nition of three sets of putative units. Unlike the GMYC, the ABGD approach delineated two
distinct units under the epithet S. chiquitanus (8. chiquitanus BOL and S. chiquitanus BRA).
However, the GMYC-based delimitation is supported by morphology and advertisement call
(see next paragraph). In addition, GMYC delimited S. ruber specimens from the central Purus-
Madeira interfluve, east bank of the Madeira river and Bolivia [36] as a unique putative unity,
while ABGD divided them into two distinct units. Due to lack of morphological and bioacous-
tic evidence, we opted for the GMYC conservative delimitation. Scinax ruber PM from the
northern Purus-Madeira interfluve was classified as a putative unit by ABGD, differing in this
from GMYC, which delimited S. ruber from Peru, S. ruber A, S. ruber B, S. x-signafus and S.
ruber PM as a single putative unit. We opted for the ABGD delimitation, considering that this
method reconstructed the delimitation proposed by [7], which used nuclear and mitochondrial
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markers. There was concordance between GMYC and ABGD for the other putative units
occurringin the study area.

Morphology and/or advertisement calls were able to differentiate most of the OTUs in
PMIR and EBMR. Scinax sp. 1 differs morphologically from Scinax sp. 4 (SVL, supernumerary
tubercles and dorsal coloration), Scinax sp. 6 (SVL, relative head length, TD/ED, relative length
of Toe 1, shape of dentigerous processes of vomers, dorsal coloration), S. wandae A (snout
shape, dorsal skin texture, dorsal coloration), S. wandae B (dorsal coloration, dorsal skin tex-
ture) and morphologically and bioacoustically from S. cruentommus (SVL, relative length of
Toe I, shape of dentigerous processes of vomers, dorsal coloration; call duration, number of
pulses/note, pulse repetition rate, and dominant call frequency [64-65]). Scinax sp. 2 can be
distinguished morphologically and bioacoustically from S. fuscomarginatus (snout shape, dor-
sal coloration pattern of tibia; note duration and dominant call frequency;[10]) and S.
madeirae (dorsal coloration pattern of tibia and infraocular; note duration and dominant call
frequency); and morphologically from S. villasboasi (snout shape, relative toe length I1-111, toe
webbing, color pattern of dorsum and of tibia). Scinax sp. 3 can be distinguished from . iqui-
torum by the proportion of head and foot in adult specimens, and dorsal and ventral color pat-
tern. Scinax sp. 4 differs morphologically from Scinax sp. 6 (SVL, supernumerary tubercles,
and toe webbing), S. wandae A (snout shape, dorsal skin texture, dorsal coloration), S. wandae
B (dorsal coloration, dorsal skin texture) and S. cruentommus (head shape, relative length of
toe [T and IV, skin texture of perianal area). Scinax sp. 5 differs from Guiana and French Gui-
ana specimens of S. boesemani in color pattern of dorsum and venter. Scinax sp. 6 differs from
S. wandae A (snout shape, dorsal skin texture, dorsal coloration), S. wandae B (dorsal colora-
tion, dorsal skin texture) and S. cruentommus (supernumerary tubercles on the finger I, outer
metatarsal tubercle shape, canthus rostralis shape and relative length of finger discs). Scinax aff.
cruentommus BRA cannot be distinguished from S. cruentommus by morphology. Scinax ruber
Fand S. ruber PM are distinguished from each other by snout shape. The morphology and
advertisement call of S. chiguitanus BRA are very similar to those of S. chiquitanus BOL.

The integration of molecular, morphological and bioacoustic evidence allowed the delinea-
tion of more species of Scinax than there are available epithets from the PMIR and EBMR. Our
integrative analysis revealed seven CCS lineages (Scinax sp. 1-7), two UCS (Scinax ruber I and
S. ruber PM), one DCL (Scinax aff. cruentommus BRA) and only two nominal species (S. chi-
quitanus BRA and S. cruentommus BRA) (L'ig 3). Scinax ruber PM (UCS), S. aff. cruentommus
BRA (DCL) and the seven CCS lineages delimited in this study were unknown until the current
study. Scinax chiquitanus and S. ruber F are recorded for the first time in Brazil. If CCS and
UCS are considered as lineages that represent undescribed species, 82% of the Scinax species
richness in the PMIR and EBMR is not described, an increase of 450% in the currently-known
regional species richness. More broadly, taking into account the lineages that are not associated
with any species group occurring in the Brazilian Amazonia, 30% of the overall Scinax species
richness revealed in this study is not formally described, representing an increase of 43% in the
number of Scinax species currently-known.

Our 168 gene tree strongly supports three major clades where most of the OTUs from
PMIR and EBMR were included. The Scinax wandae Clade comprises S. cruentommus BRA, S.
aff. cruentommus BRA, S. wandae A, S. wandae B, Scinax sp. 1, Scinax sp. 4 and Scinax sp. 6.
Pairwise genetic distances within the S. wandae Clade range from 2 to 14%, with the shortest
distance recorded between S. aff. cruentommus BRA and. S. cruentommus BRA (2%). The Sci-
nax fuscomarginatus Clade contains S. fuscomarginatus, S. madeirae, S. villasboasi and Scinax
sp. 2. The pairwise genetic distances between Scinax sp. 2 and other members of this clade
range from 8 to 12%. The Scinax wandae Clade and S. fuscomarginatus Clade are reciprocally
monophyletic. Scinax ruber I and S. ruber PM were included within the highly supported clade
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Fig 3. Specimens of Scinax from the Purus-Madeira interfluve and east bank of the upper Madeira River, Brazilian Amazonia. (A)
Scinaxsp. 1, male, SVL 20.2 mm, INPA-H 34688, from M-9. (B) Scinax sp. 2, male, SVL 18.1 mm, INPA-H 34667, from M-11. (C) Scinax
sp. 3, male, SVL 31.3mm, INPA-H 34584, from M-7. (D) Scinax sp. 5, male, not collected, from M-8. (E) Scinax sp. 6, male, SVL 25.2 mm,
INPA-H 35562, from M-17. (F) Scinax sp. 7, male, SVL 23.9 mm, INPA-H 34623, from M-8. (G) Scinaxafl. cruentommus BRA, male, SVL
25.4 mm, INPA-H 34596, from M-6. (H) Scinax ruber PM, couple, not collected. (1) Scinax chiquitanus BRA, female, SVL 33.7 mm, INPA-H
35554; male, 31.1 mm, INPA-H 35555, from M-14. Pholographs by R. Fraga.

doi:10.1371/journal.pone.0165679.g003

containing S. ruber A=D, S. ruber Peru, and S. x-signatus. In turn, this clade is the sister of S.
ruber 2 + 8. ruber 3 and forms a major clade with S. ruber 1, the latter in basal position. Pairwise
genetic distances among S. ruber I and 8. ruber PM from other S. ruber OTUs (except S. ruber
[) range from 2 to 11%. Scinax ruber I is placed as the sister of S. fuscovarius and so questions
the monaphyly of the currently recognized S. ruber OTUs. The distances between S. ruber E
and other S. ruber OTUs range from 18 to 29%.

Discussion

Barcoding methods

We used the algorithms ABGD and GMYC to define Scinax candidate species in this study.
Despite differences, in most cases, there was a convergence of both algorithms in delimitating
Scinax candidate species from the study arca. For the data set involving all putative units in the
MCC tree, and using the candidate species proposed by (7, 66] as a relerence (delimitated by
using more than one molecular marker), ABGD showed greater accuracy in defining the
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candidate species when compared to GMYC, as this letter method tended to group two or
more candidate species.

The incongruity between the results from ABGD and GMYC obtained in this study may be
explained by the quality characteristics of the dataset quality. Although GMYC is a robust algo-
rithm such conditions as the presence of gaps, large number of singletons and low species rich-
ness [67], the algorithm is sensitive to small genetic differences between species [68], which

have been found between most of the species in the S. ruber Clade [7] [this study]. In turn, the
main factor influencing the ABGD delimitation is the value of interspecific genetic divergence
defined a priori [37], which requires existing knowledge of the target group. Despite the differ-
ences in the GMYC and ABGD delimitations, results highlight the importance of the use of
both these barcoding algorithms as molecular evidence in integrative analyses. The use of just
one algorithm in our data set would have given less accurate lineage delimitation.

Species richness and conservation

We used for the first time integrated molecular, morphological and bioacoustic data to evaluate
species richness of Scinax treefrogs at a regional scale in Amazonia. Like other studies that

have used an integrative approach to address frog richness in this biome (e.g. (2, 5, 36, 69)), our
results show that the knowledge of the species diversity of Amazonian frogs is highly inade-
quate. The underestimation of Amazonian species of Scinax (30%) is similar to the percentage
of unnamed amphibian species proposed by [70] for the whole Neotropics (39%). However, at
a regional scale (PMIR and EBMR), the proportion of unidentified Scinax species is more than
twice as high (829) as the estimates for the Neotropics. The increase in the known Scinax spe-
cies richness from the PMIR and EBMR (450%) is the highest increase in Amazonian frog
diversity ever reported, being greater than estimates proposed in studies involving the genera
Engystomops (150-250% [5]), Hypsiboas (200-350% [5]), Osteocephalus (37.5%-300% (3, 69]),
and Pristimantis (200% [71]). Despite the cryptic diversity [7, 21] and the complex taxonomic
history of several Scinax species, the high proportion of undescribed species found in the region
of PMIR and EBMR is mainly due to (1) integration of different lines of evidence in the species
identification process, and (2) the fact that the region represents one of the most poorly-studied
areas in Brazilian Amazonia [72]. Our results suggest that further integrative studies of anurans
from poorly investigated parts of the biome may significantly contribute to an improved
knowledge of the real anuran diversity of the region and improve our understanding of the
overall biodiversity of the Neotropics.

Unfortunately, most of the study area is threatened by infrastructure development associ-
ated with human settlements. The PMIR is intersected by the BR-319 federal highway.
Although it was partially abandoned a few years after its construction in 1973 [22], the pres-
ence of the highway facilitated the process of deforestation in the region, coming especially
from the state of Rondénia [22]. Currently, the BR-319 is being repaired and resurfaced, and
modeling studies have predicted the resulting deforestation of up to 5.4 million hectares by
2050, which represents approximately one-third of the total area of the interfluve [23-24]. In
addition to the imminent threat of reconstruction of the BR-319, the construction of two large
hydroelectric projects on the southern PMIR and EBMR (Porto Velho, Rondénia) also threat-
ens the high biodiversity of the area [22]. This is an alarming scenario for the conservation of
local Scinax populations, considering that only two CCS lineages (Scinax sp. 2 and S. sp. 5) and
two UCS lineages (Scinax ruber F and S. ruber PM) are known to be tolerant of habitat distur-
bance. Species with small geographic ranges are usually more susceptible to anthropogenic
threats than widely distributed species [73-74]. Despite the high sampling effort, two CCS line-
ages (Scinax sp. 1, S. sp. 4) that inhabit the forested habitats were found in only one locality in
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the PMIR. The only sampling module in which Scinax sp. 4 was registered is currently under
heavy pressure from illegal logging (M. Ferrio, personal communication). In addition, a rapid
increase of deforestation of the northern region of the BR-319 is predicted by [24]. Considering
a combination of current anthropic disturbance and limited range, Scinax sp. 4 may be classi-
fied as an endangered species.

Description of new species may contribute to identification of priority areas for biodiver-
sity conservation [75], which potentially results in protection and management of natural
resources [76]. Contrarily, lack of formal description of new species has led to neglect hun-
dreds of species when mapping priority areas for conservation (e.g. [77]). Since formally
named species are important for habitat and biodiversity assessment, especially in such
threatened landscapes as the study area, descriptions of the seven CCS disclosed here will be
the subject of our future papers.

Systematic remarks

Contrary to [17], this study did not place Julianus Duellman, Marion and Hedges, 2016 in a sis-
ter position to the genus Scinax. In our 16S gene tree, Julianus uruguayus (Schmidt, 1944) rep-
resents a sister lineage to the Scinax rostratus species Group (with low support), and together
with it forms a sister clade to all remaining species of Scinax (with low support). This arrange-
ment may be an artifact of our use of only one locus in our analyses. On the other hand, our
16S gene tree strongly supports the S. rostratus species Group as a monophyletic unit, as previ-
ously recognized by [18, 78-79]. Additionally, most of our OTUs were placed in three major
clades (S. fuscomarginatus, S. ruber, S. wandae) by our phylogenetic analyses. Strong Bayesian
support for both clades may be interpreted as evidence of species grouping. Nevertheless, a
more extensive sampling and an appropriate morphological and phylogenetic approach will be
required to better delimitate individual species groups.

Scinax cruentommus has been widely reported from Peru, Brazil, Ecuador and Colombia
[65], and from French Guiana [7, 42, 80-82]. In our barcoding analyses, a Scinax specimen
from PMIR identified as S. cruentommus (S. cruentommus BRA) differs from S. cruentommus
GUF (sensu [7, 12, 80-81]) with genelic distances of 31 to 32%. Unlike S. cruentommus BRA,
specimens of S. cruentommus GUF do not possess a horizontal red bar in the iris (see Figure 5
in [8_1]), which M proposed as an important diagnostic character of 8. cruentommus. More-
over, notable differences between advertisement call of S. cruentommus from the upper Negro
river (Amazonas, Brazil) and S. cruentommus from French Guiana (sensu [82]) were reported
by [65]. Based on this evidence, and in the proposition that widely-distributed small-sized frogs
may potentially represent species complexes [2, 5,7, 21,43, 71, 83], we argue that there is likely
to be more than one species associated with the name S. cruenfommus, and that specimens from
French Guiana called S. cruentommus represent a different, and undescribed, taxon.

Scinax ruber F and S. ruber PM from PMIR and EBMR placed in the Scinax ruber Clade, as
did S. ruber 1-3 from Colombia (in basal position). Although there is no doubt about the valid-
ity of the name S. ruber [19], the strong variance in pairwise genetic distance between all OTUs
in this clade plus S. ruber E (1% to 29%) suggests cryptic diversity [7, 66] [this study], as well as
misidentification (perhaps for S. ruber E and S. x-signatus from French Guiana). The different
Scinax forms which this name has been applied are distributed over a wide geographic area
(Brazil, French Guiana, Surinam, Colombia, Ecuador, Peru, Bolivia) indicating the need for a
thorough revision. Investigation of morphological, bioacoustic and genetic characteristics of S.
ruber from its neotype locality (Paramaribo, Surinam) might be the first step in resolving this
taxonomic problem. This should then be followed by a collaborative international effort to clar-
ify the taxonomic status and the evolutionary relationships of different OTUs related to S. ruber.
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ABSTRACT

The genus Scinax is one of the most specious genera of treefrogs of the family Hylidae.
Despite the high number of potential new species of Scinax revealed in recent studies,
the rate of species descriptions for Amazonia has been low in the last decade. A
potential cause of this low rate may be the existence of morphologically cryptic species.
Describing new species may not only impact the taxonomy and systematics of a group
of organisms but also benefit other fields of biology. Ecological studies conducted in
megadiverse regions, such as Amazonia, often meet challenging questions concerning
insufficient knowledge of organismal alpha taxonomy. Due to that, detecting species-
habitat associations is dependent on our ability to properly identify species. In this
study, we first provide a description of a new species (including its tadpoles) of the genus
Scinax distributed along heterogeneous landscapes in southern Amazonia; and secondly
assess the influence of environmental heterogeneity on the new species” abundance and
distribution. Scinax ruberoculatus sp. nov. differs from all nominal congeners by its
small size (SVL 22.6-25.9 mm in males and 25.4-27.5 mm in females), by having a dark
brown spot on the head and scapular region shaped mainly like the moth Copiopteryx
semiramis (or a human molar in lateral view, or a triangle}, bicolored reddish and grey
iris, snout truncate in dorsal view, bilobate vocal sac in males, by its advertisement call
consisting of a single pulsed note with duration of 0.134-0.331 s, 10-23 pulses per note,
and dominant frequency 1,809-1,895 Hz. Both occurrence and abundance of the new
species are significantly influenced by silt content in the soil. This finding brings the
first evidence that edaphic factors influence species-habitat association in Amazonian
aquatic breeding frogs.

Subjects Ecology, Taxonomy, Zoology
Keywords Amazonia, Anura, Taxonomy, Ecology, Environmental heterogeneity, Edaphic factors
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INTRODUCTION

Scinax Wagler, 1830 is the second most speciose genus of the family Hylidae Rafinesque,
1815 composed of small to medium sized treefrogs, distributed from Mexico to southern
Argentina and Uruguay, including the Caribbean islands Trinidad and Tobago, and Santa
Lucia (Frost, 2017). Despite the problematic taxonomic history (see Faivovich, 2002), the
genus Scinax experienced a nomenclatural stability for almost ten years since Faivovich et al.
(2005). Recently, Duellman, Marion ¢ Hedges (2016 ) revised Hylidae, making considerable
changes in Scinax (sensu Faivovich et al., 2005): the genus Ololygon Fitzinger, 1843 was
resurrected to harbour the former Scinax catherinae Clade (sensu Faivovich, 2002), the
genus Julianus Duellman, Marion ¢ Hedges, 2016 was described to house the former
Scinax uruguayus species group (sensu Faivovich et al., 2005), and the genus Scinax is now
composed of species of the Scinax ruber Clade (sensu Faivovich, 2002). Currently, Scinax is
composed of approximately 71 valid species, while Ololygon and Julianus are composed by
47 and two species, respectively {(Frost, 2017). Furthermore, a new subfamily, Scinaxinae,
was described by Duellman, Marion ¢ Hedges (2016 to accommodate the high-supported
clade Scinax + Ololygon + Julianus and its sister genus Sphaenorhynchus Tschudi, 1838.

Presently, twenty-nine valid species of Scinax occur in Amazonia sensu lato (Eva &
Huber, 2005). However, the number of species occurring in this region (see Table S1) is
currently underestimated (Fouquet et al., 2007; Ferrao et al., 2016). An integrative approach
combining morphological, bioacoustics and DNA barcoding data revealed existence of
seven confirmed candidate Scinax species distributed in different parts of the Purus-
Madeira Rivers Interfluve (hereafter PMRI) (see Ferrao et al., 2016). Here we describe the
confirmed candidate species Scinax sp. 7 from Ferrao et al. (2016).

Species are widely recognized as fundamental units in ecology (Gotelli, 2004). Therefore,
quantifying species-habitat associations, both at population and assemblage level, is
dependent on accurate taxonomic classifications (Isaac, Mallet & Mace, 2004; Bortolus,
2008). Taxonomic inaccuracy may not affect the conclusions of ecological communities
studies when a single target taxon is misidentified (e.g., Bortolus, Schwindt & Iribarne, 2002;
Bortolus, 2006). However, misidentifying two or more morphologically similar species as
a single species may considerably affect the degree of reliance indicated by patterns of
species-habitat association (Dexter, Pennington ¢ Cunningham, 2010) because frogs are
globally threatened by habitat loss, habitat disconnection, disease and alien species (Kats
& Ferrer, 2003; Stuart et al., 2004; Lips et al., 2006; Becker et al., 2007), and some attention
have been focused on generating scientific knowledge to support its conservation and
management. Species misidentifications should be more common in ecological studies
from tropical regions because of the high levels of morphologically cryptic species that
co-occur (Kreft & Jetz, 2007; Jenkins, Pimm & Joppa, 2013; Pimm et al., 2014). Therefore,
only limited taxonomic data are available for many groups of organisms from tropical
rainforests (Giam et al., 2012).

The Amazonia is the largest and most species-diverse tropical rainforest worldwide
(Corlett & Primack, 2011). Nonetheless, molecular approaches applied in systematics have
revealed that biodiversity in the Amazonia is greatly underestimated by cryptic biodiversity
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in many groups of organisms, such as frogs (Ron e al., 2012; Jungfer et al., 2013; Caminer
etal,, 2017). Different species of frogs react differently to the same anthropogenic effect,
therefore the taxonomic knowledge is an important key to the conservation of frogs,
especially in the Neotropics where the biodiversity is megadiverse. However, the taxonomy
and systematics of many frog groups from the Amazonia and the role of environmental
variables in shaping the distribution of species remain poorly understood. Furthermore,
most taxonomic and ecological studies have been conducted on a local scale; thus, regional
approaches are lacking (Atlmon, 1991; Tsuji-Nishikido & Menin, 2011; Rojas-Ahumada,
Landeiro & Menin, 2012; Dias-Terceire et al., 2015; Jorge et al., 2016).

Studies that have used frogs to demonstrate patterns of species-habitat association in
Amazonia were conducted mostly in the Manaus region (Brazil}, on the north bank of
the Amazon River (Allmon, 1991; Menin et al., 2007; Menin, Waldez & Lima, 2011; Tsuji-
Nishikide & Menin, 2011; Rojas-Ahumada, Landeiro & Menin, 2012; Jorge et al., 2016). In
this region, many terrestrial-breeding anurans are influenced by edaphic variables like slope,
clay content and pH, while aquatic-breeding anurans are influenced by distance of streams
and number of trees (Menin et al., 2007; Menin, Waldez & Lima, 2011; Landeiro, Waldez
&= Menin, 2014). However, anurans from other parts of Amazonia may present distinct
patterns of species-habitat association, once the environmental factors that filter species
occurrence and abundance may be expected as a response to regional sets of environmental
conditions. As example, the Manaus region exhibits environmental elements that are not
abserved in the central and northern PMRI, which is the area sampled for this study.
This portion of PMRI exhibits forests 17-27 m high, topography relatively flat with local
variation from 1 to 3 m, silty soil and shallow water-table (Cintra et al., 2013; Martins
etal. 2014; Schietti et al,, 2016), whereas the Manaus region is characterized by forests
with 30-37 m high closed canopy, undulating topography formed by valleys and plateaux
ranging from 40 te 100 m a.s.l,, low proportion of silt in the soil, and deep water-table
(Ribeiro et al., 1999; Castilho et al., 20065 Schietti et al., 2014).,

Reports have indicated that the treefrog genus Scinax is adequate for quantifying
species-habitat associations because it is an extraordinarily species-rich genus that is widely
distributed across different habitats in the Amazonia ( Duellizan & Wiens, 1993; Fouquet
etal., 2007; Ferrao et al., 2016). However, the influence of environmental factors on the
species distribution and abundance of Scinax is poorly understood, which is likely because
of the lack of standardized sampling and the difficulty in identifying the species. Here,
we also investigate the influence of environmental variables on the new species” spatial
distribution based on sampling from standardized plots distributed along an approximately
600 km long transect in the PMRI.

MATERIAL AND METHODS

Study area

The interfluve between the Purus and Madeira rivers covers approximately 15.4 million
hectares of the southern Brazilian Amazonia in an area that is drained by a large and
complex stream network (Maldonado et al, 2012). At a broad scale, the northern portion
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Figure | Sampling areain the Purus-Madeira Rivers Interfluve and schematic representation of
RAPELD sampling modules and plots. (A Distribution of RAPELD sampling modules along a 600 km
transecl. Legend: green colour (M1-M9) = tropical lowland rainforest with emergent canopy; gold colour
{M10-M11) = open rainforest lowlands with palm trees. (B) General configuration of each module with
ten sampling plots. Open squares represent plots where environmental variables used in this study were
measured. BRA, Brazil.
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of the PMRI is covered by a tropical lowland rainforest with emergent canopy and the
south is covered by open rainforest lowlands with palm trees (IBGE, 1997) (Fig. 1A). At
a finer scale, the number of trees and palms in the plots range from approximately 2,000
to 11,500 individuals per hectare (diameter at breast height > 1 cm) and the biomass of
plants is lower in plots located in the northern and southern extremes (Schierti er al., 2016).
The soil is generally shallow (Martins et al., 2014), with a predominance of silt, followed by
sand and clay (Cinta er al., 2013). At a regional scale, the topography of PMRI is relatively
flat and the altitude is between 27 and 80 m. Temporary ponds occur in lower areas during
the rainy season (Rossetti, Toledo ¢ Gaes, 2005) and are formed by local ranges in elevation
from 1-3 m.

Sampling design and collection effort

We collected data from 110 sampling plots (size 250 x 10 m) distributed along a 600 km
transect in the PMRI, between the municipalities of Careiro da Varzea (03°11'32"5,
59°5209”W) and Humaita (07°13/06"S, 63°05'31”W) (Fig. 1B). The plots were distributed
in 11 long-term ecological research sites (hereafter RAPELD) (Magnusson et al., 2013),
with approximately 50 km of space between neighbouring modules. Each RAPELD module
consists of two parallel 5 km trails and 10 sampling plots, with five plots per trail. The plots
were spaced 1 km apart (Fig. |). The sampling plots followed altitudinal contours to reduce
the environmental heterogeneity within each sampling unit (Magnusson et al., 2013).
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We sampled Scinax specimens using time- and space-constrained visual searches
(modified from Campbell & Christrnan, 1982) and acoustic searches for males in breeding
activity. All sampling plots were surveyed by two observers over 90 min. The plots were
surveyed three times during the rainy season: in January/February 2013, November 2013,
and January/February 2014 (990 sampling hours in total). Although the breeding seasons
of most species of Scinax are seasonal, and some of them are explosive breeders, the new
species was observed breeding along the entire rainy season. Due to that, we do not expect
changes in abundance along RAPELD sampling modules caused by our sampling protocol
or by sampling sessions. Adults were collected via occasional encounters on access trails
and in areas surrounding sampling sites. Tadpoles were encountered in ponds unconnected
to streams in the RAPELD module 9, where active breeding adults were encountered.

Adult specimens were killed with a 2% benzocaine solution, fixed in 10% formalin
and conserved with 70% ethanol. Tadpoles were killed with a 5% lidocaine solution and
conserved in 5% formalin. We used 5% formalin in tadpoles because the labial papillae
and jaws are malleable after fixation at that concentration and it facilitates posterior
description. Muscular tissue samples of all adults and one tadpole were collected before
fixation in formalin, and preserved in absolute ethanol. Adults and tadpoles were deposited
in the herpetological section of the Zoological Collections of the Instituto Nacional de
Pesquisas da Amazoénia (INPA-H), Manaus, Brazil. Tissue samples were deposited in the
Albertina Pimentel Lima’s Laboratory at Instituto Nacional de Pesquisas da Amazdnia
(INPA). See Appendix 1 for the specimens used in the comparisons.

Specimens were collected from RAPELD sampling modules under permit of Instituto
Chico Mendes de Conservacao da Biodiversidade (ICMBio) and Centro Nacional de
Pesquisa e Conservagao de Répteis e Anfibios {RAN) Number 13777, ICMBio and RAN are
institutes of Ministry of Environment, Government of Brazil. These permits were subject
to approval of all procedures for collecting and euthanizing frogs.

Morphometric and acoustic data

Morphometric data were collected for adults using a digital calliper, and measurements
were performed to the nearest 0.1 mm. Small measurements were taken with a digital
calliper under a stereomicroscope. Specimens were sexed through the presence or absence
of vocal sac, nuptial pads, vocal slits, and/or eggs. Males were defined as sexually active
adults by the observation of expanded vocal sacs. Females were classified as adults when
eggs were observed inside the body cavity, or when they were collected in amplexus
with or near active males in temporary ponds. All males and females analysed in this
study were classified as adults. Sixteen taxonomically important traits for identifying
Scinax were measured as explained bellow (see Appendix 55 for measurement data). Ten
morphometric characteristics were measured according to Duellinan (1970): snout-vent
length (SVL), head length (HL), head width (HW), horizontal eye diameter (ED), upper
eyelid width (UEW), internarial distance (IND), interorbital distance (IOD), horizontal
tympanum diameter (TD), tibia length (TL) and foot length (FL). Three characteristics
were measured according to Napoli (2005 ): eye-nostril distance (ENDY}, fourth finger disk
diameter (4FD), and fourth toe disk diameter (4TD). The length of the tarsus (TAL), hand

Ferrao et al. (2018), PeerJ, DOI 10.7717/peerj.4321 5/34

48



PeerJ

(HAL) and thigh (THL) followed Heyer et al. (1990). The webbing formulae follow Savage
¢ Heyer (1967) as modified by Myers & Duellman (1982). The enumeration of fingers
followed Fabrezi &~ Alberch (1996) that demonstrated the loss of finger I in the anuran
evolution. Description of the colour in preservative is based on all paratypes and given in
percentage (between parentheses). Colour in life is described based on photographs of five
specimens (except the colour of iris, which was denoted in all paratypes).

The identity of the tadpoles was confirmed by Ferrdo et al. (2016) through two distinct
molecular barcoding approaches: Automatic Barcoding Gap Discovery—ABGD (Puillandre
et al., 2012) and Generalized Mixed Yule Coalescent—GMYC (Pons, Barraclough ¢ Gomez-
Zurita, 2006). The 16S rRNA sequence under GenBank accession number KU317405
included in the analyses of Ferrao et al. (2016) was obtained from tissue sample of
one tadpole of the lot INPA-H 35410. The developmental stages of the tadpoles were
classified according Limbaugh & Volpe (1957), as modified by Gosner (1960). Fourteen
morphometric characteristics of 13 tadpoles (stages 34-39) were measured under a
stereo-microscope. The terminology and methods of seven measurements followed Altig
& McDiarmid (1999): total length (TL), body length (BL), interorbital distance (I0D),
tail length (TAL), maximum width of the tail muscle (TMW), maximum height of the
tail (MTH), and maximal tail muscle height (TMH). Seven measurements followed
Randrianiaina et al. (2011): body width (BW), body height (BH), eye diameter in dorsal
view (ED), length of the spiracle (SL), vent tube length (VL), rostro-narial distance (RN),
naris-pupil distance (NP).

We used a Principal Components Analysis (PCA) to detect sexual dimorphism in the
morphometric data by visually checking for overlapping individuals in the morphometric
multivariate space. The PCA was performed using the SVL and 15 morphometric ratios
(measurement/SVL) from 28 males and 6 females. Because the SVL and ratios have different
scales, we used the command line ““scale = TRUE” in the prcomp function of the R platform
(R Core Team, 2016). We also used a Multivariate Analysis of Variance (MANOVA) to
test for significant differences between the PCA scores by sex. The first two Principal
Components {PCs) of the PCA were used as dependent variables, and sex was used as a
factor in the MANOVA model implemented in the R platform (R Core Team, 2016).

Because of the wide distribution of the new species along the PMRI, we verified whether
morphological variation occurred in males and females across the RAPELD modules. Given
that no significant morphological dimorphism was found between males and females (see
results), we performed a MANOVA where the first two components of the PCA quoted
above were used as dependent variables and RAPELD sampling modules were used as a
factor.

The advertisement call of one male was recorded using a PMD 660 digital recorder
(Marantz, Kanagawa, Japan) and a ME 66 directional microphone (Sennheiser, Wedemark,
Germany). The calls were analysed using oscillogram and spectrogram (Blackman window,
80 Hz of frequency resolution and 1,024-point Fast Fourier Transform) generated
using Raven 1.5 software (Bioacoustics Research Program, 2014). Terminology of acoustic
parameters following Kdhler et al. (2017). As the advertisement call of the new species
consists of a single note, we considered this unit a call (see Kohler et al., 2017). The
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following spectral and temporal parameters were obtained from 20 calls of the recorded
male: call duration (s), number of pulses per call, pulse duration, inter-pulse interval,
pulse repetition rate (pulse/s), and minimum, maximum and dominant frequency (Hz) of
the call.

Species-habitat association

Given that the term “habitat” has different concepts and confusion over its use can be
result of ambiguity, we follow the definition by Block & Brenuan (1993 ): “the subset of
physical environmental factors that a species requires for its survival and reproduction”.

We selected three predictor variables to investigate the influence of the environment
on the distribution and abundance of the new Scinax species from the PMRI: (1) Forest
structure, which was represented by the number of trees (diameter at breast height
> 1 ¢cm). We selected tree density to represent forest structure because this variable has
been identified as an important factor affecting the distribution and abundance of frogs
with aquatic reproduction in Amazonia (Menin, Waldez ¢ Lima, 20115 Landeiro, Waldez
& Menin, 2014). (2) Soil structure, which was represented by the percentage of silt because
the soil texture in the study area consists primarily of silt (Cintra et al, 2013), Additionally,
silty soils are structurally unstable, which increases water retention {Jitzo ¢~ Franzluebbers,
2003). (3) Depth of underground water, which was selected because shallow underground
water can overflow lower areas of the study transect. Both soil structure and depth of
underground water are variables directly related to the water availability in the pond, and
indirectly related to the breeding preferences of the new species, which deposits its eggs only
in ponds not connected to streams. Although the distance of stream is a variable commonly
used to explain the distribution of aquatic breeding frogs in Amazonia, we do not evaluate
it because the reproduction of the new species occurs only in ponds not connected to lotic
water bodies. See Appendix 52 for sampling methods related to predictor variables.

Our standardized sampling procedures registered a higher number of Scinax individuals
compared with previous studies conducted in the Brazilian Amazonia (e.g., Ribeiro, Lima
& Magnusson, 2012). However, the number of recorded specimens was low. Hence, we
used the sum of recorded individuals (instead of the mean) for the three sampled periods to
represent the abundance of Scinax in each plot (Bueno et al., 2012). Occasional encounters
were not included in the ecological analyses described below.

The normality of the data was assessed using the Shapiro—-Wilk test (P < 0.05 in all cases).
The soil and forest structure data were normalized using log(x), and the underground water
and frog abundance data were normalized with log(x - 1). We tested for correlations among
the environmental variables using Spearman’s coefficient, The environmental variables
were not correlated to each other. We investigated the effects of the predictor variables on
the distribution (presence/absence) of the new species of Scinax using the inflated zero
regression model (Zeileis, Kleiber ¢ Jackman, 2008), which was run using the R-package
pscl (Jackman, 2015). The effect of each predictor variable on the abundance of the new
species was tested using simple linear regression. The significance level in regression models
and zero-inflated model was @ = 0.05
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Taxonomic statement

The electronic version of this article in Portable Document Format (PDF} will represent a
published work according to the International Commission on Zoological Nomenclature
(ICZN), and hence the new names contained in the electronic version are effectively
published under that Code from the electronic edition alone. This published work
and the nomenclatural acts it contains have been registered in ZooBank, the online
registration system for the ICZN. The ZooBank LSIDs (Life Science Identifiers) can be
resolved and the associated information viewed through any standard web browser by
appending the LSID to the prefix http://zoobank.org/. The LSID for this publication

is: urn:lsid:zoobank.org:pub: D50A0044-0EA6-4619-BOFF-42A7443C4EAB. The online
version of this work is archived and available from the following digital repositories: Peer],
PubMed Central and CLOCKSS.

RESULTS

Taxonomic account

Scinax ruberoculatus sp. nov.
Scinax sp. 7 Ferrdo et al. (2016), p. 7,9, Figs. 2-3.

Holotype. INPA-H 34665 (Figs. 2 and 3), adult male collected by Miquéias Ferrao on 18
November 2013, from RAPELD sampling module 9 at kilometre 450 of the BR-319 federal
highway (575640"S, 62°30'04"W; 68 m a.s.l; WGS84), Nascentes do Lago Jari National
Park, municipality of Tapaud, Amazonas State, Brazil.

Paratopotypes. Three specimens: two adult males (INPA-H 34613, 34619) and one adult
female (INPA-H 34605) collected by Miquéias Ferrao and Rafael de Fraga in January and
November 2013.

Paratypes. Thirty specimens, all collected in Amazonas State, Brazil. Ten: one adult female
(INPA-H 34600) and nine adult males (INPA-H 34601, 34604, 34614, 34615, 34622, 34598,
34624, 34627, 34629) collected by Miquéias Ferrao and Rafael de Fraga in February 2011,
March 2013, and February 2014 from the RAPELD sampling module 2 at km 100 of the
BR-319 federal highway (3°40'40"S, 60°18'56”W; 43 m a.s.l.; WGS84), municipality of
Careiro da Virzea. One: an adult male (INPA-H 34602} collected by Pedro Leitao on 18
January 2011 from RAPELD sampling module 3 at km 168 of the BR-319 federal highway
(4°8'40"S, 60°43'20"W; 39 m a.s.l.; WGS84), municipality of Careiro da Varzea. Two: one
adult male (INPA-H 34610) and one adult female (INPA-H 34620) collected by Miquéias
Ferrao in February 2014 from RAPELD sampling module 4 at km 220 of the BR-319
federal highway (4°2326"S, 60°56"1 1"W; 47 m a.s.l.; WGS84), municipality of Borba.
One: an adult male (INPA-H 34608) collected by Rafael de Fraga on 29 January 2013
from RAPELD sampling module 5 at km 260 of the BR-319 federal highway (4°36'34"S,
61°15'00"W; 50 m a.s.l.; WGS84), municipality of Beruri. Twelve: two adult females
(INPA-H 34607, 34630) and ten adult males (INPA-H 34599, 34609, 34611, 34612, 34617,
34618, 34621, 34625, 34626, 34628) collected by Miquéias Ferrao and Rafael de Fraga in
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Figure 2 Holotype of Scinax ruberoculatus. sp. nov. INPA-H 34665. (A) Dorsal view. (B) Ventral view.
Scale =5 mm. Photos by M Ferrao.

ull-siz OI: 10.771 7/ peeriA321/fig

Figure 3 Hand and foot of the holotype of Scinax ruberoculatus sp. nov. INPA-H 34665. Scale = 1
mm, Photos by M Ferrio.
Full-5i OT: 11 peerj.4321/fig-3
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January 2013, November 2013, and January 2014 from RAPELD sampling module 7 at
km 350 of the BR-319 federal highway (5° 15'57"S, 61°55'58"W, 59 m a.s.l; WGS84),
Igap6-Act Sustainable Development Reserve, municipality of Beruri. Four: three adult
males (INPA-H 34603, 34616, 34623) and one adult female (INPA-H 34606), collected by
Miquéias Ferrdao and Rafael de Fraga in January 2013, November 2013, and January 2014
from RAPELD sampling module 8 at km 400 of the BR-319 federal highway (5°37'31"S,
62°10'56"W, 67 ma.s.l.; WGS84), Lago do Capana Grande Extractive Reserve, municipality
of Manicoré.

Etymology. The specific epithet ruberoculatus is composed of two words in Latin, “ruber”
(red) and “oculatus” (having eyes). The name is an adjective in concordance with the
masculine gender of the genus Scinax and refers to the reddish colour of the upper part of
the iris. Suggested English common name: ‘Red-eyed snouted treefrog’.

Generic placement. We assign the new species to Scinax (sensit Duellman, Marion & Hedges,
2016) based on general morphological similarity to other members of the genus, cloacal
tube of tadpoles positioned above the margin of the lower fin (a putative synapomorphy
of the former S. ruber Clade according Faivovich et al., 2005), and our previous molecular
data (Ferrao et al., 2016).

Diagnosis. A small species of the genus Scinax characterized by the following combination
of characteristics: SVL 22.6-25.9 mm in males and 25.4-27.5 mm in females; snout truncate
in dorsal view and rounded in lateral view; tarsal tubercles indistinct; tubercles on the lower
jaw, knee, and heel absent; diameter of disc on fourth finger represents 60% of tympanum
diameter; skin on dorsum smooth; dentigerous processes of vomers triangular; bilobate
vocal sac and nuptial pads in males; Finger [11<V; in life, ground colour of dorsum light
grey or light brown; a large brown or grey spot on the head and scapular region shaped like
the moth of the species Copiopteryx semiramis (Cramer, 1775}, or a human molar in lateral
view, or a triangle; dorsal or dorsolateral stripes absent; whitish cream stripe in the lower
portion of the flanks; anterior and posterior surfaces of thighs brown; webbing between
toes light to dark grey: belly white to greyish-white with light brown to brown blotches
laterally; males with vocal sac semi-translucent white; iris bicolored, upper half reddish,
lower half grey; advertisement call consisting of a single pulsed note, with note duration of
0.134-0.331 s, 10-23 pulses/note, dominant frequency 1809-1895 Hz; tadpoles with labial
teeth formula 2 (2)/3, absence of labial arm, and presence of dark brown blotch on the
distal part of the tail.

Comparison. Currently, the genus Scinax sensu Ducllman, Marion & Hedges (2016) includes
71 species (Frost, 2017). Morphologically, Scinax ruberoculatus sp. nov. can be distinguished
from all these species and from six confirmed candidate species identified by Ferrao er al.
(2016} by following combination of characters (characters of other species in parentheses
or brackets unless otherwise stated).

The new species differs from S. boulengeri (Cope, 1887), S. constrictus Lima, Bastos &
Giaretta, 2005, S. garbei (Miranda-Ribeiro, 1926), S. jolyi Lescure & Marty, 2000, S. kennedyi
(Pyburn, 1973), S. nebulosus (Spix, 1824), S. pedromedinae (Henle, 1991), S. proboscideus
(Brongersma, 1933), S. rostratus (Peters, 1863), and S. sugillatus (Duellman, 1973) by the
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absence of tubercles on the lower jaw and on knee, and by the absence of an elongated or
pointed snout (tubercles on the lower jaw and on knee present, snout elongated or pointed;
Duellman, 1972a; Duellman, 1973; Duellman & Wiens, 1992; Lescure & Marty, 20005 Lima,
Bastos & Giaretta, 2005). Furthermore, tadpoles of S. ruberoculatus sp. nov. differ from
tadpoles of S. boulengeri, S. garbei, S. nebulosus, S. pedromedinae, S. rostratus, S. sugillatus
by the absence of labial arm and by presence of dark brown blotch on the distal portion of
the tail (labial arm present, blotch on the distal portion of the tail absent; Duellman, 1978;
McDiarmid & Altig, 1990; Hero & Mijares-Urrutia, 1995; Duellman, 2005; Gomes, Alves &
Peixoto, 2014).

The small body size of the males (SVL 22.6-25.9 mm) distinguishes S. ruberoculatus
sp. nov from the following species: S. acuminatus (Cope, 1862) (SVL 39.0-45.0 mm;
Lutz, 1973); S. baumgardneri (Rivero, 1961) (SVL 29.0-32.0 mm; Rivero, 1961); S. blairi
(Fouquette & Pyburn, 1972) (SVL 27.8-30.1 mm; Fouquette ¢ Pyburn, 1972); S. boesemani
(Goin, 1966) (SVL 28.4-31.8 mmy; Duellman, 1986); S. camposseabrai (Bokermann, 1968)
(SVL 28.9-33.5 mm; Caramaschi ¢ Cardoso, 2006); S. castroviejoi De la Riva, 1993 (SVL
45.0 mm; De la Riva, 1993); S. chiguitanus (De la Riva, 1990) (SVL27.9-33.3 mm; Duellman
& Wiens, 1993); S. dolloi (Werner, 1903) (male syntype SVL 34.9 mm; according Araujo-
Vieira, Brandao ¢ Faria, 2015);S. elaeochrous (Cope, 1875) (SVL 26-32 mm; Savage, 2002);
S. eurydice (Bokermann, 1968) (SVL 44.0-52.0 mmy; Bokermann, 1968); S. funereus (Cope,
1874) (SVL 29.8-36.9 mmy; Duellman, 1971; Duellman & Wiens, 1993); S. fuscovarius (Lutz,
1925) (SVL 41-44 mmy; Cei, 1980); S. granulatus (Peters, 1871) (SVL 32.0-38.0 mm; Cei,
1980); S. haddadorum Araujo-Vieira, Valdujo & Faivovich, 2016 (SVL 29.4-35.4 mm;
Araujo-Vieira, Valdujo ¢ Faivovich, 2016); S. hayii (Barbour, 1909) (SVL 39.0-42.0 mm;
Lutz, 1973); S. ictericus Duellman & Wiens, 1993 (SVL 26.3-31.8 mmy; Duellman, 2005);
S. iquitorum (Moravec et al., 2009) (SVL 35.0-38.5 mm; Moravec et al., 2009); S. manriquei
Barrio-Amordés, Orellana & Chacén-Ortiz, 2004 (SVL 27.7 mm; Barrio-Amoros, Orellana ¢
Chacon-Ortiz, 2004); S. maracaya (Cardoso & Sazima, 1980) (SVL 26.7-28.0 mm; Cardoso
& Sazima, 1980); S. nasicus (Cope, 1862) (SVL 27-35 mm; Cei, 1980); S. oreites Duellman
& Wiens, 1993 (SVL 28.4-33.5 mmy; Duellman ¢~ Wiens, 1993); S. perereca Pombal Jr,
Haddad & Kasahara, 1995 (SVL 34.0-38.5 mm; Pombal Jr, Haddad ¢ Kasahara, 1995); S.
quinguefasciatus (Fowler, 1913) (SVL 29.6-34.0 m; Duellman, 1971); S. rossaferesae Conte et
al., 2016 (SVL 27.8-31.6 mm; Conte et al., 2016); S. ruber (Laurenti, 1768) (SVL 29.4-41.2
mm; Duellman o Wiens, 1993), S. sateremawe Sturaro & Peloso, 2014 (SVL 35.2-38.1 mm;
Sturaro & Peloso, 2014); S. similis (Cochran 1952) (SVL 30.4-36.8 mm; Juncd et al., 2015);
S. tigrinus Nunes, Carvalho Jr & Pereira, 2010 (SVL 28.4-30.8 mmy; Nunes, Carvalho Jr &
Pereira, 2010}, and S. x-signatus (Spix, 1824) (SVL 32.4-38.7 mmy; Juncd et al., 2015). In the
PMRI, males of the new species are smaller than males of Scinax onca Ferrao et al., 2017
(SVL 31.3-34.3 mmy; Ferrao et al., 2017), Scinax sp. 5 (SVL 29.6-33.9 mm; Ferrao et al.,
2016).

Males of S. ruberoculatus sp. nov. are larger than those of S. exiguus (Duellman, 1986)
(SVL 18.0-20.8 mm; Duellman, 1986).

The body size of females (SVL 25.4-27.5 mm) of S. ruberoculatus sp. nov. differs from
those of S. cabralensis Drummond, Baéta & Pires, 2007 (SVL 24.2-25.1 mmy; Drummond,
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Baéta & Pires, 2007), S. cretatus Nunes & Pombal Jr, 2011 (SVL 29.2-32.5 mm; Nunes &
Pombal Jr, 2011), S. curicica Pugliese, Pombal Jr & Sazima, 2004 (SVL 28.5-31.5 mmy;
Pugliese, Pombal Jr & Sazima, 2004), S. danae Duellman, 1986 (SVL 27.8-29.5 mm;
Duellman, 1986), S. imbegue Nunes, Kwet & Pombal Jr, 2012 (SVL 28.8-38.0 mmy; Nunes,
Kwet & Pombal Jr, 2012), S. montivagus Juncd et al., 2015 (SVL 28.9-32.2 mm; Juncd et al.,
2015), S. rogerioi Pugliese, Baéta & Pombal Jr, 2009 {SVL 28.0-34.5 mm; Pugliese, Baéta ¢
Pombal Jr, 2009).

The absence of distinct dorsolateral stripe and the presence of a dark brown spot
on the head/scapular region shaped like the moth species C. semiramis (or like a
human molar in lateral view, or a triangle in living specimens) differ the new species
from S. altae (Dunn, 1933) (longitudinal dorsolateral stripes present; Savage, 2002),

S. auratus (Wied-Neuwied, 1821) (light dorsolateral stripes present; Santana et al., 2009),
S. caldarum (Lutz, 1968) (longitudinal stripes on the back present; Lutz, 1973), S. cardosoi
(Carvalho-e Silva & Peixoto, 1991) (dorsolateral stripes present; Carvalho-e Silva ¢ Peixoto,
1991), S. fuscomarginatus (Lutz, 1925) (divergent or parallel dorsolateral stripes present;
Brusquetti et al., 2014), S. madeirae {Bokermann, 1968) (convergent dorsolateral stripes
present; Brusquetti et al., 2014), S. pachycrus (Miranda-Ribeiro, 1937) (dorsolateral stripes
present; Lutz, 1973), S. villasboasi Brusquetti et al., 2014 (divergent dorsolateral stripes
present; Brusquetti et al., 2014), S. rupestris (scattered small round and irregular dark
blotches on dorsum: Araujo-Vieira, Brandao ¢ Faria, 2015), S. squalirostris (Lutz, 1925)
(double black lateral bands divided by a white interspace; Lutz, 1973), S. tymbamirim Nunes,
Kwet & Pombal Jr, 2012 (internal and external dark brown stripes border dorsolateral white
stripes; Nunes, Kwet & Pombal Jr, 2012), and Scinax sp. 2 sensu Ferrao et al. (2016) (dark
brown dorsolateral stripes present; Ferrao et al., 2016).

The number of pulses (10-23) in the advertisement call differs Scinax ruberoculatus sp.
nov. from §. alter (Lutz, 1973) (29-152 pulses; Pombal Jr, Bastos ¢ Haddad, 1995; Nunes,
Kwet & Pombal Jr, 2012), S. crospedospilus (Lutz, 1925) (5-7 pulses; Magrini et al., 2011),
S. cuspidatus (Lutz, 1925) (5-6 pulses; Pombal Jr, Bastos & Haddad, 1995, S. duartei (Lutz,
1951) (4-8 pulses; Pugliese, Pombal Jr & Sazima, 2004), and S. juncae Nunes & Pombal Jr,
2010 (4-5 pulses; Nunes ¢ Pombal Jr, 2010).

The smooth dorsal skin differs Scinax ruberoculatus sp. nov. differs of from S. staufferi
(Cope, 1865) (tuberculate: Savage, 2002).

The new species differs from S. cruentomma (Duellman 1972) by having 10-23 pulses
in the advertisement call (39-54 pulses; Carvalho et al., 2015), upper iris red and lower iris
grey (horizontal red bar in the iris; Duellman, 1972b), diameter of disc on fourth finger
represents 60% of tympanum diameter (diameter of disc equal to tympanum diameter;
Duellman, 1972b), presence of nuptial pad and bilobate vocal sac in males (absence of
nuptial pad, and simple vocal sac; Duellman, 1972b), labial teeth formula 2 (2)/3 in
tadpoles (2 (2)/3 (1); Duellman, 1972b) and presence of dark brown blotch on the distal
part of the tail (absence; Duellman, 1972b).

Scinax ruberoculatus sp. nov. can be distinguished from S. lindsayi Pyburn, 1992 by the
snout truncate in dorsal view (rounded; Pyburn, 1992), presence of nuptial pad in males
(absence; Pyburn, 1992), Finger 11I<V (Finger 111 = V; Pyburn, 1992), diameter of disc on
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fourth finger 60% of tympanum diameter (diameter of disc equal to tympanum diameter;
Pyburn, 1992}, call duration 0.134-0.331 s (0.08-0.10 s; Pyburn, 1992), upper iris reddish
and lower iris grey (iris pinkish bronze; Pyburn, 1992).

The new species can be differentiated from S. wandae (Pyburn & Fouquette, 1971) by
10-23 pulses in the advertisement call (70-108 pulses; Pombal Jr er al., 2011), absence of
dorsolateral dark brown stripes (presence; Pybuin ¢ Fouquette, 1971), diameter of disc on
fourth finger represents 60% of tympanum diameter {diameter of disc equal to tympanum
diameter; Pyburn & Fouquette, 1971), tongue lanceolate (rounded; Pybuin ¢ Fouquette,
1971), vocal sac smooth (finely granular; Pyburi ¢~ Fouquette, 1971).

Scinax ruberoculatus sp. nov. can be distinguished from S. karenanneae (Pyburn, 1973)
by having snout truncate in dorsal view (rounded; Pybur, 1993), SVL 22.6-25.9 mm
in males (SVL 26.6-28.9 mm; Pyburn, 1993); presence of nuptial pad in males (absence;
Pyburn, 1993}, Finger TII<V (Finger Il = V; Pyburn, 1993), diameter of disc on fourth
finger 60% of tympanum diameter (diameter of disc about equal to tympanum diameter;
Pyburn, 1992}, males with vocal sac semi-translucent white (yellow; Pyburn, 1993), upper
iris red and lower iris grey (bright golden bronze; Pyburn, 1993),

The bicolored iris (reddish upper and grey lower) distinguishes Scitax ruberoculatus sp.
nov. from Scinax sp. 1 (red horizontal band in the central portion of the iris; Ferrao et
al, 2016), Scinax sp. 4 (red horizontal band in the central portion of the iris; Ferrio et al.,
2016), and Scinax sp. 6 (red horizontal band in the central portion of the iris; Ferrao ez al.,
2016).

Holotype description. Adult male (Tigs. 2 and 3). Body moderately slender; head wider than
body; HL 37% of the SVL; HW 34% of the SVL; head slightly longer than wide (HL/HW
= 1.09); snout truncate in dorsal view and rounded in lateral view; END 95% of ED;
nostrils slightly protuberant in dorsolateral position; internarial region slightly concave;
canthus rostralis rounded; loreal area slightly concave; ED 32% of HL; supratympanic fold
weakly marked; TD 48% of EDj; vocal sac subgular, bilobate, moderately sized, reaching
the pectoral region; vocal slits present, and positioned parallel to edge of the lower lips,
between the lateral base of tongue and the angle of jaws; tongue lanceolate; dentigerous
processes of vomers triangular, slightly separated, with 4/2 teeth (left/right); choanae
oval; pectoral fold present but weakly marked; axillar membrane absent; arm slender;
forearm moderately robust; ulnar tubercles indistinct; fingers moderately long and slender,
basally webbed, bearing medium-sized elliptical discs (4FD/TD = 0.59); relative length
of fingers II<III<V<IV (Fig. 3A); palmar tubercle flat and bifid; thenar tubercle elliptical
and moderately protuberant; subarticular tubercle on Finger IT subconical; subarticular
tubercles on Finger I11I, IV and V rounded and protuberant; supernumerary tubercles
indistinct; nuptial pad white, barely evident covering the preaxial surface of Metacarpal
11, not obscuring the thenar tubercle (Fig. 3A); TL 50% of the SVL, THL 47% of the SVL;
tarsal fold absent; tarsal tubercles indistinct; FL 37% of the SVL; TAL 75% of FL; internal
metatarsal tubercle low and elliptical; external metatarsal tubercle small, rounded, slightly
pronounced; subarticular tubercles rounded and pronounced; supernumerary tubercles
indistinct; toe discs elliptical (4TD/TD = 0.59); relative toe length I<II<III<V<IV; toe
webbing formula I vestigial IT 1127111 1-2% TV 2+-1 V (Fig. 3B); cloacal opening directed
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posteroventrally at the thigh midlevel; skin on dorsum smooth with small tubercles in
postocular and scapular regions; vocal sac smooth; chest, belly and ventral surface of the
thigh areolate; perianal region with small round warts.

Holotype measurements {mm). SVL 25.9; HL 9.6; HW 8.8; ED 3.2; TD L5; UEW 2.4; IND
2.0; TAL7.2; FL 9.7; HAL 7.6; 3FD 0.9; 4TD 0.9; END 2.9; TL 13.0; THL 12.1; NSD 0.8.
Holotype colouration. In preservative, dorsum light grey dorsum (Fig. 2A); anterior
portion of the head amber-yellow; a dark brown blotch similar in shape to the moth
Copiopteryx semiramis extending from the interocular region to middle flanks; infraocular
and infratympanic regions white; grey chevron-shaped blotch and dark grey dots on
the sacral region; background of hand beige-coloured , arm and forearm with diffuse
amber-yellow pigmentation; a narrow horizontal amber-yellow stripe between the hand
and forearm and on the anterior portion of the arm; anterior and posterior area of thigh
light brown, dorsal surface of thigh beige; beige blotch on the knee; tibia light grey with
three diffuse brown stripes; beige-coloured blotch on the tibia-tarsus articulation; tarsus,
feet and toes light cream; throat cream with inconspicuous light grey blotches (Fig. 21);
vocal sac and chest cream; belly vellowish cream; white band between the flanks and belly
with few light grey blotches; perianal region white. Except by the colour of the bicolored
iris (reddish upper and grey lower), the colour in life was not recorded.

Variation. The adult paratopotypes and paratypes are similar to the holotype. Variation
occurs in the presence and number of small dorsal tubercles (completely absent in some
individuals). Variation in foot webbing is as follows: T vestigial TT (1-11/2)—(2-21/2) TIT
(1-1Y3)-(2-2Y2) IV (2-2")~(1-11") V. Measurements are provided in Appendix 53 and
summarized in Table 1.

The first axis {PC} of the PCA summarized 23% of the variation in the morphometric
data, whereas PC2 summarized 16.3%. See Appendix 51 for values of other axes. Sexual
dimorphism was not observed in the body shape {morphometric ratios) of S. ruberoculatiss
sp. nov. (Pillai trace = 0.100, df =31, P =0.19), and the body shape of both sexes
overlapped in the morphometric multivariate space (Fig. 1A). Males and females of
S. ruberoculatus sp. nov. did not show distinct morphological variations along the RAPELD
sampling modules (Pillai trace = 0.38, df =54, P =0.41). The body shape of specimens
from all modules overlapped in the morphometric multivariate space (Fig. 113).

In preservative (Figs. 5A—51), the colour pattern of the paratypes shows the following
variations (frequency in % of paratype specimens): Dorsal ground colour varies from light
grey (Fig. 513) to brown (Fig. 5E). A grey to dark brown blotche on the head and scapular
region is shaped like the Neotropical moth Copiopteryx semiramis (60%), a human molar
in lateral view (26%), or a triangle {14%). A grey to dark brown chevron in the sacral region
is present in 42% of paratypes (Figs. 5C=5H). Some individuals have tiny black spots { Figs.
5A—=5C) on the dorsal surface of the body and limbs (42%;). Light brown or dark grey spots
on the upper lip are more concentrated and conspicuous in some individuals (60%). Grey
to brown stripe between the eye and the tympanum is present in some individuals (31%);
a grey or dark brown supratympanic stripe (95%}; a cream to yellowish cream stripe in the
lower portion of the flanks bordered by brown spots dorsally (100%). One to three light
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Table | Measurements (in mm) of type series of Scinax ruberoculatus sp. nov. Values are presented as

the mean + standard deviation, with the range in parentheses.

Measurements Males (n =28) Females (n=6)

SVL 24.4 4 0.87 (22.6-25.9) 263 +£0.73(25.4-27.5)
HL 9+ 0.41(8.3-9.8) 9.6 4+ 0.16(9.4-9.8)
HW 8.4 +0.28 (7.9-8.9) 9.1 + 0.40 (8.6-9.6)
ED 340.20(2.7-3.4) 340.15(2.9-3.2)
D 14 £0.12(1.1-1.6) 1.5 4 0.07 (1.4-1.6)
UEW 234+0.20(1.8-2.6) 24 +0.22(2.1-2.7)
10D 24+0.12(22-2.7) 2.540.15(2.4-2.8)
IND 1.8 +0.10(1.5-2) 1.940.12(1.8-2.1)
TAL 6.6 +0.23(6-7.2) 724+0.34(6.8-7.9)
FL 9.6 + 0.44 (8.6-10.3) 10.3 £0.45(9.5-10.8)
HAL 6.5 4 0.35 (5.9-7.6) 7.2 4 0.53 (6.2-7.8)
3FD 0.9£0.13 (0.7-1.2) 1£0.14 (0.9-1.2)
4TD 140.14(0.7-1.3) 1 £0.10 (0.8-1.1)
END 2.8 +0.17 (24-3.1) 3.1 £0.15(2.9-3.3)

TL 12.3 £ 0.49 (11.2-13.1)
THL 11.5 4 0.48 (10.2-12.1)

13.4 £0.49 (12.9-14.2)
12.2 £ 1.01 (10.2-13.4)

Notes.
n, number of measured specimens,
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Figure 4 Multivariate morphometric space of Scinax ruberoculatus sp. nov. Principal Components
Analysis of the SVL and 15 body ratios of males (N = 28) and females (N = 6). (A) Sampled by sex and
(B) sampled by RAPELD sampling modules. Abbreviations: M2-5 and M7-9, RAPELD sampling modules
where specimens were collected; F, females; M, males.

Full-size G DOI: 10.7717/peerj 432 1/fig-4
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Figure 5 Variation in the dorsal colouration from preserved specimens of Scinax ruberoculatus sp.
nov. (A) INPA-H 34601, male, SVL 24.1 mm. (B) INPA-H 34600, female, SVL 27.5 mm. (C) INPA-H
34609, male, SVL 24.5 mm. (D) INPA-H 34598, male, SVL 25.5 mm. (E) INPA-H 34614, male, SVL 25.5.
(F) INPA-H 34611, male, SVL 23.8 mm. (G) INPA-H 34612, male, SVL 24.4 mm. (H) INPA-H 34618,
male, SVL 25.2 mm. (I) INPA-H 34605, female, SVL 26.2 mm. Photos: M Ferrio.

Full-size B DOL: 10.7717/peeri 432 1/fig-5

brown stripes on the dorsal side of the thigh (48%); three grey or brown stripes on the
upper tibia (92%); light cream blotch on the heel (100%).Throat, vocal sac, chest and belly
vary from cream to yellowish cream; light to dark brown or light to dark grey blotches on
the lateral portion of the belly in all paratypes.

In life (Figs. 6A-6F), dorsal ground colour varies from light grey (Fig. 61)) to brown
(Tig. 6L). Blotches, chevrons, or stripes on the dorsal surfaces are more conspicuous than
in preservative. Iris bicolored, upper half reddish, lower half grey; both parts separated by
a narrow central red streak (Fig. ). Dorsal surface of the arm cream (Fig. 6A) to yellowish
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Figure 6 Variation in the colouration of living specimens of the paratypes of Scinax ruberoculatus sp.
nov. (A) INPA-H 34607, female, SVL 254 mm. (B) INPA-H 34602, male, SVL 22.6 mm. (C) INPA-H
34603, male, SVL 23.3 mm. (D) INPA-H 34604, male, SVL 25.8 mm. (E) INPA-H 34623, male, SVL 23.9
mm. (F) INPA-H 34602, male, SVL 22.6 mm. Photos: AP Lima (B, F) and R Fraga (A, C, D, E).

Full-size 6@ DOL: 10.7717/peeri 432 1/fig-6

cream (Fig. 6F). Anterior and posterior surfaces of thighs uniformly brown, dorsal surface
of thigh yellowish cream to light brown. A whitish cream stripe in the lower portion

of the flanks. Throat, vocal sac, and chest grey to semi-translucent white; belly white to
greyish-white with light brown to brown blotches laterally (Fig, 6F). Ventral surface of the
hand light grey, ventral surface of foot light grey to brown. Webbing light to dark grey.
Vocalization. The advertisement call of Scinax ruberoculatus sp. nov. consists of a single
moderately long pulsed note (Fiz. 7). The quantitative call parameters are as follows (range
followed by mean + standard deviation in parentheses): call duration, 0.134-0.331 s (0.20
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Figure 7 Advertisement call of Scinax. ruberoculatus sp.nov. (A) Waveform. (B) Audiospectrogram.
Call recorded at RAPELD sampling module 9, Nascentes do Lago Jari National Park, Beruri Municipality,
Amazonas, Brazil. Male recorded: INPA-H 34665 (SVL 25.9 mm). Temperature: 25 °C.

Full-size @ DOI: 10.7717/peerj 4321/fig-7

=+ 0.05, n=20); pulses per call, 10-23 (14.5 =+ 3.4, n=20); pulse duration, 0.007-0.009 s
(0.008 + 0.001, 7 = 20); inter-pulse interval, 0.007-0.009 s (0.007 £ 0.001, 7= 20); pulse
repetition rate, 3971 pulses per sec (66.6 + 3.6, n = 20); dominant frequency, 1,809-1,895
Hz (1,852 + 19.7, n = 20); minimum frequency, 1,170-1,681 Hz (1,452 + 185, n=20);
maximum frequency, 2,378-2,579 Hz (2,420 + 49, n =20).

Tadpoles. The following description is based on one tadpole of the lot INPA-H 35410 in
Gosner stage 34 (Fig. 8 Table 2). Body ovoid in dorsal view and almost triangular in lateral
view; total length 22.2 mm; body wider than high at the spiracle level (BW/BH = 1.13);
snout rounded in dorsal and lateral views; eyes moderately large (ED = 1.0 mm), oriented
dorsolaterally and separated by approximately twice the eye diameter (IOD/ED = 1.8);
sinistral spiracle; spiracle opening oriented postero-laterally below the midline of the body
on the third portion of the body; dextral vent tube, positioned above the margin of the
lower fin; vent tube opening on the right side of the ventral fin; slender caudal musculature
with greater height than width (TMH/TMW = 1.2} that gradually tapers towards the tail
tip; caudal musculature approximately 1.2 higher than the ventral fin and represents 75%
of the dorsal fin at the central portion of the tail; dorsal fin originating at the level of the
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Figure 8 Tadpole of Scinax. ruberoculatus sp. nov. (INPA-H 35410) in developmental stage 34. (A)
Lateral view. (B) Dorsal view. (C) Ventral views. (D) Details of the opened oral disc. (E) closed oral disc.
Tadpoles were collected at RAPELD sampling module 9, Nascentes do Lago Jari National Park, Amazonas,
Brazil. Scales for A-C =5 mm. Scales for D-E = 0.5 mm. Photos: M Ferrao.

Full-size @ DOL: 10.7717/peeri 432 1/fig-8

Table 2 Morphometric data (in mm) from tadpoles of Scinax ruberoculatus sp. nov. Values are presented as the mean + standard deviation,

with the range in parentheses.

Measurements
(mm)

Stage 34 (n=3)

Stages 35-38 (n=7)

Stage 39 (n=3)

TL
BL
TAL
BW
BH
T™W
MTH
TMH
10D
NP
RN
ED
VL
SL

209 £ 1.4 (19.4-22.2)

7.1£0.1(7.0-7.2)

13.8 % 1.3 (124-15.0)

42+03(3.844)
3.94+04(3.543)
1.5+ 0.1 (1.4-1.6)
4.8+ 0.5(4.3-5.3)
1.7+ 0.1 (1.7-1.8)
1.8+ 0.1(1.8-1.9)
(L6 £ 0.1 (0.6-0.7)
14£0.1(1.3-14)
1.1 £0.1(1.0-1.1)
0.7 £ 0.1 (0.6-0.7)
0.7 4 0.1 (0.6-0.8)

24.7 £ 1.9 (22.9-27.0)

8.1 £0.4(7.2-85)

16.5 & 1.3 (14.9-18.5)

50+0.3(4.654)
4.3 £ 0.2 (4.0-4.7)
1.9 £ 0.2 (1.6-2.2)
5.8 £ 0.6 (5.0-6.7)
2.0 £0.1 (1.8-2.1)
2.1£0.1(2.0-22)
0.8 £ 0.1 (0.6-0.9)
1.5 £0.0(1.5-1.6)
1.1 0.3 (0.7-14)
1.0 £ 0.1 (0.7-1.4)
0.9 £ 0.1 (0.7-1.1)

26.6 £1.0(254-27.2)
8.5 £1.2(8.3-8.6)
18.1 & 1.1 (16.9-18.9)
5.5 £0.1(5.4-5.5)
4.6 £0.1(4.5-4.6)
2.2 £0.1(2:1-2.2)
6.2 +0.3(6.0-6.5)
22 +£0.1(2.1-2.2)
23 £0.1(23-24)
0.9 £0.1(0.8-1.0)
1.6 £0.1(1.5-1.7)
1.3 £0.1(1.2-14)
1.1 £0.1(1.0-1,2)
0.8 +£0.2(0.6-0.9)

Notes.

a, number of measured tadpoles.

spiracle opening; maximum height of the tail higher than body height (MTH/BH = 1.2).

The intestinal mass is visible and positioned subparallel to the longitudinal body axis.
Oral disc is in anteroventral position (Fig. 8). Marginal lip papillae bordering the entire

posterior region of the lip up to second third of the anterior lip; one row of papillae on the
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Figure 9 Newly metamorphosed Scinax. ruberoculatus sp. nov. (INPA-H 35412). (A) Dorso-lateral
view. (B) Fronto-dorsal views. This specimen developed under our care from a typical tadpole of the new
species. Photos: R de Fraga.

Full-size B DOL: 10.7717/peerj 4321/fig-9

anterior lip and three rows of papillae on the posterior lip. Labial teeth formula 2 (2)/3;
A-2 hiatus 0.1 mm; teeth more developed in rows A-1, A-2 and P-1 than in P-2 and P-3.
Posterior border of the upper jaw bow with serrated cutting edge; and V-shaped lower jaw
with serrated cutting edge.

Colouration of tadpoles (stages 34—39, n=13). In live and preserved specimens, bronze
body and tail muscle; tiny dark brown spots on body and tail that are denser posteriorly
and may resemble small bars in the lower portion of the tail; dark brown stripe from snout
to eye; dark brown postocular stripe; translucent tail; dark brown blotches conglomerated
in the last third of the tail; and dark brown tip of tail {Fig. §).

Colouration of newly metamorphosed specimens (INPA-H 35412, n= 1). Living specimens,
greyish-brown dorsally with small dark grey spots in the sacral region; loreal region brown;
iris red with black border; postocular region and anterior portion of flanks brown; inguinal
region light grey; dorsal surfaces of arm and elbow, knee and heel cream; three dark
grey stripes on dorsal surface of tibia; dorsal surface of discs dark grey; belly light grey,
semi-translucent (Fig. 9).

Notes on the natural history. Individuals of Scinax ruberoculatus sp. nov. were observed
mainly in primary and old-growth secondary lowland rainforests (39-68 m a.s.l.} where
they occupied edge situations. Its breeding season was correlated with the rainy season
in the northern PMRI (November—March). Active males vocalized while sitting on the
vegetation in horizontal position 1-2 m above the ground around temporary ponds. The
number of calling males was higher on rainy nights. In two large temporary ponds (>25 m*)
males of S. ruberoculatus sp. nov. shared calling sites with Dendropsophus minutus (Peters,
1872), D. rhodopeplus (Gunther, 1858), D. sarayacuensis (Shreve, 1935}, and Scinax sp.

1 (sensu Ferrao et al., 2016). Only males of S. ruberoculatus sp. nov, were found in small
temporary ponds (<4 m?). During the day, inactive individuals were observed between
leaves of palm trees.
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Figure 10 Geographic range of Scinax. ruberoculatus sp.nov. Numbers indicate the RAPELD sam-
pling module. Yellow circles: RAPELD sampling modules where the new species was observed. White cir-
cles: RAPELD sampling modules where the new species was not observed. Triangles: RAPELD sampling
modules outside the study area where the new species was not observed. The diameter of the yellow circles
indicates the percentage of plots occupied by the new species within each sampling module (10% in 3-5;
20% in 7-8; 40% in 9; 50% in 2).

Full-size B@ DOL: 10.7717/peeri4321/fig-10

Species-habitat association

Scinax ruberoculatus sp. nov. is distributed in forested habitat of PMRI along the BR-319
federal highway from RAPELD sampling modules 2 (km 100) to 9 (km 450) (Fig. 10).
The zero-inflated model revealed a significative and positive effect of soil silt content on
the occurrence of this species across the whole study area (occurrence = —5.836 intercept
—4.978 number of trees + 3.402 silt content + 0.242 underground water; @ = 3.299 silt
P =10.012). The soil silt content also explained 41% of the abundance of S. ruberoculatus sp.
nov. (Fig. 11) in the plots where the species was found (abundance = —2.261 + 1.214 silt
content; r” = 0.41, F1,9 = 6.48, P = 0.031). Forest structure (P = 0.567) and underground
water (P = 0.260) did not have a significant effect on the abundance of the new species.

DISCUSSION

Scinax ruberoculatus sp. nov. is the 72nd described species of the genus Scinax (sensu
Duellman, Marion & Hedges, 2016} and the 30th Scinax species known to occur in the
Amazonia sensu lato (see Table 51). Recent studies have demonstrated that the species
richness of the genus Scinax is greatly underestimated (Fouquer et al., 20075 Ferrae et al.,
2016; Menezes et al., 2016). Despite that, the rate of species descriptions for Amazonian
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Figure 11 Relationship between the abundance of Scinax ruberoculatus sp. nov. and silt content in
the Purus-Madeira Rivers Interfluve, Amazonas, Brazil. Model: Log (abundance + 1) = constant + log
(silt content). r’ =0.41, F1,9 = 6.48, P = 0.031.

Full-size B DOT: 10.7717/peerj.4321/lig-11

Scinax has been low in the last decade (2006-2016; 0.3 species per year) compared with
that of other frog genera, e.g., Allobates Zimmermann and Zimmermann, 1988 (0.8 species
per year) and Boana Gray, 1825 (0.7 species per vear). However, the description rate of
Amazonian Scinax may increase in the next years. At least other six potential unnamed
species of Scinax pending formal description have recently been reported in the PMRI
(Ferrao et al., 2016). Additionally, the geographic distribution of some species {e.g., S.
blairi, S. cruentonma, S. iquitorum, and S. wandae) needs to be reviewed.

Over the past decade, our research group has conducted standardized frog sampling
along 23 permanent RAPELD sampling modules and/or grids (~450 plots) distributed
across a longitudinal gradient of approximately 1,500 km in the Brazilian Amazonia
(Fig. 10). Despite this high level of sampling effort, S. ruberoculatus sp. nov. has only been
abserved in seven sampling modules in northern PMRIL However, sampling gaps occur
in areas closer to the banks of the PMRI and the neighbouring interfluves in the southern
Amazon,; therefore, the range of S. ruberoculatus sp. nov. may be broader than shown here.

In this study, we addressed the influence of environmental heterogeneity on the
distribution of a species of the genus Scinax in Amazonia for the first time. Our results
indicated that the occurrence and abundance of S. ruberoculatus sp. nov. is positively
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affected by the silt content in the soil. An explanation for this phenomenon can be seen
in the fact that increased silt content directly reduces the soil drainage capacity (Juo &
Franzluebbers, 2003). In areas with slight altitude variations (1-3 m in the northern PMRI;
Ressetti, Toledo & Goes, 2005), temporary water bodies in silty soils persist for longer
periods of time compared with temporary ponds in well-drained, sandier substrates.
Because temporary water bodies play a crucial role in the reproduction of S. ruberoculatus
sp. nov., the soil structure represents an important ecological factor that affects the spatial
distribution of the species in the study area. Alternatively, the soil texture may also affect
the species composition of invertebrates in Amazonia, such as ants (Vasconcelos, Macedo
& Vithena, 2003; Oliveira et al., 2009; Souza et al., 2016), mites (Moraes et al., 2011) and
termites (Dawbros et al, 2013). Therefore, the distribution of S. ruberoculatus sp. nov.
could be indirectly affected by the soil texture, which promotes the availability of certain
invertebrate groups that represent prey species. However, the relationships between
invertebrates and soil texture have not been investigated in the PMRI, and additional data
are necessary to test this hypothesis.

Environmental heterogeneity may have different effects on frog distribution and
abundance in the northern Amazon River depending on the reproductive mode (Menin
et al., 2007; Menin, Waldez ¢ Lima, 2011). Species that exhibit terrestrial reproduction
are primarily affected by soil characteristics, such as the clay content and pH, whereas
species that exhibit an aquatic reproductive mode are influenced by the tree density
and distance from streams (Landeiro, Waldez & Menin, 2014). Since S. ruberoculatus sp.
nov. uses temporary ponds to reproduction, our results are inconsistent with the above
generalization made for aquatic breeding frogs but similar with generalization for terrestrial
breeding frogs. Nevertheless, we conclude that environmental variables with the ability
to filter the occurrence and abundance of species can also cause regional variations in
species-habitat associations, independent of the species’ reproductive modes. Future
investigations should include additional frog species and a wider spatial scale to further
elucidate this relationship.

By investigating a species of snouted treefrog, our study showed that alpha-taxonomy
and ecology can be integrated into a single framework via the sampling of standardized
units along a heterogeneous Amazonian landscape. Such an approach has the potential
to reveal additional species and their ecological relationships not only in the study area
but also in other megadiverse regions for which insufficient data on both the biota and
environmental predictors are still available.
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Abstract.— We describe a new small species of Scinax from the rainforests on the interfluve
between Purus and Madeira rivers, Brazilian Amazonia. The new species is diagnosed by
snout-vent length 20.2-22.5 mm in males; yellowish-bronze dorsum, showing small spots
along the body and limbs; a red stripe horizontally extended on the medial portion of the iris;
posterior surface of thigh brown, both in live and preserved specimens. The advertisement
call consists of two types of calls. The call type A represents a series of multi-pulsed notes
(note duration 0.097-0.115 s, dominant frequency 2,541-3,015 Hz). The call type B consists
of a single tonal note (note duration 0.015-0.019 s, dominant frequency 2,584-2,950 Hz).

Key words: Bioacoustics; Brazil, Purus-Madeira Interfluve; Scinaxinae, Snouted Treefrog;
Taxonomy

The genus Scinax Wagler, 1830 consists of 71 species of small to medium sized
treefrogs distributed from Mexico to southern South America (Frost, 2018). Currently, 30
Scinax species are known to occupy different habitats in the Amazonian lowlands (Sturaro
and Peloso, 2014; Ferrdo et al., 2016). Nevertheless, it turns out that diversity of Amazonian
Scinax species is considerably underestimated due to insufficient sampling and
misidentification of morphologically similar species (Ferrdo et al., 2016). In fact, classifying
Scinax species in the megadiverse Amazonian rainforests is a complex task, which cannot be
solved without an integrative approach to the taxonomy of this genus (e.g. Ferrao et al.,
2016).

An example of commonly misidentified Amazonian Scinax species is Scinax
cruentommus (Duellman, 1972a), a small sized treefrog with a red horizontal stripe on the
iris, which was described from Santa Cecilia, Ecuador. During subsequent decades the name
S. cruentommus has been attributed to several populations from different parts of South
America, such as French Guiana (Lescure and Marty, 2000; Salducci et al., 2002; Salducci et
al., 2005; Fouquet et al., 2007a,b), Colombia (Malambo-L and Madrid-Ordonez, 2008), Peru
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(Duellman and Wiens, 1993) and Brazil (Souza, 2009; Fran¢a and Venancio, 2010; Bernarde
etal., 2011; Bernarde et al., 2013; Zimmerman and Rodrigues, 1990; Carvalho et al., 2015;
Ferrao et al., 2016). However, comparison of morphological and genetic characteristics of the
above populations revealed that the name S. cruentommus is actually applied to several
closely related but different species (Carvalho et al., 2015; Ferro et al., 2016). This finding
calls for a thorough taxonomic review of these cryptic species.

In recent study Ferrdo et al. (2016) revealed the occurrence of three candidate-species
of Scinax (Scinax sp. 1, S. sp. 4, and S. sp. 6) in the interfluve between the Purus and Madeira
rivers (PMI), in Brazilian Amazonia, that are genetically and morphologically close to .
cruentommus. The territory of the PMI is crossed by an abandoned Trans-Amazonian
highway (BR-319) and current proposals to reconstruct this highway bring a very serious
threat for regional forest habitats and their fauna (see Maldonado et al., 2012). Therefore,
studies addressing species richness, species-habitat relations and describing new taxa from the
territory of the PMI are of great importance for future actions addressing protection the
biological diversity of this area. Herein, we formally describe the first of the above-mentioned
candidate species (Scinax sp. 1), which may be easily diagnosed by genetic, morphological
and bioacoustic characters.

MATERIAL AND METHODS

Sampling and storage.—We collected specimens during the rainy season in November
2013, at the Nascentes do Lago Jari National Park (5°56'40" S, 62°30'04" W, 71 m a.s.l.,
datum WGS 84), near the kilometer 450 of the highway BR-319, in the municipality of
Tapaua (Amazonas, Brazil), PMI. We euthanized the specimens with a 2% benzocaine
solution, preserved in 10% formaldehyde and stored in 70% ethanol. We deposited the
specimens in the Herpetological section of the zoological collection of the Instituto Nacional
de Pesquisas da Amazdnia, Manaus, Brazil (INPA-H).

Morphology.—We sexed specimens by observing the presence or absence of vocal sac
and vocal slits. We obtained morphometric data using a digital caliper 0.1 mm accurate. We
measured nine morphometric characters, following Duellman (1970): SVL (snout-vent
length), HL (head length), HW (head width), ED (horizontal eye diameter), IND (internarial
distance), IOD (interorbital distance), TD (horizontal tympanum diameter), TL (tibia length)
and FL (foot length). Four additional measures followed Napoli (2005): END (eye-nostril
distance), NSD (nostril to snout tip distance), 3FD (third finger disk diameter) and 4TD
(fourth toe disk diameter). We followed Heyer et al. (1990) to measure length of tarsus
(TAL), hand (HAL) and thigh (THL), and to describe the snout shape in dorsal and lateral
view. Toe webbing formula follows Savage and Heyer (1967) and Myers and Duellman
(1982). We described color in life based on field observations and digital photos.

Call recording. —We recorded advertisement and territorial calls of one male in
November 2013, at Tapaua (5°56°40” S, 62°30°04” W, 71 m a.s.1., datum WGS 84),
Amazonas State, Brazil. We used a Sennheiser ME 66 directional microphone (Wedemark,
Hanover, Germany) connected to a Marantz PMD 660 digital recorder (Kawasaki, Kanagawa
Prefecture, Japan), at sample rate of 44.1 kHz. We positioned the microphone approximately
1 m from the acoustically active male. We recorded calls at 2200 h at air temperature of 25
°C.

Call description.—Oscillograms and spectrograms (Blackman window, 80 Hz of
frequency resolution and 1024 of Discrete Fourier Transform-DFT) were generated in Raven
1.5 (Bioacoustics Research Program, 2014). We measured the following spectral and
temporal parameters of the advertisement call type A: duration, number of pulses per note,
pulse rate per second, upper, lower and dominant frequencies, silent interval between calls
and call repetition rate per minute. We measured the following spectral and temporal
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parameters of the advertisement call type B: duration, silent interval between the call type B
and the previous call type A, and upper, lower and dominant frequencies. The acoustic
terminology followed Kohler et al. (2017) and the advertisement call figures were generated
through seewave package (Sueur et al., 2008) using FFT=256 points and 85% overlap.
Generic placement.—Based on molecular data, the subfamily Scinaxinae was
proposed by Duellman et al. (2016) to harbour the genera Sphaenorhynchus, Scinax, Julianus,
and Ololygon. The last three genera are diagnosed by reduced or absent webbing between toes
I and 11, a feature shared with the new species (Duellman et al., 2016). However, there is no
known adult morphological characteristic allowing to distinguish Scinax, Julianus, and
Ololygon from each other. Until now, the genus Scinax is the only among poorly-webbed
Scinaxinae genera occurring in the Amazonia (Sturaro and Peloso, 2014; Ferrao et al., 2017).
We performed a molecular phylogenetic analysis to confirm the generic placement of
the new species in the genus Scinax. We used 16S rRNA sequences of three individuals of the
new species obtained by Ferrdo et al. (2016); GenBank accession numbers KU317428 [INPA-
H 34688], KU317430 [INPA-H 34700], and KU317431 [INPA-H 34690]. We included
additional 16S sequences from other poorly-webbed species of Scinaxinae (Scinax, Ololygon,
and Julianus) and from Sphaenorhynchus obtained from the Genbank, as well as the
sequences of Osteocephalus taurinus and Trachycephalus resinifictrix used as root (Appendix

D).

We preliminarily aligned the sequence dataset through ClustalW algorithm
(Thompson et al., 1994) as implemented in BioEdit 7.0 (Hall, 1999) and we checked the
resultant alignment by eye. After that we pruned the entire dataset to 517 bp due to avoiding
the influence of large amount of missing data in the phylogenetic reconstruction. The most
probable evolutionary model to explain sequence diversity in the final alignment was selected
by Akaike Information Criteria (AIC: Akaike, 1974) and Bayesian Information Criteria (BIC:
Schwarz, 1978) in jModelTest 2.1.7 (Darriba et al., 2012). Both AIC and BIC recovered
GTR+G+I as the most probable evolutionary model. We used Bayesian Inference to infer the
phylogenetic tree in MrBayes 3.2 (Ronquist et al., 2011). We executed four runs of 10 million
generations with a Metropolis-coupled Markov chain Monte Carlo algorithm (MCMC). Each
run had four Markov chains with probabilities sampled every 1000 generations. We examined
stationarity of the posterior distributions (Effective Sample Sizes > 200) in Tracer v1.7
(Rambaut et al., 2018). MrBayes calculated the 50% majority rule consensus tree after
discarding the first 25% of trees as burn-in. Interspecific pairwise Kimura-2-parameter
(Kimura, 1980) and uncorrected-pairwise distances were generated in MEGA 6.06 (Tamura et
al., 2013).

RESULTS

Scinax sp. nov.
(Figures 1-5)
Scinax sp. 1 Ferrdo et al. (2016); Ferrdo et al. (2017); Ferrdo et al. (2018)

ZooBank ID. — urn:lsid:zoobank.org:act:E1FFOAF1-7E1D-4CFE-B75D-18202CF8A8C2

Holotype. —INPA-H 34688 (field number APL 20286; GenBank accession number
KU317428). An adult male (Fig. 1-3, 4C) from Nascentes do Lago Jari National Park,
kilometer 450 of BR-319 Highway, Purus-Madeira Interfluve (5°56'40" S, 62°30'04" W, 71 m
a.s.l., datum WGS 84), municipality of Tapaua, State of Amazonas, Brazil, collected on 18th
November 2013 by M. Ferrao.
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Paratypes. —Five specimens: four adult males INPA-H 34689, INPA-H 34690
(GenBank accession number KU317431), INPA-H 34691, INPA-H 34692 (field numbers
APL 20288, APL 20293, APL 20287, APL 20292, respectively), and one adult female INPA-
H 34700 (field number APL 20295; GenBank accession number KU317430) collected
together with the holotype.

Diagnosis. —A small species assigned to the genus Scinax based on molecular data,
which can be distinguished from other Scinax by the combination of the following characters:
(1) SVL 21.8 £ 1.1mm (20.2-22.5 mm) in males; (2) truncate snout in dorsal view; (3)
HL/SVL ratio = 0.36-0.40; (4) absence of tubercles on the lower jaw; (5) absence of tubercles
on knee; (6) absence of dark brown bars on limbs; (7) posterior portion of the thigh uniformly
brown; (8) absence of dorsal and dorsolateral dark stripes; (9) red horizontal stripe in the iris;
(10) advertisement call consists of two call types: the call type A representing a series of
multi-pulsed notes (note duration 0.097-0.115 s, dominant frequency 2,541-3,015 Hz) and
the call type B consisting of a single tonal note (note duration 0.015-0.019 s, dominant
frequency 2,584-2,950 Hz).

Comparisons.— We compared the new species with the 30 valid species of Scinax
occurring in Amazonia sensu lato (Eva and Huber, 2005): S. baumgardneri (Rivero, 1961); S.
blairi (Fouquette & Pyburn, 1972); 8. boesemani (Goin, 1966); S. chiquitanus (De la Riva,
1990); S. cruentommus (Duellman, 1972); S. danae (Duellman, 1986); S. exiguus (Duellman,
1986); S. funereus (Cope, 1874); S. fuscomarginatus (Lutz, 1925); S. fuscovarius (A. Lutz,
1925); S. garbei (Miranda-Ribeiro, 1926); S. ictericus Duellman & Wiens, 1993; §. iquitorum
Moravec, Tuanama, Pérez & Lehr, 2009; . jolyi Lescure & Marty, 2000; S. karenanneae
(Pyburn, 1992); S. kennedyi (Pyburn, 1973); S. lindsayi Pyburn, 1992; S. madeirae
(Bokermann, 1964); S. nebulosus (Spix, 1824); S. onca Ferrao, Moravec, Fraga, Almeida,
Kaefer & Lima, 2017; S. oreites Duellman & Wiens, 1993, S. pedromedinae (Henle, 1991); S.
proboscideus (Brongersma, 1933); S. rostratus (Peters, 1863); S. ruber (Laurenti, 1768); S.
ruberoculatus Ferrdo, Fraga, Moravec, Kaefer & Lima, 2018; S. sateremawe Sturaro &
Peloso, 2014; S. villasboasi Brusquetti, Jansen, Barrio-Amoros, Segalla & Haddad, 2014; S.
wandae (Pyburn & Fouquette, 1971); S. x-signatus (Spix, 1824).

Scinax sp. nov. differs from S. garbei, S. jolyi, S. kennedyi, S. nebulosus, S.
pedromedinae, S. proboscideus and S. rostratus (all in S. rostratus species group) by having
truncated snout in dorsal view, absence of tubercles on the lower jaw, absence of tubercles on
the knee, and by having posterior portion of the thigh uniformly brown (elongated or pointed
snout; tubercles on the lower jaw and/or on the heel present; posterior portion of thigh
spotted, marbled or brindle: Duellman, 1972a; Duellman, 1973; Duellman & Wiens, 1992;
Duellman and Wiens, 1993; Lescure and Marty, 2000).

The adult male body length is smaller in §. sp. nov. (20.2-22.5 mm) than in males of:
S. baumgardneri (SVL 29.0-32.0 mm; Rivero, 1961); §. blairi (SVL 27.8-30.1 mm,
Fouquette and Pyburn, 1972); S. boesemani (SVL 28.4-31.8 mm; Duellman, 1986); S.
chiquitanus (SVL 27.9-33.3 mm; Duellman and Wiens, 1993); S. funereus (SVL 29.8-36.9
mm; Duellman, 1971; Duellman and Wiens, 1993); S. fuscovarius (SVL 36-54 mm,;
Goldberg et al., 2018); S. ictericus (SVL 26.3-31.8 mm; Duellman, 2005); S. iquitorum (SVL
35.0-38.5 mm; Moravec et al., 2009); S. karenanneae (SVL 26.6-28.9 mm; Pyburn, 1993); S.
onca (SVL 31.3-34.5 mm; Ferrdo et al_, 2017); S. oreites (SVL 28.4-33.5 mm; Duellman and
Wiens, 1993); S. ruber (SVL 29.4-41.2 mm; Duellman and Wiens, 1993); S. sateremawe
(SVL 35.2-38.1 mm; Sturaro and Peloso, 2014); S. x-signatus (SVL 32.4-38.7 mm,; Junca et
al., 2015).

The absence of dorsal and dorsolateral dark stripes differs S. sp. nov. from S.
JSuscomarginatus, S. madeirae, and S. villasboasi (dark dorsal and/or dorsolateral stripes
present; Brusquetti et al., 2014). The dominant frequency (2,541-3,015 Hz) of the
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advertisement call of S. sp. nov. differs from those of S. exiguus (3,811-4,802 Hz; Duellman,
1986; Carvalho et al., 2017) and S. ruberoculatus (1,809-1,895 Hz; Ferrdo et al., 2018).

Superficially, the new species is most similar to S. cruentommus, S. wandae and S.
lindsayi. However, males of the new species are distinguishable from those of S.
cruentommus by smaller SVL (20.2-22.5 mm vs. 24.8-27.7 mm; Duellman 1972b; Duellman
and Wiens, 1993), and by higher ratio HL/SVL (0.36-0.40 vs. 0.31-0.35; Duellman, 1972b).
In addition, S. sp. nov. differs from S. cruentommus by advertisement call parameters, such
as shorter call duration (0.097-0.115 s vs. 0.215-0.370 s; Duellman, 1972b; Carvalho et al.,
2015), lower number of pulses per call (23-27 vs. 39-54; Carvalho et al., 2015). The stained
pattern of the dorsal colorin . sp. nov. is easily distinguished from the striped pattern of .
wandae (Pyburn and Fouquette, 1971). Additionally, the new species differs from §. wandae
by the smaller body size in males (20.2-22.5 mm vs. 23.4-26.9 mm; Pyburn and Fouquette,
1971), and by shorter call (0.097-0.115 s vs. 0.442-0.710 s; Pombal et al., 2011) and lower
dominant frequency (2,541-3,015 Hz in vs. 3,359-5,167 Hz; Pombal et al., 2011). Scinax sp.
nov. differs from S. /indsayi by having snout truncated in dorsal view (rounded; Pyburn,
1992), red horizontal stripe on the iris (absence of red horizontal stripe on the iris; Pyburn,
1992), absence of dark brown bars on limb (present; Pyburn, 1992), and by having pulsed call
(not pulsed; Pyburn, 1992).

There is an available name (Hyla affinis Spix, 1824) in the synonymy of Scinax x-
signatus. The Spix’s description is based on a specimen (ZSM 2495/0) from Brazilian
Amazonia and depicts the species with red color of iris. However, Scinax sp. nov. differs H.
afiinis by having snout truncate in dorsal view (rounded in the holotype of H. affinis), canthus
rostralis curved (straight in the holotype of H. affinis), absence of bars on the thigh, tibia,
forearms, and flanks (present in H. affinis: Spix, 1824), and dorsum yellowish (greenish in A.
affinis: Spix, 1824).

Description of holotype.—Adult male (Fig. 1), 20.2 mm SVL; head longer than wide, HW
90% of HL; HL 38% of SVL; HW 34% of SVL; snout truncated in dorsal view and rounded
in lateral view; END equal to 91% of ED; nostrils protruding dorsolaterally; region between
nostrils slightly concave; canthus rostralis well defined, curved medially; ED 33% of HL;
interocular portion flattened; supratympanic fold distinct; tympanum round and small, TD
35% of the ED; medium-sized vocal sac, subgular, externally expanded; vocal slits present,
extending from lateral base of tongue to the mouth angles; tongue lanceolate; triangular
dentigerous processes of vomers, separated from each other by half their length, each of them
with six (right) and five (left) teeth; oval choanae; axillary membrane absent.

Arm slender, forearm moderately robust; ulnar tubercle absent; fingers long, relative
length of fingers I < I1 < TV < III (Fig. 2A); finger webbing formula, I vestigial 11 2-3'* 111 3—
3 1V, finger discs large and elliptical (3FD/TD = 1.11); palmar tubercle flattened and bifid;
tenar tubercle flattened and elliptical; subarticular tubercle of Finger I slightly conical,
subarticular tubercles protruding on fingers 1I-1V; supernumerary tubercles distinct; nuptial
pad present on the thumbs, extending from proximal margin of thenar tubercle to proximal
margin of the subarticular tubercle.

Posterior limbs long, TL 52% of SVL, THL 50% of SVL; tarsal fold and tubercles
absent; tubercles on knee and heel absent; foot length equals 42% of SVL; TAL 65% of FL;
inner metatarsal tubercle elliptical and protuberant; outer metatarsal tubercle small, rounded,
slightly protuberant, three times smaller than the inner metatarsal tubercle; subarticular
tubercle on Toe I subconical and protuberant, subarticular tubercles rounded and slightly
protruding on the toes 11-V; supernumerary tubercles not evident; toe discs elliptical; 4TD the
same size of ED (4TD/TD = 1.00); vestigial membrane between toes I and II, webbing
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formula 11 1'3-2"2 111 1322 1v 2!2-1" V (Fig. 2B). Anal opening at the middle level of the
thighs.

Skin on the dorsal surface smooth, except in the upper and anterior regions of the
tympanum, where it is shagreen; skin on flanks slightly areolate; vocal sac smooth; chest,
belly and ventral surface of the thigh areolate.

Color in life of the holotype.—Dorsum yellowish-bronze with light-brown spots,
darker over the snout and eyelids (Fig. 3). An irregularly shaped light-brown spot on the
interorbital region. Brown canthal stripe. Upper lip light-cream, yellowish-cream below the
eye and tympanum. Iris golden, with a broad medial horizontal red stripe. Brown
supratympanic band extending from the corner of the eye to the medial portion of the flank.
Yellowish-cream inconspicuous stripe on ventrolateral portion of the flanks. Inguinal region
greenish-bronze. Dorsal surface of hand yellowish-cream. Dorsal surface of the forearm
yellowish-bronze, with a dark-gray spot on distal portion, a small dark-gray spot on the
medial portion, and an inconspicuous brown spot in the proximal portion. Dorsal surface of
arm yellowish-cream. Anterior and dorsal surfaces of thigh greenish-bronze. Posterior portion
of thigh brown. Dorsal surface of the tibia and tarsus yellowish-bronze, with small marbled
light-brown spots. Cream spots on the ankles. Dorsal surface of the feet greenish-bronze.
Vocal sac bright-yellow. Chest cream and belly gray. Ventral surface of thigh grayish. Ventral
surface of tarsus grayish-green. Palmar and plantar surfaces gray.

Variation within the type series.—In preservative, dorsal color light brown, brownish-
gray to brown. Small to large dark-brown spots present on the snout in 83% of the type-series
(Fig. 4B-F) and absent on the others (Fig. 4A). Dorsal dark-brown spots denser in specimens
brown (Fig. 4D-F), except in the female specimen (Fig. 4A). Brown spots on the eyelids
varying in size and number. Light brown band in the interorbital region present on 67% of
individuals, absent on remaining specimens. Gray to dark-brown band between nostril and
eye present in all specimens. Upper lip cream with light or dark brown spots in all specimens,
varying in number and size. Light to dark brown supratympanic band evident in all
specimens, extending to above of axillar region in 50% of individuals, to the inguinal region
in 33% and on 17% it extends to 1/3 of the flanks. Light dorsolateral stripe extending from
the postocular portion to the inguinal region in 17% of specimens, absent on the remaining.
Light stripe on the lower portion of the flanks, ventrally bordered by a light brown or light
gray stripe or spots in 83% of the individuals, absent on the others. Inguinal region grayish-
cream in 50% of the series, light brown in the other half.

Upper distal portion of the finger digits cream to light-brown, brown in the proximal
portion. Dorsal surface of hand and fingers light-brown. Light to dark brown stripe on the
proximal surface of the hand. Dorsal surface of the forearm cream to light-brown, with dark-
brown spots or bars. Arm cream on 67% of specimens, light brown on 33%; dark brown spots
just on 50% of the series. Anterior surface of the thigh light brown on 67% of the specimens,
light gray on 17% and brown on 17%. Upper surface of the thigh cream on 50% of the series,
light brown on 33% and brown on the remaining. Posterior surface of the thigh brown on 67%
of the specimens, and light brown on 33%. Dorsal surface of the tibia cream to brown, with
dark brown spots on 67% of the series, light brown on 17% and gray on the remaining. The
number of spots on the dorsal surface of the tibia varies in number, 67% of the specimens
have conspicuous dark spots, inconspicuous on 33% of them. Dorsal surface of the tarsus
cream on 67% and light brown on 33% of the specimens, with brown spots or blotches.
Dorsal surface of foot and toes cream on 67% of specimens and light brown on the remaining.
Proximal portion of toe and finger digits dark brown in all specimens, distal portion of digits
cream on 83% and light brown on 17% of the series. Toe webbing translucent cream on 67%
of specimens and light brown on 33%. Vocal sac, chest and belly cream. Ventral surface of
the hand cream on 67% of specimens and light brown on the others. Ventral surface of the
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tarsus light cream on 50%, brown on 33% and light brown on 17% of the specimens. Ventral
surface of foot light brown on 67% of specimens and brown on the remaining.

Toe webbing of S. sp. nov. varies subtly within the series type, and it follows the
formula: I vestigial 11 (112-113)~(212-223) [] (1"13-112)~(213-223) [y (212-223) -1" V.
Dentigerous processes of vomers are absent on the left side in 42% of the specimens. Number
of teeth 2—7 on the right side and 3—5 on the left side. The proportional ratios between
morphometric characters of the single female in our sample follow the same range as in the
males. Measures and morphometric ratios of the type series are presented in Table 1.

Vocalization.—The advertisement call of S. sp. nov. is composed of two types of
calls: call type A and call type B (Fig. 5). The call type A (Fig. 5C) consists of a series of
single short multipulsed notes and can be characterized by the following numerical call
parameters (range followed by mean + standard deviation in parentheses): notes/call 17-30
(24 £ 6.6, n = 3); note duration 0.097-0.115 s (0.106 £ 0.005, n = 21); note repetition rate 85—
175 notes/min (139 =+ 24); pulse/note 23-27 (25.1 £ 1.1, n = 21); pulse duration 0.002-0.003 s
(0.002 + 0.0005, n = 63); interval between pulses 0.001-0.003 s (0.002 + 0.0004, n = 63),
pulse repetition rate 200-250 pulses/s (225 = 25, n = 42); silent interval between calls 0.221-
0.601 s (0.338 £ 0.093, n = 21); lower frequency 2,213-2,441 Hz (2,255 + 49, n = 21); upper
frequency 3,595-3,803 Hz (3,696 + 80, n = 21); dominant frequency 2,541-3,015 Hz (2,816
+ 93, n=21).

The call type B (Fig. 5D) consists of a single tonal note and may intercalate the call A.
Its characteristics are as follows: note duration 0.015-0.019 s (0.017 £ 0.001, n = 6); lower
frequency 2,200-2,354 Hz (2,280 £ 55, n = 6); upper frequency 3,125-3,621 Hz (3,380 +
210, n = 6); dominant frequency is 2,584-2,950 Hz (2,774 + 147, n = 6). The silent interval
between call B and previous call A is 0.250-0.883 s (0.388 + 0.246, n = 6).

Phylogenetic relationships and genetic distances.—The Bayesian phylogenetic tree
based on a fragment of 517 bp of the 16S rRNA indicated that S. sp. nov. is closely related to
other nominal and candidate species characterized by having red-striped iris (S. cruentommus
and S. sp. 1, 8. sp. 4, and S. sp. 6 sensu Ferrao et al., 2016) and to S. wandae (Fig. 6).
Excepted by S. wandae that occur in Colombia and Venezuela, all the other taxa in this clade
occur in the PMI. The uncorrected pairwise and K2P distance between sequences of the new
species and S. cruentommus is 9% and 10%, respectively. The genetic distances between S.
sp. nov. and S. wandae are larger, ranging from 10% (p-distance) to 11% (K2P). The clade
composed by S. sp. nov., S. cruentommus, S. wandae and other Amazonian taxa with red-
striped iris was grouped with the clade comprising the small species of Scinax characterized
mainly by having dorsolateral marks or stripes (S. fuscomarginatus, S. madeirae, S.
villasboasi) and with S. staufferi. The smallest and largest genetic distances between
sequences of S. sp. nov. and those from the above-mentioned species was recovered with S.
staufferi (11% p-distance; 12% K2P) and S. villasboasi (16% p-distance: 18% K2P),
respectively.

Distribution and natural history.—Scinax sp. nov. has been found only in the
Nacentes do Lago Jari National Park, Purus-Madeira rivers interfluve, Amazonas, Brazil (Fig.
7). All the specimens in our sample were collected in primary rainforest, which is classified as
dense ombrophylous lowland forest with emergent canopy (IBGE, 1997). The males call from
low vegetation and dry branches around small temporary pools. The specimen which we
recorded in this study was calling on a dry palm leaf, approximately 80 cm above a small
isolated (not connected to a stream) pool. The reproduction of the new species has an
explosive character. Although we have spent approximately 1,000 hours sampling frogs along
the study area during rainy season, just a single explosive reproductive event was observed.
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Etymology.—The specific epithet honors Christine Strisssmann for her friendship and
outstanding contribution to Brazilian herpetology.
Suggested common English name. — Striissmann’s Snouted Treefrogs.

DISCUSSION

Scinax sp. nov. groups with other diminutive species of Scinax with a red and brown
horizontal stripe in the middle portion of the iris (S. cruentommus, S. wandae). However, the
new species is not cryptic in relation to any of these correlated species. The new species can
be easily distinguished based on external morphology and bioacoustical characters.
Additionally, 16S rRNA sequences of Scinax sp. nov. showed high uncorrected pairwise
genetic distances in relation to close related nominal species, as S. wandae (10%) and S.
cruentommus (9%). These levels of genetic divergence among species are greater than those
suggested by Vences et al. (2005) and Fouquet et al. (2007b) as evidence for interspecific
difference among tropical frogs.

Our research group has applied a massive frog sampling along 450 RAPELD plots
(see Magnusson et al., 2013) longitudinally distributed over more than 1,500 km in the
Brazilian Amazonia. Despite that, S. sp. nov. was found in less than 1% of the plots, and
during a single event of explosive reproduction. These findings suggest that the new species is
narrowly distributed in the Amazonian rainforests, probably because it is an habitat-specialist,
however, detectability seems to be strongly affected by sparse calling events. Although the
new species occurs in the Nascentes do Lago Jari National Park, the specimens reported here
inhabit forests in the border between the park and the BR-319 federal highway, where native
habitats are strongly threatened by illegal logging (M. Ferrdo and R. Fraga pers. com.). In
fact, a third of the primary and old secondary forests in the PMI should be deforested until
2050 due to the human occupation expanding by the road reconstruction (Fearnside et al
2009; Maldonado et al., 2012; Graga et al., 2014).

In addition to S. sp. nov., the PMI is the type locality of nine recently described frogs
(Lima and Caldwell, 2001; Caldwell and Lima, 2003; Lima et al., 2010; Simdes et al., 2010;
Brown et al., 2011; Sturaro and Peloso, 2014; Ferrdo et al. 2017; Ferrdo et al. 2018; Melo-
Sampaio et al., 2018) and one salamander (Brcko et al., 2013). Furthermore, Hydrolaetare
dantasi (Bokermann, 1959) and Osteocephalus castaneicola Moravec, Aparicio, Guerrero-
Reinhard, Calderon, Jungfer and Gvozdik, 2009 were recently found in the PMI, which
represented the species’ first records in the Amazonas state (Ferrdo et al., 2014) and Brazil
(Meneghelli and Entiauspe, 2014), respectively. Finally, two discontinuously distributed frog
species that are usually rare in collections [Hyalinobatrachium cappellei Van Lidth de Jeude,
1904 and Callimedusa (=Phyllomedusa) atelopoides (Duellman, Cadle and Cannatella, 1988)]
have been recently reported from the PMI (Simdes et al., 2012; Fraga et al., 2014.). These
studies highlight the remarkable amphibian diversity in the PMI, which should not be
overlooked in environmental impact assessments. The PMI is under rapidly increasing
anthropogenic pressure, which has caused habitat loss by road paving (Soares-Filho et al.,
2006; Fearnside et al., 2009) and artificial flooding by hydroelectric power plants (Fearnside,
2014).
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703  Appendix L. Voucher numbers, localities, and GenBank accession numbers of samples
704  used for phylogenetic analyses.
. . GenB
Species Voucher Location ank Authors
Julianus CFBH Brazil, Rio Grande do Sul,  AY84 Brusquetti et
uruguayus 5788 Cambara do Sul 3681 al., 2014
. CFBHT . . . KU49 Lyraetal,
Ololygon agilis 09033 Brazil, Espirito Santo, Paraju 5534 2017
] _ . KM3 Chaves et al.
O. albicans Brazil 90788 Unpublished
O. arevreornat CFBHT  Brazil, Espirito Santo, KU49 Lyraetal.
FATETEONA 09912 Vitoria 5540 2017
O. berthae MLPA Argentina, Buenos Aires, AY84 Faivovich et
- vertnac 2137 Atalaya 3754 al. 2005
O. faivovichi MNRIJ409 Brazil, Sdo Paulo, Porcos JNI10 Bell et al.
i 02 Pequena 0002 2012
. KM3 Chaves et al.
O. flavoguttatus Brazil 90789 Unpublished
. . KM3 Chaves et al.
O. humilis Brazil 90790 Unpublished
0. peixoloi CFBH Brazil, Sao Paulo, Ilha da JNI0 Bell et al.
- pervot 9437 Queimada Grande 0005 2012
I CFBH128 s an JN10 Bell et al.
O. perpusilla 69 Brazil, Sdo Paulo, Ubatuba 0014 2012
- MZUESC . . KT43 Nogueira et al.
O. strigilata 11080 Brazil, Camacan, Bahia 3896 2016
, ‘ ) Paraguay, Estancia San Jose, KJOO Brusquetti et
S. acuminatus IIBPH 277 Neembucu 4189 al 2014
S alter CFBHT  Brazil, Espirito Santo, KU49 Lyraetal.
= 03712 Mimoso do Sul 5537 2017
S boesemani A French Guiana, Savane roche EF21 Fouquet et al.
R virginie 7500 2007a
o . . . EF21 Fouquetet al.
S. boesemani B French Guiana, Grand santi 7502 2007a
S chiauitams INPAH Brazil, Rondonia, Porto KU31 Ferrdo et al.
= fuitan 35560 Velho, module 14 7384 2016
S. CFBHT Brazil, Sao Paulo, Sao Luis KU49 Lyraetal.
crospedospilus 16741 do Paraitinga 5541 2017
S cruentommus INPAH Brazil, Amazonas, BR-319, KU31 Ferrdo et al.
= © 34697 module 1 7385 2016
S. aff. INPAH Brazil, Amazonas, BR-319, KU31 Ferrdo et al.
cruentommus 34596 modulo 6 7386 2016
S elacochroa MVZFC  Costa Rica, Heredia, AY84 Faivovich et
' 14457 Starkey's Woods 3757 al. 2005
S emrvdice CFBHT  Brazil, Rio de Janeiro, KU49 Lyraetal.
o eury 04365 Petropolis 5545 2017
S. CFBH243 Brazil, Minas Gerais, Lagoa KJ00 Brusquetti et
Sfuscomarginatus 62 Santa 4136 al. 2014
. L . JE790 Schulze et al.
S. fuscovarius AS 502 Bolivia, Los Lagos 013 2015
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S. fuscovarius

S. garbei

S. iquitorum

S. jolyi

Scinax cf.
kennedyi

S. madeirae
S. nebulosus
S. nebulosus
S. proboscideus
S. perereca
Scinax onca
Scinax onca
S. rostratus
S. ruber A
S. ruber B
S. ruber C
S. ruber D
S. ruber F

S. ruber PM
S. ruber 1

S. ruber 2

S. ruber 3

S. ruber Peru

Scinax
ruberoculatus

MNKA
9772

KU
202764

NMP6V
71267-1

AJC 4074

CFBH254
69
CFBHTI10
951

CFBHT
1470
INPAH34
586
INPAH34
595

AJC 3422

137bm

IWK 109

QCAZ252
75
MNKA
9539
INPAH34
645

AJC 2324
AJC 3532
AJC 3378

KU
207622

INPAH34
623

Bolivia, Santa Cruz, Nuflo
de Chavez, San Sebastian

Ecuador, Chimborazo

Peru, Puerto Almendras

French Guiana

Colombia, Casanare,
Sabanalarga, Sabanalarga
Brazil, Ronddnia, Porto
Velho

Brazil, Piaui, Baixa Grande
French Guiana, Road 8/pk6
French Guiana, Kaw

Brazil, Parana, Ararapira

Brazil, Amazonas, BR-319,
module 7

Brazil, Rondénia, Porto
Velho

Colombia, Santander, San
Vicente de Chucuri

French Guiana, Cacao

French Guiana

Guyana, Iwokrama, Muri
Scrub camp

Ecuador, parroquia Dayuma,
canton coca,Orellana
Bolivia, Santa Cruz,
Velasco, Caparu

Brazil, Amazonas, BR-319,
modulo 2

Colombia, Orocué, Casanare

Colombia, San Vicente,
Santander
Colombia, Sabanalarga,
Casanare

Peru, Madre de Dios, Cusco
Amazonico

Brazil, Amazonas, BR-319,
module 8

JF790
014

AY32
6033

KU31
7397
AF46
7261
KP14
9463
KJOO
4101
KJ0O
4190
EF21
7514
EF37
6070
KU30
6387
KU31
7425
KU31
7419
KP14
9284
EF21
7476
EF21
7481
AY54
9365
EF21
7487
JF790
034
KU31
7404
KP14
9491
KP14
9347
KP14
9452

AY32
6034

KU31
7409

Jansen et al.
2011

Darst &
Cannatella
2004

Ferrdo et al.
2016
Salducci et al.
2002

Guarnizo et al.

2015
Brusquetti et
al. 2014
Brusquetti et
al. 2014
Fouquet et al.
2007a
Salducci et al.
unpublished
Souza et al.
Unpublished
Ferrdo et al.
2016

Ferrdo et al.
2016

Guarnizo et al.

2015
Fouquet et al.
2007a
Fouquet et al.
2007a
Faivovich et
al. 2004
Fouquet et al.
2007a
Jansen et al.
2011

Ferrfo et al.
2016

Guarnizo et al.

2015

Guarnizo et al.

2015

Guarnizo et al.

2015

Darst &
cannatella
2004
Ferrdo et al.
2016
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705

S. squalirostris
S. staufferi

S. villasboasi
S. wandae

S. aff. wandae
S. x-signatus
Scinax sp. nov.
Scinax sp. nov.
Scinax sp. nov.
Scinax sp. 2
Scinax sp. 2 FG
Scinax sp. 4
Scinax sp. 5
Scinax sp. 6

Scinax sp. A

Sphaenorhynchu
s caramaschii
Sphaenorhynchu
s dorisae
Sphaenorhynchu
s lacteus
Sphaenorhynchu
s surdus
Trachycephalus
resinifictrix
Osteocephalus
laurinus

CFBH219
75

UTA A-
50749
CHUNB4
0161

AJC 4105
AJC 3464

260mc

INPAH34
688
INPAH34
690
INPAH34
700
INPAH34
670

INPAH34
693
INPAH34
703
INPAH35
562
MNKA
9134
CFBHT
12419

MIJH 46

MNK:A
9387
CFBHTO
5536
MTR_UF
CX22P46

PHV 2692

Brazil, Sdo Paulo, Serra da
Bocaina

Guatemala, Zacapa, 2.9 km S

Teculutan

Brazil, Para, Serra do
Cachimbo

Colombia, Sabanalarga,
Casanare

Colombia, San Juan de
Arama, Meta

French Guiana, Aratai

Brazil, Amazonas, BR-319,
module 9

Brazil, Amazonas, BR-319,
module 9

Brazil, Amazonas, BR-319,
module 9

Brazil, Amazonas, BR-319,
module 11

French Guiana, Kaw

Brazil, Amazonas, BR-319,
module 11

Brazil, Amazonas, BR-319,
module 5

Brazil, Rondoénia, Porto
Velho, module 17

Bolivia, Santa Cruz, Nuflo
de Chavez, San Sebastian
Brazil, Sao Paulo, Ribeirao
Grande

Brazil, Amazonas, Manaus,
Lago Janauri

Bolivia

Brazil, Santa Catarina,
Lebon Regis

Brazil, Mato Grosso, Vila
Rica

Brazil, Mato Grosso, Barra
do Garcas

KJ00
4187
AY84
3761
KJOO
4109
KP14
9381
KP14
9460
EF21
7480
KU31
7428
KU31
7431
KU31
7430
KU31
7412
EF21
7507
KU31
7429
KU31
7377
KU31
7387
JF790
036
KP09
6220
AY84
3766
JF790
144
KU49
5592
KU49
5603
KF00
2153

Brusquetti et
al. 2014
Faivovich et
al. 2005
Brusquetti et
al. 2014
Guarnizo et al.
2015
Guarnizo et al.
2015
Fouquet et al.
2007a

Ferrdo et al.
2016

Ferrdo et al.
2016

Ferrdo et al.
2016

Ferrdo et al.
2016
Fouquet et al.
2007a

Ferrdo et al.
2016

Ferrdo et al.
2016

Ferrdo et al.
2016

Jansen et al.
2011
Araujo-Vieira
et al. 2015
Faivovich et
al. 2005
Jansen et al.
2011

Lyra et al.
2017

Lyra et al.
2017

Jungfer et al.
2013
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Appendix II. List of specimens examined for morphological comparisons.
Abbreviations: (AM) Highway at State of Amazonas, Brazil; (PDBFF) Projeto
Dinamica Biologica de Fragmentos Florestais (a project in Brazil focused on
dynamics of forest fragments), (km) kilometre; (INPA-H) Herpetological Section of
the Zoological Collection of the Instituto Nacional de Pesquisas da Amazonia,
Manaus, Brazil;, (RMNH) Nationaal Natuurhistorisch Museum, Leiden, The
Netherlands; (QCAZ) Museo de Zoologia, Pontificia Universidad Catdlica del
Ecuador, Quito, Ecuador; (KU) University of Kansas, Museum of Natural History,
Division of Herpetology, Lawrence, Kansas, USA; (ANDES-A) Museo de Historia
Natural ANDES, Universidad de los Andes, Bogota, Colombia, (ZSM) Zoologische
Staatssammlung Miinchen, Miinchen, Germany.

Hpyla affinis: BRAZIL: "fluminis Amazonum" = Rio Amazonas (ZSM 2495/0,
holotype, photo).

Scinax boesemani: SURINAME: Paramaribo: near Zanderij (RMNH12601, holotype,
photo). BRAZIL: Roraima: Caracarai, Virua National Park (INPA-H 25972, INPA-H
25974).

Scinax chiquitanus: BRAZIL: Rondénia: Porto Velho (INPA-H 35554, INPA-H
35555, INPA-H 35556, INPA-H 35557, INPA-H 35558, INPA-H 35560).

Scinax cruentommus: ECUADOR: Napo: Santa Cecilia (KU 126587, holotipo,
photo); Orellana: Parque Nacional Yasuni (QCAZ 8184), Rio Napo (QCAZ 43772,
QCAZ 44754). BRAZIL: Amazonas: Careiro da Varzea, Ramal do Purupuru (INPA-
H 34697).

Scinax funereus: ECUADOR: Orellana: Rio Napo, Primavera (QCAZ 43799, photo),
Tambococha (QCAZ 55280, QCAZ 55283, photo).

Scinax fuscomarginatus: BRAZIL: Roraima: Boa Vista, Maraca Ecological Station
(INPA-H 34662, INPA-H 34634, INPA-H 34646, INPA-H 34661); Caracarai, Virua
National Park (INPA-H 19371, INPA-H 19372, INPA-H 19376, INPA-H 19378,
INPA-H 19383, INPA-H 19384).

Scinax garbei: BRAZIL: Roraima: Caracarai, Virua National Park (INPA-H 25964,
INPA-H 27496).

Scinax madeirae: BRAZIL: Rondonia: Alta Floresta, Corumbiaria Park (INPA-H
7050, INPA-H 7051).

Scinax nebulosus: BRAZIL: Para: Alter do Chao (INPA-H 34647, INPA-H 34653);
Rondonia: Costa Marques, Real Forte Principe da Beira (INPA-H 34641); Roraima:
Caracarai, Parque Nacional do Virua (INPA-H 27535, INPA-H 27536, INPA-H
27537).

Scinax onca: BRAZIL: Amazonas: Beruri (INPA-H 20582, INPA-H 20586, INPA-H
34585, INPA-H 34584, INPA-H 34581, INPA-H 34583, INPA-H 34587); Rondonia:
Porto Velho (INPA-H 34591, INPA-H 34590, INPA-H 34589, INPA-H 34592,
INPA-H 34595, INPA-H 34588, INPA-H 34594, INPA-H 34593).

Scinax proboscideus: BRAZIL: Amazonas: Manaus, Colosso Reserve at PDBFF
(INPA-H 10304); Presidente Figueiredo, Vila Pitinga (INPA-H 1870); Para:
Oriximina (INPA-H 304).

Scinax ruberoculatus: BRAZIL: Amazonas: Careiro da Varzea, BR-319, km 100
(INPAH 34600, INPA-H 34601, INPA-H 34604, INPA-H 34614, INPA-H 34615,
INPA-H 34622, INPA-H 34598, INPA-H 34624, INPA-H 34627, INPA-H 34629), km
168 (INPA-H 34602); Borba, BR-319, km 220 (INPA-H 34610, INPA-H 34620);
Beruri, BR-319, km 220 (INPA-H 34608), km 360 (INPAH 34599, INPA-H 34607,
INPA-H 34609, INPA-H 34611, INPA-H 34612, INPA-H 34617, INPA-H 34618,
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756
757
758
759
760
761
762
763

INPA-H 34621, INPA-H 34625, INPA-H 34626, INPA-H 34628, INPA-H 34630),
Manicoré, BR-319, km 400 (INPA-H 34603, INPA-H 34606, INPA-H 34616, INPA-
H 34623); Tapaua, BR-319, km 450 (INPA-H 34613, INPA-H 34619, INPA-H 34605,
INPA-H 34665).

Scinax sateremawe: BRAZIL: Amazonas: Borba, Ramal Novo Horizonte (INPA-H
34695, INPA-H 34708).

Scinax wandae: COLOMBIA: Casanare, Sabanalarga (ANDES-A 1234, ANDES-A
1071, ANDES-A 1072, ANDES-A 1234: photo).
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764  Table 1. Measurements (mm) and morphometric ratios of the type-series of Scinax
765 sp. nov. Abbreviations are defined in the Material and Methods section
766  (holotype in bold). Morphometric ratios are presented with two decimals.

INPA-H 34691 34688 34689 34692 34690 34700

Sex M M M M M F
SVL 22.5 20.2 20.7 225 21.6 26.5
HL 83 7.6 7.6 9.0 83 9.7
HW 73 6.8 7.0 7.6 7.1 9.0
ED 238 2.5 2:5 29 2.8 3.0
TD 1.0 0.9 0.7 1.4 1.1 15
10D 23 2.0 23 25 22 29
IND 1.9 1.7 1.6 19 1.7 19
TAL 5.9 5.5 5.6 6.0 58 6.8
FL 8.5 8.5 8.7 9.5 9.1 10.6
HAL 59 S5 5.8 6.1 6.0 73
3FD 0.9 1.0 1.0 1.1 1.0 1.0
4TD 0.9 0.9 0.9 121 1.1 09
END 2.5 2.2 26 2.5 23 3.0
TL 11.1 10.6 10.7 11.2 11:2 13.0
THL 10.4 10.0 10.1 98 10.4 11.9
NSD 0.6 0.7 0.7 0.7 0.6 09
HL/HW 1.14 1.12 1.09 1.18 1.17 1.08
HL/SVL 0.37 0.38 0.37 0.40 0.38 037
HW/SVL 0.32 0.34 0.34 0.34 0.33 0.34
IOD/HW 0.32 0.29 0.33 0.33 0.31 032
END/ED 0.89 0.88 1.04 0.86 0.82 1.00
TD/ED 0.36 0.36 0.28 0.48 0.39 0.50
TL/SVL 0.49 0.52 0.52 0.50 0.52 0.49
THL/SVL 0.46 0.50 0.49 0.44 0.48 045
TAL/FL 0.69 0.65 0.64 0.63 0.64 0.64
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768 FIGURE LEGENDS
769  Figure 1. Holotype of Scinax sp. nov. (INPA-H 34688), from Nascentes do Lago Jari
770  National Park, Tapaua, Amazonas, Brazil. Scale bar =5 mm.
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779

Figure 2. Ventral view of hand (A) and foot (B) of the holotype of Scinax sp. nov.
(INPA-H 34688), from Nascentes do Lago Jari National Park, Tapaua, Amazonas,
Brazil. Scale: 2 mm.
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780  Figure 3. Holotype of Scinax sp. nov. (INPA-H 34688, SVL = 20.2 mm), Nascentes
781  do Lago Jari National Park, Tapaua, Amazonas, Brazil. Photo: Rafael de Fraga.
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788

Figure 4. Color in preservative of the type series of Scinax sp. nov. from Nascentes
do Lago Jari National Park, Tapaua, Amazonas, Brazil. A: INPA-H 34700, female,
SVL 26.5 mm. B: INPA-H 34689, male, SVL 20.7 mm. C: INPA-H 34688, male,
20.2 mm. D: INPA-H 34692, male, SVL 22.5 mm. E: INPA-H 34691, male, SVL
22.5 mm. F: INPA-H 34690, male, SVL 21.6 mm.

A B 5],
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793

794

Figure 5. Wave form and audiospectrogram of the advertisement call type A
interspersed with advertisement call type B of Scinax sp. nov. (INPA-H 34691, SVL
22.5 mm) from the Nascentes do Lago Jari National Park, Tapaua, Amazonas, Brazil
(A). Wave form and detailed audiospectrogram (B) of the advertisement call type A
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795  Figure 6. Bayesian 50% consensus tree inferred from mitochondrial 16S rRNA.
796  Posterior probabilities are given above the node when > than 0.95. Blue area
797  highlights the new species.
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Figure 7. Geographic range of Scinax sp. nov. in the interfluve between the Purus
and Madeira rivers, Brazilian Amazonia. Black star: type locality, border of the
Nascentes do Lago Jari National Park (green polygon) in contact with the federal

highway BR-319, Municipality of Tapaua, Amazonas, Brazil.
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CAPITULO 4

A new species of Scinax from the Purus-Madeira interfluve, Brazilian Amazonia
(Anura, Hylidae). Zookeys, 706: 137—-162. doi:10.3897/zookeys.706.14691
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Abstract

A new tree frog species of the genus Scinax from the interfluve between the Purus and Madeira rivers,
Brazilian Amazonia, is described and illustrated. The new species is diagnosed by medium body size, snout
truncate in dorsal view, ulnar and tarsal tubercles absent, nuptial pads poorly developed, skin on dorsum
shagreen, dorsum light brown with dark brown spots and markings, white groin with black spots, anterior
and posterior surfaces of thighs black, and iris bright orange. The advertisement call consists of a single
short note, with 16-18 pulses and dominant frequency at 1572-1594 Hz. Tadpoles are characterized by
body ovoid in dorsal view and triangular in lateral view, tail higher than body, oral disc located anteroven-
trally and laterally emarginated, dorsum of body uniformly grey-brown with dark brown eye-snout stripe

in preservative, fins translucent with small to large irregular diffuse dark brown spots.
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Introduction

With nearly 70 currently recognized species, the genus Scinax Wagler, 1830 represents
one of the most species-rich hylid genera in the Neotropics. Nevertheless, an increasing
rate of new Scinax species recognition in the few last years (e.g., Fouquet et al. 2007,
Brusquetti et al. 2014; Sturaro and Peloso 2014; Araujo-Vieira et al. 2015; Araujo-
Vieira et al. 2016; Juncd et al. 2015; Ferrdo et al. 2016) indicates that our knowledge
of the actual species diversity in this genus is still very incomplete. Similarly, despite
an intensive research in the last decades (e.g. Faivovich 2002, Faivovich et al. 2005,
Duellman et al. 2016) many questions concerning our knowledge of phylogenetic re-
lationships of this and correlated genus remain still an object of discussion.

The Hyla rubra species group was first recognized by Leon (1969). Several years
later, Fouquette and Delahoussaye (1977) resurrected the generic name Ololygon Fitz-
inger, 1843 (type species Hyla strigilata Spix, 1824) to harbour the members of the
H. yubra group and delimited five other species groups. However, the correct generic
name to these tree frogs is Seinax Wagler, 1830 (type species Hyla aurara Wied, 1821)
as noted by Pombal and Gordo (1991). Consequently, Duellman and Wiens (1992)
defined the genus Scinax based on external morphology of adults and tadpoles, osteol-
ogy, and reproductive behaviour.

Faivovich (2002) tested monophyly of species groups traditionally recognized in Sei-
nax and defined two main monophyla: the S. ruber Clade (comprising members of the S.
rostrarus and S. ruber species groups) and the S. carharinae Clade (involving members of
the S. catharinae and S. perpusillus species groups). In following comprehensive review of
the systematics of Hylidae, Faivovich et al. (2005) confirmed the monophyly of S. ruber
and S. catharinae Clades and recovered Hyla uruguaya (Schmidt, 1944) in sister position
to the S. ruber Clade (H. uruguaya was transferred to Scinax to avoid paraphyly of the ge-
nus). In the phylogeny proposed by Faivovich et al. (2005) the S. ruber Clade is composed
by S. rostratus and S. uruguayus species groups plus species unassigned to any group and
the S. catharinae Clade consists of S. catharinae and S. perpusillus species groups.

Recently, Duellman et al. (2016) revised the phylogeny of the family Hylidae and
proposed three major changes in Seinax taxonomy: (i) resurrection of the genus Ololy-
gon to harbour species of the former Scinax catherinae Clade, (ii) introduction of a
new genus Julianus for members of the former Seinax uruguayus species group (sensu
Faivovich et al. 2005), and (iii) restriction of the genus Scinax to the members of the
former S. ruber Clade. As noted by Duellman et al. (2016), the separation of Ololygon
and Scinax was evident in the cladistic analyses published by Faivovich (2002) and
Faivovich et al. (2005). Moreover, Faivovich (2002) already stated that “Seinax could
be partitioned at the level of the catharinae and rubra clades, and certainly there are
names available for them. If desired, Seinax is available for the rubra clade, and the
name Ololygon could be applied to the carharinae clade”. In this paper, we follow Du-
ellman et al. (2016) whose analysis is based on presently widest dataset.

The genus Scinax has a wide distribution area ranging from Mexico to central Ar-
gentina and Uruguay (Frost 2017). At present, 28 Scinax species are known to occur
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in Amazonia (sce Sturaro and Peloso 2014, Brusquetti et al. 2014). However, a sur-
prisingly high Scinax species diversity was recently revealed in the rainforests covering
the area of the Purus-Madeira Interfluve (PMI; Fig. 1), where at least seven confirmed
candidate species remain unnamed (Fertdo et al. 2016).

The PMI is crossed by an abandoned Trans-Amazonian highway (BR-319). Cur-
rent proposals to reconstruct this highway bring a very serious threat for regional for-
est habitats and their fauna. Recent studies warn that one third of the PMI rainforest
will be lost as a consequence of massive logging if this road improvement scheme goes
ahead (Maldonado et al. 2012). Habitat loss has been widely reported as the major
cause for populations decline and local extinctions for many groups of organisms,
including frogs (e.g Soto-Azat et al. 2013). Therefore, current need of conservation of
PMI is more urgent than ever before. In this respect, studies of species diversity result-
ing in descriptions of new species are of particular importance as they bring needed
supporting data for wildlife conservation.

Here, we describe a new species of Scinax (Scinax sp. 3 sensu Ferrdo et al. 2016)
from the middle to southern PMI. The new species is described through external mor-
phology of adults and tadpoles, and advertisement call.

Materials and methods

Adult specimens of the new species were collected in four sampling areas in the PMI
(Fig. 1). Two sampling areas are located in the middle portion of the study area, one
at the kilometre 350 of the BR-319 highway (5°15'57"S, 61°55'58"W, ca. 59 m
a.s.l.: Fig. 1A) and the other at the Floresta Estadual Tapaud Reserve (06°22'37"S,
63°17'19"W, ca. 69 m a.s.l.: Fig. 1B). The remaining two sampling areas are located
in the southern region of the PMI, near the left margin of upper Madeira river, about
100 kilometres from the municipality of Porto Velho (9°9'32"S, 64°37'60"W, ca.
105 m a.s.l., Fig. 1C; 9°17'52"S, 64°46'10"W, c2. 101 m a.s.l., Fig. 1D).

All adult specimens were collected at night, anesthetised, and killed with topic
solution of 10% benzocaine, fixed in 10% formaldehyde solution and stored in 70%
ethanol. Tissue samples were obtained from all adult specimens and stored in 96%
cthanol at Albertina Lima’s laboratory at INPA (Instituto Nacional de Pesquisas da
Amazdnia), Manaus, Brazil. Measurements were taken to the nearest 0.1 mm with
digital calliper under a dissecting microscope. Sex and maturity of specimens were
identified by observing secondary sexual characters (vocal sac, vocal slits), and gonads
through dissection. The format for the description and diagnostic characters follows
Duellman and Wiens (1993) and Duellman et al. (2006). Webbing formulae follow
the standards of Savage and Heyer (1967) and Myers and Duellman (1982), while all
other terminology is that of Duellman (1970), Heyer et al. (1990) and Napoli (2005).
Measurement abbreviations used throughout the text are: SVL (snout—vent length),
HL (head length, the straight line distance from the posterior edge of the jaw articula-
tion to the tip of the snout), HW (head width at angle of jaw), IND (internarial dis-
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Figure |. Distribution of Seinax onca sp. n. and Seinax iguitorum in Brazilian Amazonia. Yellow star:
A type locality of S. enca sp. n., kilometre 350 of the BR-319 Highway, municipality of Beruri, State of
Amazonas. Yellow circles: B paratype locality of S. onaz sp. n., Floresta Estadual Tapaud Reserve, munici-
pality of Tapaud, State of Amazonas C~D paratype localities of S. onca sp. n., municipality of Porto Velho,
State of Rondénia. White triangles: E record of S. iguiterum near southern distribution of S. enca sp. n. ac-
cording Melo-Sampaio and Souza (2015), municipality of Plicido de Castro, State of Acre, Brazil F record
of S. iquitorum according Machado et al. (2015), municipality of Cruzeiro do Sul, State of Acre, Brazil.

tance), EN (eye to nostril distance), ED (horizontal eye diameter), ELW (upper eyelid
width), IOD (minimal interorbital distance), TD (horizontal tympanum diameter),
HAL (hand length), THL (thigh length) TL (tibia length), TAL (tarsus length), FL
(foot length as the distance from the heel to the tip of the fourth toe), Fin3DW (Fin-
ger IT1 disk width), Toe4DW (Toe IV disk width). Field notes and colour images were
used for descriptions of coloration in life. Collected specimens were deposited in the
herpetological section of the Zoological Collections of INPA (INPA-H). Specimens
examined for comparative diagnoses are listed in the Appendix 1.

Tadpoles of the new species were collected in a 25m” pond not connected to stream,
in the sampling area near the kilometre 350 of the BR-319 highway (5°15'57"S,
61°55'58"W,, ca. 59 m a.s.l.: Fig. 1A). Tadpoles were killed with a 5% lidocaine solu-
tion diluted in water, and preserved in 5% formalin (tail of one tadpole was stored in
100% ethanol). All tadpoles were deposited in one lot (INPA-H 35411) in the INPA-
H collection. The determination of the tadpoles was verified using molecular barcod-
ing (GenBank accession number KU317421; see Ferrdo et al. [2016]). Tadpoles were
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staged according to Gosner (1960). The format for the tadpole description follows
Schulze et al. (2015). The description was based on six tadpoles in the Gosner Stage
37. Following morphometric characters were measured according to Lavilla and Scroc-
chi (1986) and Altig and McDiarmid (1999): total length (TL), body length (BL), rail
length (TAL), maximum width of the tail muscle (TMW), maximum height of the tail
(MTH), maximum tail muscle height (TMH), interorbital distance (IOD), internarial
distance (IND); eye diameter (ED) and eye-nostril distance (END).

The interspecific pairwise genetic distances in the 165 rRNA between the new
species and other available Seinax species were presented by Ferrdo et al. (2016). How-
ever, the intraspecific pairwise genetic distances between specimens of the new species
remain unknown. Due to that, we calculated uncorrected p and Kimura-2-parameter
distances (Kimura 1980) between 16S rRNA sequences from specimens of the two
clades of the new species (see Ferrdo et al. 2016, Fig. 2) with MEGA 6.06 (Tamura et
al. 2013). Sequences of adults and one tadpole from middle PMI clade (KU317415,
KU317416, KU317421, KU317422, KU317423, KU317425, KU317426) and of
adults from southern PMI clade (KU317417, KU317418, KU317419, KU317420,
KU317424, KU317427) were obtained from GenBank. Preliminarily to distance cal-
culations, the sequence set was aligned using the Clustal W algorithm (Thompson et
al. 1994) implemented in BioEdit (Hall 1999). Genetic distance is presented in the
subsection “Variation”.

Advertisement calls of one male (INPA-H 26624) from the Floresta Estadual Ta-
paud Reverve (middle PMI: Fig. 1B) were recorded in 12 October 2013 using a Sony
PCM - D50 digital recorder. Air temperature at the time of recording was not meas-
ured. We analysed fifteen calls with the sound analysis software Raven 1.5 (Bioacous-
tics Research Program 2014). Obtained oscillograms and spectrograms were analysed
through Blackman window, 80 Hz of frequency resolution and Fast Fourier Trans-
formation (FFT) of 1024 points. The following call parameters were measured: call
duration, inter-call interval, number of pulses per call, dominant frequency, and call
repetition rate (number of calls emitted within one minute of vocalization). Terminol-
ogy of call descriptions follows Kohler et al. (2017).

Institutional abbreviations are as follows:

INPA-H  Collection of amphibians and reptiles of Instituto Nacional de Pesquisas
da Amazdnia, in Manaus, Brazil

KU University of Kansas, Museum of Natural History, Division of Herpetology,
Lawrence, Kansas, USA

QCAZ Museo de Zoologfa, Pontifica Universidad Catélica del Ecuador, Quito,
Ecuador

RMNH  Rijksmuseum van Natuurlijke Historie, Leiden, The Netherlands

NHMG  Naturhistoriska Museet, Goteborg, Sweden

NMPG6V  National Museum, Prague, Czech Republic

ZFMK Zoologisches Forschungsinstitut und Museum Alexander Koenig, Bonn,
Germany
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Taxonomy

Scinax onca sp. n.

http://zoobank.org/91C1811A-D2FC-4699-8E2D-76D203D0BCC7
Suggested English name: Jaguar Snouted Treefrog.

Scinax iquitorum: Almeida et al. 2015: 142, Appendix II.
Scinax sp. 3: Ferrdo et al. 2016: 7-9, figs 1 & 2B, Supporting table S2-54.

Holotype (Figs 2-3, 4A-B). INPA-H 34584, an adult male from kilometre 350 of the
BR-319 Highway (5°15'57"S, 61°55'58"W, ca. 59 m a.s.l., Fig. 1A), municipality of
Beruri, State of Amazonas, Brazil, collected on 15 November 2013 by Miquéias Ferrao
and Rafael de Fraga.

Paratypes (Figs SC-F, 6-7). Sixteen specimens: five adult males (INPA-H 34581,
INPA-H 34582, INPA-H 34585, INPA-H 34586, INPA-H 34587) and one adult
female (INPA-H 34583), same locality and collecting data as the holotype; one adult
male (INPA-H 26624) and one adult female (INPA-H 26625) from the Floresta Es-
tadual Tapaud Reserve (06°22'37"S, 63°17'19"W, ca. 69 m a.s.l., Fig. 1B), municipal-
ity of Tapaud, State of Amazonas, Brazil, collected on 12 October 2013 by Alexandre P
Almeida; five adult males (INPA-H 34588, INPA-H 34592, INPA-H 34593, INPA-
H 34594, INPA-H 34595) and one adult female (INPA-H 34589) from municipality
of Porto Velho (9°9'32"S, 64°37'60"W, ca. 105 m a.s.l,, Fig. 1C), State of Rondonia,
Brazil, collected on 2 November and 7 February 2014 by Albertina P Lima; one adult
male (INPA-H 34590) and one adult female (INPA-H 34591) from municipality of
Porto Velho (9°17'52"S, 64°46'10"W, ca. 101 m a.s.l., Fig. 1D), State of Ronddnia,
Brazil, collected on 25 February 2010 by Albertina P Lima.

Referred material. Two: INPA-H 35413 and INPA-H 35414, newly meta-
morphosed specimens from the kilometre 350 of the BR-319 Highway (5°15'57"S,
61°55'58"W, ca. 59 m a.s.l., Fig. 1A), municipality of Beruri, State of Amazonas, Bra-
zil, collected on 17 January 2014 by Miquéias Ferrao.

Generic placement. We assign the new species to Scinax based on general mor-
phological similarity to other members of the genus, cloacal tube of tadpoles posi-
tioned above the margin of the lower fin (a synapomorphy of the former S. ruber Clade
sensu Faivovich [2002], currently Scinax sensu Duellman et al. [2016]).

Diagnosis. A medium-sized species of Scinax characterized by the following com-
bination of characters: (1) SVL 31.3-34.5 mm (n = 13) in males and 35.5-40.4 mm
(n = 4) in females; (2) snout truncate in dorsal view, bluntly rounded in lateral view;
(3) tarsal tubercles absent; (4) tubercles on lower jaw and knee absent; (5) skin on dor-
sum shagreen; (6) dentigerous processes of vomers triangular; (7) in life, ground colour
of dorsum light brown with dark brown spots and markings; dorsolateral stripes or X-
shaped blotch on dorsum absent; flanks light brown with or without dark brown spots;
axillar region and groin white with black irregular spots; anterior and posterior surfaces
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tioned above the margin of the lower fin (a synapomorphy of the former S. ruber Clade
sensu Faivovich [2002], currently Scinax sensu Duellman et al. [2016]).

Diagnosis. A medium-sized species of Scinax characterized by the following com-
bination of characters: (1) SVL 31.3-34.5 mm (n = 13) in males and 35.5-40.4 mm
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Comparisons. Until now, the following 28 valid species of Seinax occur in Ama-
zonia (Sturaro and Peloso 2014, Brusquetti et al. 2014, Frost 2017): S. baumgardneri
(Rivero, 1961), S. blairi (Fouquette & Pyburn, 1972), S. boesemani (Goin, 1966),
S. chigquitanus (De la Riva, 1990), S. cruentommus (Duellman, 1972), S. danae (Du-
ellman, 1986), S. exiguus (Duellman, 1986), S. funereus (Cope, 1874), S. fuscomargi-
narus (Lutz, 1925), S. fuscovarius (A. Lutz, 1925), S. garbei (Miranda-Ribeiro, 1926),
S. ictericus Duellman & Wiens, 1993, S. iquitorum Moravec, Tuanama, Pérez & Lehr,
2009, S. jolyi Lescure & Marty, 2000, S. karenanneae (Pyburn, 1992), S. kennedyi (Py-
burn, 1973), S. lindsayi Pyburn, 1992, S. madeirae (Bokermann, 1964), S. nebulosus
(Spix, 1824), S. oreites Duellman & Wiens, 1993, S. pedromedinae (Henle, 1991), S.
proboscideus (Brongersma, 1933), S. rostratus (Peters, 1863), S. ruber (Laurenti, 1768),
S. sateremawe Sturaro & Peloso, 2014, S. villasboasi Brusquetti, Jansen, Barrio-Amords,
Segalla & Haddad, 2014, S. wandae (Pyburn & Fouquette, 1971), and S. x-signatus
(Spix, 1824). Members of the genus Julianus occur in Uruguay, extreme southern Bra-
zil, and in northern Corrientes, Argentina (/. wruguayus [Schmidt, 1944]) and in Serra
do Cipé, Minas Gerais, Brazil (/. pinimus [Bokermann & Sazima, 1973]). Species of
the genus Ololygon are distributed in Adantic Coastal Forest of eastern Brazil, gallery
forests of the Brazilian Cerrado and in Argentina (see Duellman et al. 2016). Among
species of Seinax distributed in Amazonia, except by the species that occur in open
habitats, all other species are endemic to the biome. Regarding the fact that Scinax onca
sp. n. is an exclusive forest dweller known from the lowland rainforest of southern part
of Central Amazonia we focus the comparison on Amazonian Seinax species, including
six confirmed candidate species discovered recently in PMI (Scinax sp. 1-2 and Scinax
sp. 4-7 of Ferrao et al. 2016).

Morphologically, Seinax onca sp. n. can be distinguished from all other Amazonian
Scinax species by having bright orange iris and white groin with black spots in life and
by the following combinations of characters (characters of other species in parentheses
or brackets unless otherwise stated):

The new species differs from S. baumgardneri, S. garbei, S. jolyi, S. kennedyi, S.
nebulosus, S. pedromedinae, S. proboscideus, and S. rostratus by snout truncate in dotsal
view and bluntly rounded in lateral view, and by the absence of tubercles on the lower
jaw and knee (elongated or pointed snout, and tubercles present on the lower jaw and
knee; Duellman 1972, Pyburn 1973, Duellman and Wiens 1992, Lescure and Marty
2000, Lima et al. 2004). In addition, tadpoles of S. onca sp. n. differ from those of
S. garbei, S. nebulosus, S. pedromedinae, and S. rostratus by the absence of labial arm
(labial arm present; Duellman 1978, Hero and Mijares-Urrutia 1995, Duellman 2005,
Gomes et al. 2014).

The male SVL 31.3-34.5 mm of S. enca sp. n. is larger than male SVL of S. blairi
(27.8-30.1 mm; Fouquette and Pyburn 1972), S. cruentommus (24.8-27.7 mm; Du-
cllman 1972), S. danae (24.5-27.4 mm; Duellman 1986), S. exiguus (18.0-20.8 mm;
Duellman 1986), S. fuscomarginatus (15.7-26.7 mm; Brusquetd et al. 2014), S. karenan-
neae (SVL 26.6-28.9 mm; Pyburn 1993), S. lindsayi (about 24 mm; Pyburn 1992), S.
madeirae (18.0-23.1 mm; Brusquetti et al. 2014), S. villasboasi (16.7-20.0 mm; Brus-
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quetti et al. 2014), S. wandae (23.4-26.9 mm; Pyburn and Fouquette 1971), Scinax
sp- 1 (20.2-22.5 mm, n = 5), Scinax sp. 2 (sensu Ferrdo et al. 2016) (18.1-20.4 mm, n
= 15), Scinax sp. 4 (sensu Ferrdo et al. 2016) (23.2 mm), Scinax sp. 6 (sensu Ferrdo et al.
2016) (25.1-26.7 mm, n = 6), and Scinax sp. 7 (sensu Ferrdo et al. 2016) (22.6-25.9
mm, n = 28). The males of S. omea sp. n. are smaller than those of S. fuscovarius (SVL
41.0—44.0 mm; Cei 1980) and S. sateremawe (35.2—38.1 mm; Sturaro and Peloso 2014).

Scinax onca sp. n. can be distinguished from S. boesemani by conspicuous dark
brown spots on the dorsum (light spots on dorsum) and belly (no spots), black pos-
terior surfaces of thighs (light brown), and black webbing between toes (light brown;
Goin 1966). The call of S. onca sp. n. differs from that of S. boesernani in duration
(102-121 ms vs.160-290 ms in S. boesemani; Duellman and Pyles 1983).

The new species differs from S. chiguitanus in having snout truncate in dotsal
view (rounded), head wider than body (narrower), black posterior surfaces of thighs
(brown), and in having dark brown spots on the belly (light brown when present;
De la Riva 1990). The call of Scinax onca sp. n. difters from the call of S. chiguitanus
in duration (102-121 ms vs.185.3-338.8 ms in S. chiguitanus), number of pulses
(16-18 vs. 23-42 in S. chiguitanus) and dominant frequency (1572-1594 Hz vs.
2100-2261.5 Hz in S. chiquitanus; De la Riva et al. 1994, Ferrio et al. 2016).

Scinax onca sp. n. differs from S. ruber by the snout truncate in dorsal view (rounded),
black posterior surfaces of thighs (brown with yellow or orange mottling), and absence of
dorsolateral stripes (tan to yellow dorsolateral stripes present; Duellman and Wiens 1993).
There are seven available names in the synonymy of S. ruber: Hyla conirostris Peters, 1863
(type locality “Surinam”), Hyla lareristriga Spix, 1824 (type locality: Brazil, by implica-
tion), Hyla lineomaculara Werner, 1899 (type locality “Arima, Trinidad”), Hyla robersi-
moni Donoso-Barros, 1965 “1964” (type locality “Pajonales al sur de Macuro, Penisula de
Paria, Venezuela”), Hyla rubra biibneri Melin, 1941 (type locality “Taracud, Rio Uaupes”,
“Sao Gabriel, Rio Negro”, and “Vicinity of Manaus”, all localities in the State of Ama-
zonas, Brazil), Seytopis alleni Cope, 1870 (type locality State of Pard, Brazil, by lectotype
designation of Duellman and Wiens 1993), and Scyropis erypranthus Cope, 1874 (type
locality “Nauta”, Region Loreto, Peru). According to their original descriptions, all these
names are associated with specimens that have yellow blotches on the anterior and poste-
tior surfaces of the thighs, and in some cases undersurfaces of tibiae (Moravec et al. 2009).

From Scinax x-signarus (Spix, 1824) the new species can be distinguished by ab-
sence of the X-shaped mark (present) and presence of dark brown spots on the dorsum
(absent; Lutz 1973).

Scinax onca sp. n. differs from S. ictericus by snout truncate in dorsal view (bluntly
round), absence of ulnar and tarsal tubercles (tubercles present), and by black posterior
surfaces of thighs (light to dark brown; Duellman and Wiens 1993). The call of Scinax
onca sp. n. differs from the call of S. icrericus in duration (102121 ms vs. 70-90 ms in
S. ictericus). The tadpoles of the new species differ in having triangular body in lateral
view (ovoid; Duellman and Wiens 1993).

The new species can be distinguished from S. funereus (Fig. 4A) by its truncate
snout in dorsal view (acutely rounded; Duellman 1978), absence of tarsal tubercles (a
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Figure 4. Adult specimens of Scinax funerens and S. iguitorum. A Female specimen of Scinax funereus
(KU221960b) from San Jacinto, Region Lorcto, Peru, and B male paratype of Scinax iquitorim (NMP6V
71267/1) from Puerto Almendras, Region Loreto, Peru. Photograph by W.E. Duellman (A) and Jifi
Moravec (B).

row of low tubercles on outer edge of tarsus; Duellman 1971), shagreen skin (strongly
tuberculate; Duellman and Wiens 1993), flanks light brown (yellow; Duellman and
Wiens 1993), orange iris (bicolored iris; sce Fig. 4A), and black posterior surfaces of
thighs (yellow with dark brown spots or pale with discrete dark brown blotches; Du-
cllman and Wiens 1993). Labial tooth row formula 2(2)/3(1) of the tadpoles of S. onca
sp. n. differs from that of S. funereus (2(2)/3; Duellman 1978). There are two available
names in the synonymy of S. funereus: Hyla depressiceps Boulenger, 1882 (type locality
“Ecuador”) and Hyla rubra inconspicua Melin, 1941 (type locality “Roque, Region San
Martin, Peru”). According to the original description, H. depressiceps differs from the
new taxon in having black and whitish marbled limbs. An examination of the holotype
of Hyla rubra inconspicua shows that it differs by the presence of small tubercles on the
head, dorsum and limbs including the tarsal area (sece Moravec et al. 2009).

The new species differs from S. iguitorum (Fig. 4B) by snout truncate in dorsal
view (bluntly rounded), dentigerous processes of vomers triangular (transverse), pres-
ence of conspicuous dark brown spots on dorsum (small dark brown dots concentrared
only on head and in areas of scapular and sacral blotches), light brown flanks with or
without dark brown spots (bright yellow flanks with numerous distinct round black
spots), and by white long bones of hindlimbs (green; Moravec et al. 2009).

Secinax onca sp. n. differs from Scinax sp. 5 (sensu Ferrao etal. 2016) by light brown
dorsum with dark brown spots (yellowish green with diminutive black spots), dark
spots on belly (absent), and anterior and posterior surfaces of thighs black (uniformly
yellowish green).

Description of the holotype. Adult male 31.3 mm SVL. Body moderately slen-
der; head wider than body, slightly longer than wide (HL/HW = 1.2, HL = 38.0% of
SVL, HW = 32.3% of SVL): snout truncate in dorsal view, bluntly rounded in lateral
view; nostrils markedly protuberant, elliptic, directed dorsolaterally; eye-nostril dis-
tance 76% of ED; internarial region moderately depressed; canthus rostralis rounded
in both dorsal and lateral views; loreal region concave, more concave near to nostril;
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interorbital distance longer than upper eye width (IOD/ELW = 1.1), IOD 31% of
HW; eye diameter 34% of HW; tympanic annulus distinct, tympanic membrane evi-
dent, rounded, 51% of ED; supratympanic fold present, slightly distinct; vocal sack
subgular, bilobate; vocal slits extend from lateral base of tongue (slightly behind the
half distance from the anterior edge) to the mouth angles; dentigerous processes of
vomers triangular, bearing 7/6 (left/right) teeth; choanes rounded; tongue lanceolate.

Arm and forearm slender; axillary membrane absent; pectoral fold present; hand
length 29% of SVL; fingers long bearing horizontally expanded discs; diameter of disc
on finger 111 49% of ED; relative length of fingers I<I1<IV<III; palmar tubercle bifid,
flat, longer than wide; thenar tubercle elongated; distal subarticular tubercle conical
on Finger I, subconical on Finger II, rounded on fingers III-IV; supernumerary tu-
bercles small, slightly distinct; nuptial pad pootly developed, slender, extending from
proximal base of thenar tubercle to distal base of distal subarticular tubercle on Finger
I; fingers II-IV basally webbed; fingers with narrow lateral fringes, external fringe on
Finger IV extends to distal portion of thenar tubercle.

Hind limb long; tibia longer than femur, tibia length 52% of SVL, femur length
47% of SVL; tarsus length 27% of SVL; foot length 44% of SVL; toe discs more
rounded than finger discs; diameter of disc on Finger 1V 44% of eye ED; relative
length of toes [<II<III<V<IV; inner metatarsal tubercle oval and flat; outer metatarsal
tubercle rounded, flat, three times smaller than inner metatarsal tubercle; subarticular
tubercles subconical on toes [-II, rounded on toes I1I-V; supernumerary tubercles
small, rounded, and flat; webbing on toes T 2-2+ 1T 1°-2 111 1"-2 IV 2-1" V; distinct
external lateral fringe on Toe V extending to outer metatarsal tubercle; fringe on exter-
nal margin of Toe | extends to inner metatarsal tubercle; tarsal folds and tarsal tubercles
absent; tubercles on heels absent.

Skin on dorsum shagreen, almost granular in supratympanic and anterotympanic
region; skin smooth on forelimbs, hind limbs, throat, chest, and vocal sac; skin arcolate
on belly and ventral surface of thighs.

Measurements of the holotype (in mm). SVL 31.3; HL 11.9; HW 10.9; ED 3.7;
EN 3.6; ELW 3.1; IND 2.8; IOD 3.4; TD 1.9; HAL 9.1; Fin3DW 1.8; TL 16.3; THL
14.8; TSL 8.6; FL 13.7; ToedDW 1.6.

Colouration of the holotype in life (Fig. 5A-B). Ground colour of dorsal surfac-
es of head, body, and limbs light brown; dorsal pattern consisting of W-shaped inter-
orbital mark on the head, an irregular dark brown spot in scapular region, a A-shaped
mark in sacral region, and numerous round dark brown spots distributed randomly on
the head (including lips) and body; a conspicuous dark brown canthal stripe extends to
tip of snout; a dark brown supratympanic stripe extends from corner of eye to anterior
region of flanks; three dark brown transverse bars on the forearm, the proximal one
extends to arm; three brown transverse bars on the tibia; fingers and toes light brown,
distal surfaces of disc cream to tan, proximal surfaces grey; toe webbing black; axillar
region white with small dark brown spots; flanks light brown with dark brown sports;
groin white with dark brown spots; anterior surfaces of thighs black; posterior surfaces
of thighs black, bordered with an irregular white streak; throat and vocal sac yellow-
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Figure 5. Colour in life of Scinax onca sp. n. Colour variation in life of Seinax onca sp. n. from the Purus-
Madeira Interfluve, Brazilian Amazonia. A-B INPA-H 34584 (holotype), adult male from the kilometre
350 of the BR-319 highway, State of Amazonas C-D INPA-H 34591, adult female from municipality
of Porto Velho, State of Rondénia E=F INPA-H 26625, adult female from the Floresta Estadual Tapaud
Reserve, municipality of Tapaud, State of Amazonas. Photographs A—D and F were taken after transport

of the specimens to the camp, while the image of E was taken immediately in the field.
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ish; chest translucent; belly yellowish laterally, white medially, covered with randomly
distributed round dark brown spots; anterior ventral surfaces of thighs greyish with
black spots; posterior ventral surfaces of thighs dark grey to black; ventral surfaces of
hand and foort black; nuptial pad cream; iris bright orange, without black reticulation,
bordered by black externally.

Colouration of the holotype in alcohol (Figs 2-3). Dorsal surfaces of head,
body, and limbs brown; throat, belly, and axillar area yellowish; groin white; dark
brown dorsal and ventral pattern as in life with exception of inconspicuous transverse
bars on thighs.

Variations. Both uncorrected p and K2P distances between specimens from south-
ern and specimens from middle PMI groups range between 0.4 and 1.1%. Both the p
and K2P distances between individuals from middle PMI varied from 0% to 0.2% and
between individuals from southern PMI varied from 0% to 0.6% (Table 1). Despite
the high genetic similarity, it appears that some variation in measurements and colora-
tion is evident between specimens from middle PMI and specimens from southern
PMI (the straight distance between the closest localities is ca. 500 km).

The specimens from southern PMI exhibit slightly larger average size (¢ = -3.1, df
=104, p = 0.009) and significantly lower values of nine following male body propor-
tions: HL/SVL (t = 2.3, df = 10.9, p = 0.01), IND/SVL (t = 3.4, df = 10.8, p = 0.005),
IOD/SVL (t=3.2,df = 9.6, p = 0.009), HAL/SVL (t = 6.9, df = 8.5, p < 0.001), THL/
SVL (t=2.8,df=11,p =0.01), TL/SVL (t = 3.9, df = 8.8, p = 0.003), TAL/SVL (t =
2.6,df =10.2, p = 0.02), FL/SVL (t = 5.1, df = 10.3, p = 0.0003), and X3FD/SVL (t
=2.9,df= 6.7, p = 0.02). Variation of measurements and body proportions of the type
specimens is given in Table 2.

Colour change was observed after (Fig. 5A-D, F) and before (Fig. SE) human
manipulation of the specimens. After manipulation, general colouration of individu-
als became darker and spots and blotches became more conspicuous. In preservative,
individuals from the middle PMI (Fig. 6A-C) had a larger number of dorsal spots
and blotches in comparison to specimens from southern PMI (Fig. 6D-F). Regard-
ing ventral coloration in preservative, individuals from the middle PMI (Fig. 7A-C)
had a larger number of spots, which were concentrated on the belly. In the south,
individuals had smaller ventral spots, and these were concentrated on the throat
(Fig. 7D-F).

Vocalization. The advertisement call of Seznax onca sp. n. consists of a single short
multipulsed note (Fig. 8). Quantitative call parameters are as follows (range followed
by mean + standard deviation in parentheses): call duration, 102-121 ms (110 + 5,
n = 15); silent interval between calls 526-1844 ms (1089 + 438, n = 15), pulses/call
16-18 (16.8 £ 0.8, n = 15); dominant frequency 1572-1594 Hz (1573 + 6, n = 15).
Calls were repeated at an approximate rate of 16 notes per minute.

Tadpole description. The following description is based on six tadpoles (Stage
37) of the lot INPA-H 35411. Total length 34.6-38.3 mm (37 + 1.5, n = 6), body
length 9.1-10.5 mm (9.8 + 0.5, n = 6), and tail length 24.6-28.7 mm (27 + 1.5, n
= 5). Body ovoid in dorsal view, triangular in lateral view (Fig. 9). Snout rounded in
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B C

Figure 6. Colour in preservative of dorsum of Seinax onca sp. n. Dorsal colour variation of prescrved
specimens of Scinax onca sp. n. Specimens from middle (A=C) and southern (D=F) Purus-Madeira Inter-
fluve, Brazilian Amazonia. A INPA-H 34581, male, SVL 34.3 mm B INPA-H 34583, female, SVL 35.5
mm C INPA-H 34582 male, SVL 31.5 mm D INPA-H 34594, male, SVL 32.6 mm E INPA-H 34589,
female, SVL 38.9 mm F INPA-H 34593, male, SVL 34.5 mm.

dorsal and lateral view, distinct from body. Nostrils large, rounded, positioned and
directed dorsally, eye-nostril distance represents 63-88% (74 + 9, n = 6) of eye diam-
eter. Inter nostril distance represents 62-70% (65 + 3, n = 6) of inter orbital distance.
Eyes large, positioned and directed laterally, with diameter 15-19 % (17 + 1, n = 6)
of body length. Spiracle tube single, sinistral, visible from dorsal view, inner wall and
ventral right wall of the tube free from the body. Tail higher than body, point of maxi-
mum height of tail about half tail length. Tail musculature visible. Dorsal fin emerging
nearly in the middle of the body, rising moderately, descending gradually to flagellum.
Ventral fin approximately of the same height and shape as the dorsal fin. Cloacal tube
positioned above the margin of the lower fin. Oral disc located anteroventrally, emar-
ginated laterally, protuberant when closed (Fig. 10). Upper labium with uniseriate
marginal papillae on distal portion and two rows of papillae (with small median gap)
close to mouth angle. Lower labium with triseriate marginal papillae close to mouth
angle and biseriate papillac on medial portion. Papillae are long, rounded on tip, dis-
tributed irregularly. Jaw sheaths moderately robust and serrated, upper jaw M-shaped
and lower jaw V-shaped. Labial tooth row formula 2(2)/3(1). The row A-1 nearly the
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Figure 7. Colour in preservative of venter of Seinax onca sp. n. Ventral colour variation of preserved
specimens of Seinax onca sp. n. Specimens from middle (A=C) and southern (D=F) Purus-Madeira
Interfluve, Brazilian Amazonia. A INPA-H 34583, female, SVL 35.5 mm B INPA-H 34582, male, SVL
31.5 mm € INPA-H 34581 male, SVL 34.3 mm D INPA-H 34588, male, SVL 34.1 mm E INPA-H
34593, male, SVL 34.5 mm F INPA-H 34589, female, SVL 38.9 mm.

same length of A-2, P-2 slightly longer than P-1, P-3 shorter than P-1 and P-2. The
gap in P-1 approximately the same length of the gap in A-2.

In life, dorsal and lateral surfaces of body silvery-green. Fins silvery-green, translu-
cent, having dark grey spots. In preservative, dorsum of body uniformly grey-brown.
A dark brown eye-snout stripe and dark brown interorbital blotch present. Fins trans-
lucent with small to large irregular diffuse dark brown spots. Tail musculature light
brown. Ventral surfaces of the body white, slightly transparent.

Etymology. The specific name omca refers to the Brazilian common name for the
jaguar Pantera onca (Linnaeus, 1758) due the blotchy colour pattern of the new spe-
cies. Furthermore, the specific name is a reference to frequent encounters of P onca
during the fieldwork in the PMI. The name is used as a noun in apposition.

Distribution, ecology, and threat status. Scinax onca sp. n. is an exclusive forest
dweller, known from two small areas located in the middle section of the PMI (State
of Amazonas, Brazil), and two small areas lying in southern part of PMI, close to mu-
nicipality of Porto Velho (Rondénia, Brazil). The maximum straight distance between
the localities is around 500 km (Fig. 1). The middle PMI is covered by tropical lowland
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Table 2. Morphometric data {in mm) of Scinax onca sp. n. from the Purus-Madeira interfluve, Brazil-

ian Amazonia. Means followed by standard deviation, and ranges in parentheses. For abbreviations, sce

Materials and methods.

Middle Purus-Madeira interfluve

Southern Purus-Madeira interfluve

Males (n=7)

Females (n = 2)

Males (n = 6)

Females (n = 2)

SVL

32 +1.1 (31.3-34.3)

36.5 + 1.0 (35.5-37)

33.6 + 0.7 (32.6-34.5)

39.6 + 1 (38.9-40.4)

HL

12.1+0.3(11.8-12.6)

13.1+0(13.1-13.1)

123 +0.3 (12-12.7)

13.6 + 0.1 (13.6-13.7)

HW

11.3+ 0.4 (10.9-11.9)

12,3+ 0.3 (12.1-12.6)

11.8+0.3(11.4-12.1)

13.2 +0.1 (13.1-13.3)

ED

3.7+03(35-4.2)

3.7+0.3(3.5-3.9)

3.6 +0.2 (3.3-3.9)

3.9+ 0.1 (3.8-4)

D

2.1+0.2(1.9-2.4)

2.3 +0.3 (2.1-2.4)

22+0.1(2-2.4)

2.3 +0.1(2.3-2.4)

UEW

3.110.2(2.7-3.2)

3.1+ 0.1(3-3.2)

3.2 +0.2(2.9-3.4)

3+ 0.1(2.9-3.1)

10D

33102 (3.1-3.7)

3.7+ 0.3 (3.5-3.9)

32102 (3-34)

3.8 1 0.2 (3.7-4)

IND

27+0.1(2.6-2.8)

3.2+0.1(3.1-3.3)

2.7+0.1(2.7-2.8)

3+01(2.9-3.1)

TAL

9+ 0.3 (8.6-9.6)

10 +0.3 (9.8-10.2)

9+0.3(8.7-9.3)

10.5 + 0 (10.5-10.5)

FL

13.7 + 0.4 (13.4-14.4)

15.7 + 0.4 (15.4-16)

13.4+ 0.4 (12.9-14.1)

165 +0.4 (16.2-16.7)

HAL

9.5+ 0.5 (9.1-10.4)

10.9 + 0 (10.9-10.9)

9.2 +0.2 (8.9-9.5)

114+ 0.7 (11-11.9)

3FD

1.8 +0.1(1.7-1.9)

22+0(2.2-2.2)

1.7 +0.2 (1.5-1.9)

2102 (1.8-2.2)

4TD

1.7 +0.1(1.6-1.8)

2+0.1(1.9-2.1)

1.6 +0.2 (1.4-1.8)

1.9 +0.2(1.8-2.1)

END

3.910.2(3.6-4.2)

3.9+0.2(3.6-4.2)

4+0.2(3.7-4.2)

4.4+ 0.1 (4.4-4.5)

TL

17 £ 0.5 (16.3-17.6)

19.2 + 0.6 (18.7-19.6)

17 + 0.4 (16.5-17.7)

19.8 +0.5 (18.5-19.2)

THL

15.9 + 0.6 (14.8-16.5)

18.2 +0.7 (17.8-18.7)

15.8 + 0.7 (14.7-16.9)

18.2 + 0.7 (17.8-18.7)

HL/SVL

0.38 + 0.01 (0.37-0.39)

0.36 +0.01 (0.35-0.37)

0.37 + 0.01 (0.36-0.38)

0.34 +0.01 (0.34-0.35)

HW/SVL

0.35 + 0.01 (0.35-0.37)

0.35 +0.01 (0.35-0.37)

0.35 + 0.01 (0.34-0.37)

0.33 + 0.01 (0.33-0.34)

ED/SVL

0.12 +0.01 (0.11-0.13)

0.10 +0.01 (0.10-0.11)

0.11 + 0.01 (0.10-0.12)

0.10 + 0.01 (0.09-0.10)

TD/SVL

0.06 + 0.01 (0.06-0.07)

0.06 +0.01 (0.06-0.07)

0.06 + 0.01 (0.06-0.07)

0.06 + 0 (0.06-0.06)

UEW/SVL

0.10 + 0.01 (0.09-0.10)

0.09 +0.01 (0.08-0.09)

0.10 + 0.01 (0.09-0.10)

0.08 + 0.01 (0.07-0.08)

IOD/SVL

0.10 £ 0.01 (0.10-0.11)

0.10 +0.01 (0.09-0.11)

0.09 + 0.01 (0.09-0.10)

0.10 +0.01 (0.09-0.10)

IND/SVL

0.09 + 0.01 (0.08-0.09)

0.09 + 0 (0.09-0.09)

0.08 + 0 (0.08-0.08)

0.08 +0.01 (0.07-0.08)

TAL/SVL

0.28 + 0.01 (0.27-0.30)

0.28 +0.01 (0.27-0.28)

0.27 + 0.01 (0.26-0.28)

0.27 + 0.01 (0.26-0.27)

FL/SVL

0.43 + 0.01 (0.42-0.45)

0.43 + 0 (0.43-0.43)

0.40 + 0.01 (0.38-0.41)

0.42 +0.02 (0.40-0.43)

HAL/SVL

0.30 + 0.01 (0.29-0.31)

0.30 + 0.01 (0.29-0.31)

0.27 1 0.01 (0.27-0.28)

0.29 +0.02 (0.27-0.31)

3FD/SVL

0.06 + 0.01 (0.05-0.06)

0.06 1 0 (0.06-0.06)

0.05 1+ 0,01 (0.05-0.06)

0.05 1 001 (0.05-0.06)

4TD/SVL

0.05 + 0 (0.05-0.03)

0.06 +0.01 (0.05-0.06)

0.05 + 0.01 (0.04-0.05)

0.05 + 0.01 (0.04-0.05)

END/SVL

0.12 +0.01 (0.12-0.13)

0.12 + 0(0.12-0.12)

0.12 +0.01 (0.11-0.13)

0.11+0(0.11-0.11)

TL/ISVL

0.53 + 0.01 (0.51-0.55)

0.53 + 0(0.53-0.53)

0.51 + 0,01 (0.49-0.51)

0.50 + 0.03 (0.48-0.52)

THL/SVL

0.50 +0.02 (0.47-0.52)

0.50 +0.01 (0.50-0.51)

0.47 + 0.01 (0.45-0.49)

0.47 +0.02 (0.46-0.49)

rainforest characterized by closed canopy with emergent trees whereas the southern
part has a more open lowland rainforest formation with frequent palm trees.

The new species is an explosive breeder. All specimens were encountered after (or
during) heavy rains when aggregated at middle-sized or large temporary forest ponds.
The ponds were not connected to streams. The males were calling from shrubs growing
in or next to the water. Calling males adopted both horizontal and vertical positions
on leaves and shrub trunks ca. 50-200 cm above the ground. Other tree frogs found
in sympatry with S. onca sp. n. included Dendropsophus leucophyllarus (Beireis, 1783),
D. marmorarus (Laurenti, 1768), D. minurus (Peters, 1872), D. parviceps (Boulenger,
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Figure 8. Advertisement call of Scinax onca sp. n. Spectrogram (A) and oscillogram (B) of an advertise-
ment call of Scinax onca sp. n. The specimen (INPA-H 26624, SVL 32.1 mm) was recorded in Floresta
Estadual Tapaud Reserve, middle Purus-Madeira Interfluve, Amazonas, Brazil C A series with eleven calls.

Air temperature not measured.

1882), D. rhodopeplus (Boulenger, 1882), D. sarayacuensis (Shreve, 1935), Phyllome-
dusa vaillantii Boulenger, 1882, and Scinax sp. 7 (sensu Ferrao et al. 2016).

Based on the sparse darta available and due to threats, it is suggested that S. onca
sp. n. be classified as “Data Deficient” according to the [UCN red list criteria {UCN
2016). It is necessary to stress out, however, that the known range of the new species
is seriously threatened by the planned reconstruction of the Trans-Amazonian highway
BR-319 connecting Manaus and Porto Velho. This initiative will facilitate human mi-
gration from the “Arc of Deforestation” in southern Rondénia to the PMI (Fearnside
and Graga 2006). According to recent predictions, this immigration could result in
the deforestation of up 5.4 million hectares of mostly undisturbed rainforests between
2012 and 2050 (Maldonado et al. 2012). Three of four known S. onca sp. n. localities
occur in the area of predicted deforestation. Only the fourth locality lies within the
Floresta Tapaud Reserve, which can serve as refuge for this and other species.
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Figure 9. Tadpole of Scinax onca sp. n. from the middle Purus-Madeira Interfluve (lot INPA-H 35411).
Specimen collected at kilometre 350 of the BR-319 highway, municipality of Beruri, State of Amazonas,
Brazil. From top to bottom: dorsal, ventral, and lateral views of preserved tadpole in developmental Stage
37. Scale bar 5 mm.

Figure 10. Oral disc of the tadpole of Scinax enca sp. n. (lot INPA-H 35411; developmental Stage 37).
Left: ventrolateral and right: ventral view. The tadpole was collected in the middle Purus-Madeira Inter-

Auve, at the kilometre 350 of the BR-319 highway, municipality of Beruri, State of Amazonas, Brazil.

Scale bar 2 mm.
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Discussion

The morphological data presented here show slight differences between members of
the middle and southern PMI populations of Scinax onca sp. n. These differences are
consistent with previously obtained molecular phylogeny (Ferrdo et al. 2016), where
the new taxon is structured into two slightly differentiated lineages corresponding to
the middle and southern PMI populations. Nevertheless, until more robust evidence
of specific distinction between the two populations is available, we decided to use the
same specific epithet for the representatives of the both PMI populations. The observed
differences may be a result of local adaptation to different environmental conditions,
since the populations live under different climate conditions (drier in south) and in-
habit different types of lowland forest. Other possibility is that the differences in meas-
urements and coloration represent two examples of peripheral intraspecific variation,
as the known populations are separated by ca. 500 km from each other. Till now we
were not able to find individuals corresponding to S. omca sp. n. in the central region
of the study area. Therefore, more complete sampling within this distributional gap is
necessary to obtain a more exact picture of the morphological variation and genetic
structure of S. onca sp. n.

Three records of Scinax iquitorum, species most closely related to S. onca sp. n.,
were recently reported from Brazilian western Amazonia (State of Acre; Machado et
al. 2015, Melo-Sampaio and Souza 2015) and from Floresta Estadual Tapaud Reserve
(State of Amazonas; Almeida et al. 2015). Two individuals reported by Almeida et al.
(2015) were examined in this study. Since their morphology did not agree with the
diagnosis of S. iquitorum, but corresponded fairly well with that of Seinax onca sp. n.
(sensu Ferrdo et al. 2016) from kilometre 350 of the BR-319 highway (type locality of
S. onca sp. n., ca. 190 km from Floresta Estadual Tapaud Reserve) we included them
into the type series of the new species described here. Individuals of S. iguitorum re-
ported by Melo-Sampaio and Souza (2015) from the eastern corner of the Acre have
very similar colour pattern to S. onca sp. n. from southern PMI, and we tentatively
associate them with S. onca sp. n. Nevertheless, DNA barcoding as well as thorough
morphological and bioacoustic data are necessary for a definitive determination of the
specimens reported from eastern Acre. The same applies also for the proper determina-
tion of the individuals of S. iguitorum reported by Machado et al. (2015) from the mu-
nicipality of Cruzeiro do Sul. In the light of contemporary knowledge of the extensive
diversity of Scinax species in the State of Amazonas, we stress out that occurrence of S.
iquitorum in the State of Acre should be verified by non-morphological traits.

It is evident that Brazilian States of Acre, Amazonas, and Rondénia house much
more diverse fauna of Seinax tree frogs than previously thought. Similarly, this region
is probably also home of many other, still unnamed, anuran species. Although a num-
ber of new species will be described in the near future, a more complete evaluation of
the unique anuran diversity of the PMI is a long-term process, which is unlikely to
be successfully completed without an effective wide-scale protection of the lowland
Amazonian rainforest.
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Appendix |

List of specimens examined for morphological comparisons. Abbreviations: AM, state
highway, State of Amazonas, Brazil; BR, Federal highway, Brazil; PDBFFE, Biological
Dynamics of Forest Fragments Project; UHE, Hydroelectric Power Plant.

Scinax sp. 1: BRAZIL: AMAZONAS: Tapaud, BR-319, km 450 (INPA-H 34688, INPA-
H 34691, INPA-H 34689, INPA-H 34692, INPA-H 34690, INPA-H 34700).
Seinax sp. 2: BRAZIL: AMAZONAS: Humaitd, BR-319, km 620 (INPA-H 34651, IN-
PA-H 34657, INPA-H 34664, INPA-H 34666, INPA-H 34667, INPA-H 34668,
INPA-H 34669, INPA-H 34670, INPA-H 34671, INPA-H 34672, INPA-H 34673,
INPA-H 34674, INPA-H 34675, INPA-H 34676, INPA-H 34677, INPA-H 34678).

Scinax sp. 4: BRAZIL: AMAZONAS: Humaitd, BR-319, km 620 (INPA-H 34693).

Scinax sp. 5: BRAZIL: AMAZONAS: Tapaud, BR-319, km 450 (INPA-H 34648,
INPA-H 34656, INPA-H 34639, INPA-H 34640, INPA-H 34632); Beruri, BR-
319, Km 260 (INPA-H 34703, INPA-H 34693, INPA-H 34696); Borba, BR-
319, Km 220 (INPA-H 34710).

Scinax sp. 6: BRAZIL: AMAZONAS: Careiro da Vdrzea, BR-319, km 34, Ramal do
Purupuru (INPA-H 34597); RONDONIA: Porto Velho, UHE Santo Antdnio
(INPA-H 35559, INPA-H 35561, INPA-H 35562, INPA-H 35563, INPA-H
35564, INPA-H 35565, INPA-H 35566, INPA-H 35567, INPA-H 35568).

Scinax sp. 7: BRAZIL: AMAZONAS: Careiro da Virzea, BR-319, km 100 (INPA-
H 34600, INPA-H 34601, INPA-H 34604, INPA-H 34614, INPA-H 34615,
INPA-H 34622, INPA-H 34598, INPA-H 34624, INPA-H 34627, INPA-H
34629), km 168 (INPA-H 34602); Borba, BR-319, km 220 (INPA-H 34610,
INPA-H 34620); Beruri, BR-319, km 220 (INPA-H 34608), km 360 (INPA-
H 34599, INPA-H 34607, INPA-H 34609, INPA-H 34611, INPA-H 34612,
INPA-H 34617, INPA-H 34618, INPA-H 34621, INPA-H 34625, INPA-H
34626, INPA-H 34628, INPA-H 34630); Manicoré, BR-319, km 400 (INPA-H
34603, INPA-H 34606, INPA-H 34616, INPA-H 34623); Tapaud, BR-319, km
450 (INPA-H 34613, INPA-H 34619, INPA-H 34605, INPA-H 34665).

Scinax  boesemani: SURINAME: PARAMARIBO (SURINAME): near Zanderij
(RMNH12601, holotype). BRAZIL: RORAIMA: Caracarai, Parque Nacional do
Virud (INPA-H 25972, INPA-H 25974).

Scinax chiquitanus: BRAZIL: RONDONIA: Porto Velho, UHE Santo Antdnio, M-14
(INPA-H 35554, INPA-H 35555, INPA-H 35556, INPA-H 35557, INPA-H
35558, INPA-H 35560).
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Scinax cruentommus: ECUADOR: NAPO: Santa Cecilia (KU 126587, holotype);
ORELLANA: Parque Nacional Yasuni (QCAZ 8184), Rio Napo (QCAZ 43772,
QCAZ 44754). BRAZIL: AMAZONAS: Careiro da Virzea, BR-319, km 34, Ra-
mal do Purupuru (INPA-H 34697).

Scinax funereus: ECUADOR: ORELLANA: Rio Napo, Primavera (QCAZ 43799),
Tambococha (QCAZ 55280, QCAZ 55283). PERU: LORETO: San Jacinto
(KU221960b).

Scinax fuscomarginatus: BRAZIL: RORAIMA: Boa Vista, Estagio Ecolégica de Maraca
(INPA-H 34662, INPA-H 34634, INPA-H 34646, INPA-H 34661); Caracara,
Parque Nacional do Virua (INPA-H 19371, INPA-H 19372, INPA-H 19376,
INPA-H 19378, INPA-H 19383, INPA-H 19384).

Scinax garbei: BRAZIL: RORAIMA: Caracarai, Parque Nacional do Virud (INPA-H
25964, INPA-H 27496).

Scinax cf. ictericus: PERU: MADRE DE DIOS: Rio Tambopata (ZFMK 39353, ZEMK
39361, ZFMK 39363, ZFMK 39366).

Scinax iquitorum: PERU: LORETO: ca. 17 km straight SW of Iquitos, (NMP6V
71267/1-3; paratypes).

Scinax madeirae: BRAZIL: RONDONIA: Alta Floresta, Parque Estadual Corumbiaria
(INPA-H 7050, INPA-H 7051).

Scinax nebulosus: BRAZIL: PARA: Alter do Chio (INPA-H 34647, INPA-H 34653);
RONDONIA: Costa Marques, Real Forte Principe da Beira (INPA-H 34641);
RORAIMA: Caracarai, Parque Nacional do Virud (INPA-H 27535, INPA-H
27536, INPA-H 27537).

Scinax onca sp. n. (tadpoles): BRAZIL: AMAZONAS: Beruri, BR-319, km 350 (lot
INPA-H 35411).

Scinax pedromedinae: BOLIVIA: BENI: 5 km NE of Riberalta (NMP6V 70700);
PERU: UCAYALIL: Masisea NMPGV 74902/1-3).

Scinax proboscideus: BRAZIL: AMAZONAS: Manaus, Reserva Colosso do PDBFF
(INPA-H 10304); Presidente Figueiredo, Vila Pitinga (INPA-H 1870); PARA:
Oriximind, UHE Cachoeira Porteira, Rio Trombetas (INPA-H 304).

Scinax sateremawe: BRAZIL: AMAZONAS: Borba, Ramal Novo Horizonte (INPA-H
34695, INPA-H 34708).

Scinax ruber F: BRAZIL: AMAZONAS: Borba, BR-319, km 220 (INPA-H 34642,
INPA-H 34652); RONDONIA: Porto Velho, UHE Santo Anténio, (INPA-H
34633, INPA-H 34635, INPA-H 34649, INPA-H 34655).

Scinax ruber PM: BRAZIL: AMAZONAS: Careiro da Virzea, AM-354, km 10 (INPA-
H 34645, INPA-H 34654, INPA-H 34658, INPA-H 34659).
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CAPITULO 5

Genomic landscape analysis reveals the role of ecological gradients on gene flow of an

Amazonian frog. Manuscrito em preparagao para Molecular Ecology.
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Abstract

Amazonia has the most species-rich forest of the Neotropics and scientists have
attempted to understand the mechanisms driving the diversification of its biota. Among
the hypotheses evoked to explain processes promoting species diversification, the
ecological gradient hypothesis predicts that divergences between populations reflect
environmental changes across the species range, even in the presence of gene flow.
Herein, we used a diminutive terrestrial anuran (Phyzelaphryne miriamae) widely
distributed in the interfluve between the Purus and Madeira rivers as a model to test
whether gene flow along the landscape can be explained by the ecological gradient
hypothesis. For the first time in Amazonia, genomic landscape analyses and thousands
of single nucleotide polymorphisms (SNPs) were used to test this hypothesis. Genetic
structure analyses estimated five populations in P. miriamae. Results indicated that the
effect of environmental gradients on gene flow of this species is pronounced. After
accounting the effect of geographic distance, the explanation of environmental variables
on gene flow ranged from 24.7 % (silt content) to 30.2% (temperature seasonality). On
the other hand, geographic distance between demes also explained gene flow but its
effect was less pronounced (2.3-3.7%) and restricted to short and long distances, being
null in moderated distances. Overall, the genetic diversification of our model agrees
with predictions of the ecological gradient hypothesis. The effects of environmental
changes on gene flow were stronger in our species model than in other organisms
distributed in the same region. Such pronounced effect is likely related to behavioural
and physiological features of P. miriamae linked to its small body size, terrestrial

reproductive mode and low dispersal ability.

Introduction
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Amazonia has the major and most diverse forest of the Neotropical region, being
considered a global biodiversity hotspot (Hansen et al., 2013; Antonelli et al., 2018).
Evaluating the mechanisms that drive gene flow in organisms across the landscape,
preventing or favoring genetic differentiation, is crucial to explain the extraordinarily
high biodiversity of Amazonia and has been one of the major issues in evolutionary
biology. Since the 19th century, speciation hypotheses have been argued to explain the
diversification of Amazonian biota (e.g., Wallace, 1852; Haffer, 1969; Endler, 1977;
Vanzolini & Williams, 1981; Endler, 1982; Résdnan, Salo, Jungnert, & Pittman, 1990;
Bush, 1994).

Among these hypotheses, the riverine barrier (Wallace, 1852) has been
extensively tested along more than two decades (e.g., Gascon, Lougheed, & Bogart,
1996; Lougheed, Gascon, Jones, Bogart, & Boag, 1999; Gascon et al., 2000; Funk et al.,
2007; Fernandes, Wink, Sardelli, & Aleixo, 2012; Fouquet, Ledoux, Dubut, Noonan, &
Scotti, 2012a; Ribas, Aleixo, Nogueira, Miyaki, & Cracraft, 2012; Kaefer, Tsuji-
Nishikido, Mota, Farias, & Lima, 2013; Alfaro et al., 2015; Fouquet et al., 2015;
Ferreira, Aleixo, Ribas, & Santos, 2017; Maia, Lima, & Kaefer, 2017; Nazareno, Dick,
& Lohmann, 2017; Ortiz, Lima, & Werneck, 2018; Ribas et al., 2018). This hypothesis
postulates that large Amazonian rivers promote allopatric isolation by suppressing gene
flow between populations inhabiting different river margins (Wallace, 1852).
Differently to the former, the ecological gradients hypothesis (Endler 1977, 1982) does
not require allopatric isolation by physical barriers to generate genetic divergence.
Instead, it predicts that populations differentiate, even in the presence of gene flow, as
result of adaptive divergence induced by environmental gradients, such as changes in

temperature, precipitation, soil moisture, and forest structure. Supporting or not this
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hypothesis depends on the significant correlation between gene flow among populations
and ecological differences along the species range after accounting for the effects of
geographic distance (Funk et al., 2007). Despite its plausibility to explain genetic
divergence within species across heterogeneous landscapes, the ecological gradient
hypothesis has been poorly explored in Amazonia (Moritz, Patton, Schneider, & Smith,
2000; Leite & Rogers, 2013).

Difficulties to test the ecological gradient hypothesis could arise because of
different factors. The existence of present or past physical barriers (e.g. rivers,
mountains, structural arches) within the range of the target species would generate
dissimilarities that are larger than predicted and led to misinterpretations. Taking it into
account, species distributed along intervening landscapes between large rivers in
lowland forests may represent a formidable study system to evaluate the role of
environment gradients on gene flow of Amazonian organisms. Another important
concern in evaluating the ecological gradient hypothesis is the heterogeneity of a given
landscape since genetic differentiation is not expected as result of homogeneous habitats
but other mechanisms, such as isolation by distance (Wright, 1943).

Although its complex geological history (Hoorn et al., 2010; Hayakawa &
Rossetti, 2015; Ruokolainen, Moulatlet, Zuquim, Hoorn , & Tuomisto, 2018), the
Madeira River has been reported as a barrier to gene flow in many organisms (Ribas,
Aleixo, Nogueira, Miyaki, & Cracraft, 2012; Kaefer, Tsuji-Nishikido, Mota, Farias, &
Lima, 2013; Fernandes, Cohn-Haft, Hrbek, & Farias, 2014; Thom & Aleixo, 2015;
Ribas et al., 2018), and restricting the sampling design of studies to just one shore
would avoid biases related to river effect on genetic differentiation. In fine-scale, the
landscape of northern Purus-Madeira Interfluve (PMI) is characterized by lowland

dense forests, silty soils, shorter dry period and less seasonal temperature (Cintra et al.,
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2013; Martins et al., 2015; Schietti et al., 2016; Ferreira, Jehle, Stow, & Lima, 2018).
Southward it changes to lowland open forests, clay soils, longer dry periods and more
seasonal temperature (Cintra et al., 2013; Martins et al., 2015; Schietti et al., 2016;
Ferreira, Jehle, Stow, & Lima, 2018). All these features turn the PMI a suitable
landscape scenario to test the ecological gradient hypothesis.

Other important consideration when testing the ecological gradient hypothesis
lies in the choice of the target organism. Anuran amphibians have permeable skin
(Ludwig, 1945), eggs and tadpoles susceptible to dehydration (Rudin-Bitterli, Evans, &
Mitchell, 2018; Rudin-Bitterli, Mitchell, & Evans, 2018), and usually low vagility
(Blaustein, Wake, & Sousa, 1994). Changes on soil moisture and temperature can
directly influence the anuran bacterial skin communities (Varela, Lesbarréres, Ibaniez, &
Green, 2018), which are a crucial component of the immune system (Kueneman et al.,
2016), affecting the susceptibility of species to disease and survival. Additionally,
variation in dry periods may negatively affect anurans by maximizing the cutaneous
evaporative water loss (Mitchell & Bergman, 2016). Physiological features make
anurans advantageous subjects for investigating the role of environmental gradients on
genetic differentiation across landscapes.

In this study, we use the miniaturized Amazonian frog Phyzelaphryne miriamae
Heyer, 1977 to test the ecological gradient hypothesis. This species inhabits the litter of
non-flooded lowland forest along the PMI and has direct development of terrestrial
eggs. These traits may turn both adults and eggs susceptible to changes in
environmental variables directly or indirectly related to temperature and humidity of
their habitat. Herein, we sequenced thousands of single nucleotide polymorphisms
(SNPs) and applied genomic landscape approaches to evaluate the effect of

environmental variables on gene flow of P. miriamae along ~900 km of heterogeneous
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forests. The main prediction of our hypothesis is that the environmental variables should

better explain gene flow than geographic distance.

MATERIAL AND METHODS

Study system and sampling

Phyzelaphryne miriamae is a small (~15 mm), leaf-litter, and crepuscular frog
occurring south of the Amazon River. This is the sole species in the genus
Phyzelaphryne and prior to this study was known only from few localities (Fouquet et
al., 2012). Males are territorial and call on large decomposing trunks or inside of heaps
of leaf-litter in twilight (MF and APL personal communication). Females oviposit
between humid leaf-litter and eggs do not develop into aquatic free-living tadpoles but
directly into froglets (MF and APL personal communication).

The PMI is located south of the Amazon River and covers approximately 15.4
million hectares. The hydrography is characterized by a network of small streams that
drain mainly into Madeira River (Maldonado, Keizer, Graga, Fearnside, & Vitel, 2012).
The PMI has a recent geological origin with unstable sediments from Late Pleistocene
or Early Holocene, with flat topography in regional scale, ranging from 27 to 80 m
above sea level (Sombroek, 2000). Soils are Plinthosols and Gleysols (Martins et al.,
2013) with predominance of silt in the north and clay in the south (Ferreira, Jehle, Stow,
& Lima, 2018). The mean annual precipitation varies from 1900 to 2700 mm with
rainfall concentrated in the middle portion of the interfluve. The northern portion of the
PMI is characterized by dense lowland rainforest with approximately 8000 stems by ha
(Schietti et al., 2016; Ferreira, Jehle, Stow, & Lima, 2018), while open lowland

rainforests (~ 4000 stems by ha; Ferreira, Jehle, Stow, & Lima, 2018) cover the
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southern portion. These forests are separated by patches of Savanna and ecotonal
environments (Rosseti et al., 2018).

We sampled P. miriamae in 15 RAPELD modules (Magnusson et al., 2013)
distributed across approximately 900 km in the PMI. RAPELD modules have two
parallel trails (equidistant 1 km) and each trail has five plots distant 1 km from each
other. RAPELD modules were sampled three times in the rainy season
(October—March) from 2011 to 2014. Searching was carried out during twilight and
used both acoustic and visual cues to locate individuals. In addition to specimens
collected in RAPELD modules, P. miriamae were sampled at its type locality (Humaita,
Amazonas, Brazil) in November 2016. Tissue samples were collected, and specimens
were deposited in the herpetological section of the zoological collection of the Instituto
Nacional de Pesquisas da Amazonia (Manaus, Brazil). Fifty-nine specimens were
collected in 14 RAPELD modules and four additional specimens were collected in the

type locality. Specimens were not found in RAPELD module M4.

SNP discovery and filtering

Tissue samples from 63 P. miriamae were sent to Diversity Arrays Technology
Pty. Ltd (Canberra, Australia) for DNA extraction, and SNP discovering and
genotyping. SNP discovering and genotype followed the DArTSeq™ protocol that
combine Diversity Arrays markers (Jaccoud, Peng, Feinstein, & Kilian, 2001; Kilian et
al., 2012) and next-generation sequencing on Illumina platforms (Sansaloni et al., 2011)
to genotype thousands of SNPs across the genome of a target species. SNPs were
discovered and genotyped using the reference genome from Nanorana parkeri (Sun et

al., 2015). Diversity Arrays Technology genotyped 18,863 SNPs.
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SNPs were filtered through the R package radiator 0.0.10 (Gosselin, 2017). We
ran radiator in the interactive mode, which allows the user to inspect tables and graphs
before selecting values for each parameter. We excluded monomorphic loci and retained
only loci common in all samples. We also excluded loci with reproducibility < 90%,
call rate < 60%, read depth < 8, and minor allele frequencies (MAF) < 2%. Only one
SNP per locus was retained to avoid bias caused by physical linkage (Morin, Martien, &
Taylor, 2009). The filtering process excluded two specimens and resulted in a dataset of
5462 SNPs. We used the packages radiator, LEA v.1.8.1 (Frichot & Frangois, 2015) and
adegenet (Jombart, 2008; Jombart & Ahmed, 2011) to convert the filtered data set into
the genotype code required by downstream analyses.

Exploratory analysis of genetic differentiation retrieved extremely high values of
Fst between samples from M1-M3 and those from M5-M15 (e.g. Fst = 0.846 between
M3 and M5), while relatively low Fst was recovered between samples within M1-M3,
and within M5-M15 (see Supplemental Material S1). Additionally, a species tree using
the entire SNP dataset retrieved the clade composed by samples from M1-M3 as deeply
divergent in relation to those clades representing samples from M5-M15 (See
Supplemental Material S1). To avoid biases associated to inclusion of historical effects
in the ecological analyses and results, we excluded samples from M1-M3 in the original
dataset (18863 SNPs) and refiltered it following the same methods as previously cited.
The refiltered dataset consisted of 47 specimens and 4,459 SNPs that were considered in

the following analyses.

SNPs potentially under selection

We used Fsr outlier analysis (OA) and environmental association analysis

(EAA) to detect putatively adaptive SNPs. The OA method is based on Bayesian
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modeling implemented in BaysScan v.2.1 (Foll & Gaggiotti, 2008), does not assume
equal differentiation between populations, and is powerful in detecting outliers in
scenarios with low-admixtured samples (Luu, Bazin, & Blum, 2017). BayeScan was run
using prior odds of 100, sample size of 200,000, thinning interval of 10, 20 pilot runs of
length 10,000, and burn-in of 50,000. Outlier SNPs discovered by BayeScan were
filtered by a g-value of 0.01. The EAA method uses latent factor mixed models
(LFMM) to test correlations between genetic variation and environmental variables
(Frichot, Schoville, Bouchard, & Francois, 2013) and was implemented in the package
LEA. These correlations were tested by LFMM when estimating latent factors that
correct the effect of population structure. SNPs are considered outliers after associations
between environmental variables and allelic frequencies are corrected for confounding
effects (Frichot & Francois, 2015). We selected four environmental variables (see
above) that would potentially drive differentiation in allele frequencies in frogs. LFMM
was run with 10,000 iterations with burn in of 5,000 and 5 repetitions. The K value used
to run LFMM was selected through the function find.clusters (Jombart, Devillard &
Balloux, 2010) as implemented in adegenet v.2.1.0 (Jombar & Ahmed, 2011). The a
value of False Discovery Rate (FDR) of 0.01 was used in LFMM. We considered
putatively adaptive the SNPs identified by BayeScan plus SNPs in common among all
environmental variables used in LFMM. BayeScan and LFMM identified 14 and 3
putatively adaptive SNPs, respectively. The following analyses were performed only

with neutral SNPs data set.

Summary statistics

We tested for significant deviation from Hardy-Weinberg equilibrium (HWE) at

each sampling location using the exact test implemented by the package diveRsity
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(Keenan, McGinnity, Cross, Crozier, & Prodohl, 2013). The probability that loci deviate
from HWE across all sampling locations was calculated by exact tests in the package
pegas (Paradis, 2010) and p-values were corrected by FDR correction (Benjamini &
Yekutieli, 2001) using o = 0.01 in the package stats (R Core Team, 2018). Levels of
expected (Hg) and observed (Ho) heterozygosity and their standard error were computed
in GenAlEx 6.5 (Peakall & Smouse, 2012). Fixation index (F1s) (F = 1 — (Ho/HEg)) and
its 95% confidence interval was calculated for each population using 999 bootstraps in
package diveRsity. We calculated pairwise genetic differentiation (Fst) following Weir
& Cockerham (1984) in Arlequin 3.5.2 (Excoffier & Lischer, 2010) and the significance
level (a0 = 0.05) was calculated using 1000 permutations. We performed an analysis of
molecular variance (AMOVA) using 1000 permutations to calculate the level of genetic
variation between populations, between samples within population and within samples
as implemented in package poppr (Kamvar, Brooks, & Grunwald, 2014). The alpha
values for the three levels of genetic variation was obtained via Monte Carlo
permutations testing (1000 random permutations) implemented in package ade4 (Dry &
Dufour, 2007).

A single specimen was collected at M11 and M15, and we included these two
samples in the nearby sampling module (M12 and M 14, respectively) for population
analyses. Sampling site M11 is far ~20 km from M12 and M15 is far ~15 km from
M14. Clustering analyses showed that these two samples were grouped within these
respective clusters, indicating that this act would not impact the results of population

analyses.

Accessing genetic structure
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DAPC (Jombart, Devillard, & Balloux, 2010) and sSNMF (Frichot, Mathieu,
Trouillon, Bouchard, & Frangois, 2014) were used to infer the best-fit number of
ancestral populations. DAPC is a multivariate method that performs discriminant
analysis (DA) to group individuals based on largest between-group variance and
smallest within-group variance. Given that DA requires number of alleles to be smaller
than the number of individuals (Jombart, Pontier, & Dufour, 2009), DAPC firstly
performs a principal component analysis to reduce the dataset into a small number of
synthetic variables. DAPC was ran as implemented in the package adegenet using the
first 5 principal components (PC) and k = 5. We set the number of PCs used in DAPC
trough function xval/Dapc and K was set by find.clusters function using 46 PCs.

sNMF implements sparse non-negative matrix factorization and least-square
optimization algorithms to estimate ancestry coefficients of large genomic datasets
(Frichot, Mathieu, Trouillon, Bouchard, & Frangois, 2014). SNMF estimates both
homozygote and heterozygote frequencies and avoids Hardy—Weinberg and linkage
equilibrium assumptions (Frichot, Mathieu, Trouillon, Bouchard, & Frangois, 2014).
The k values (2—10) were tested with 10 replicates for each value of k and 10000
interactions. The best-supported k and the best run were selected by estimation of the
lowest error value of ancestry through cross-entropy criterion. SNMF was performed in

the R package LEA.

Isolation by distance

Isolation by distance (IBD) is commonly recovered to explain spatially limited
gene flow in natural populations. Two complementary tests were carried out to evaluate
the effect of geographic distance on genetic differentiation of P. miriamae. As

recommended by Rousset (1997), pairwise Fst was linearized using the formula Fst/(1-
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Fst ) and geographic distances (km) were log-transformed using natural base (~2.718).
Firstly, we performed a global simple Mantel test (Mantel, 1967) correlating the Fst/(1-
Fst ) matrix against the pairwise log-transformed geographic distance matrix. Mantel
test was conducted using the function mantel as implemented by Legendre & Legendre
(2012) in the package vegan 2.5.1 (Oksanen et al., 2018) and the statistical significance
was obtained by 1000 permutations. To assess the correlation of Fst/(1-Fst ) and
log(geographic distance) along classes of distances, we carried out a Mantel
correlogram (Sokal, 1986; Oden & Sokal, 1986). The Mantel correlogram was
computed through 10000 permutations using the function mantel.correlog in vegan.
Classes of geographic distances were selected by Sturges’ equation (Sturges, 1926).
Correlation used to perform mantel and mantel.correlog functions were Pearson, and
significance levels for both tests were assumed when o < 0.05. P values of Mantel
correlogram were corrected through FDR.

The log(geographic distance) matrix was highly correlated with all
environmental resistance matrices used in this study (Pearson correlation higher than
0.80 in all cases). As results from Mantel and Partial Mantel using log(geographic
distance) alone may be biased by indirect effect from environmental variables, we
alternatively ran distance-based Redundancy Analyses — dbRDA (Legendre &
Anderson, 1999) to compute the effect of geographic distance conditioned by
environmental variables. dbRDA analyses were computed separately for each
environmental variable because all variables were highly correlated among them
(Pearson correlation higher than 0.80 in all cases). The significance of geographical
dbRDAs were assessed through an ANOVA-like permutation test using 1000

permutations as implemented in vegan.
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Isolation by resistance

Isolation by resistance (IBR) was estimated using an approach similar to
Dudaniec et al. (2013) and Dudaniec et al. (2016). Differently from these studies,
models of resistance surface were constructed and evaluated separately for each
environmental variable due to high values of correlation among them, rather than
included in the same models. First, values in the original raster of each environmental
variable were converted to range from 1 to 100 to facilitate posterior comparisons. A
series of raster representing different models of resistance surfaces were developed

separately for each of the four environmental variables (described below) as follows:

Fi — 1))/
99

=1+ oc(
where 7 is the resistance of the raster cell i; a is the parameter that determines the
maximum possible resistance value; F; is the value of the cell i (1 < F;> 100); the
exponent y determines the shape of the relation between the environmental variable and
resistance being linear when y = 1 and non-linear when y # 1 (Fig. 1). This model
assumes that resistance increases as environmental variable increases. Five different
values of a (0,5,10,100,1000) and seven values of y (0.01,0.1,0.5,1,5,10,100) were used.
The combination of values of a and y resulted in 35 raster files representing different
models of resistance surfaces. Raster models were created in R using the packages sp
1.2.5 (Bivand, Pebesma, & Gomez-Rubio, 2013), rgdal 1.2.16 (Bivand, Keitt, &
Rowlingson, 2017), raster 2.6.7 (Hijmans, 2017), DT 0.2 (Xie, 2016) and dbplyr 1.1.0

(Wickham, 2017). Resistance values between localities in each raster model were

calculated using circuitscape 4.0.5 (McRae, Shah, & Mohapatra, 2013).

148



A 1000

B 1000
8004 11"

800

s00 ! \ \

@

Q

o
L

Resistance

400 |

IS

o

=]
L

200 o 200 o

0 10 20 30 40 50 60 70 80 80 100 0 10 20 30 40 50 60 70 80 90 100

Environment variable Environment variable
Figure 1. Hypothetical representation of slopes of isolation by resistance (IBR)
hypotheses tested for the effect of environmental variables on Fst/(1-Fst) using seven
values of y (0.01, 0.1, 0.5, 1, 5, 10, 100) and a = 1000. Relationships between resistance
and environmental variables for which high values were interpreted as restrictive (A) or
permissive to gene flow (B). Numbers close to lines represent y values. Remaining o

values (0.5, 10, 100) were not shown to simplify visualization.

Many methods have been used to evaluate resistance distances against genetic
distance: correlation between distances based on Mantel test (Mantel, 1967), regression
on distance matrices (Legendre, Lapointe & Casgrain, 1994), linear mixed effects
models, and Procrustes rotation test (Gower, 1975). In a recent comparison of methods
for model selection, Shirk, Landguth, & Cushman (2017) showed that linear mixed
effects model is the most accurate method among the seven methods evaluated by them,
including those cited above. Herein, a maximum likelihood population effects (MLPE)
mixed effects model (Clarke, Rothery, & Raybould, 2002) was fit for each combination
of a and y using pairwise resistance distance, Fst/(1-Fst) and population as independent,
dependent and random variable, respectively. MLPE mixed effect models were

performed through ResistanceGA 4.0.2 (Peterman, 2018) and /me4 1.1.16 (Bates,
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Michler, Bolker, & Walker, 2015) using the function m/pe_rga. The robustness of
MLPE mixed effect models for each environmental variable were accessed through
1000 pseudo bootstrap replications using the function Resist _boot of the ResistanceGA
package. Resist boot sampled 85% of the samples in each bootstrap iteration and used
Akaike Information Criteria corrected for small sample size (AICc) to rank models.
Despite AIC calculated from MLPE mixed effect models may represent unreliable
scores (Clarke, Rothery, & Raybould, 2002), models were computed setting
REML=FALSE in the function mlpe rga, allowing the calculation of valid AIC scores.
Based on the biology of the target species (e.g. low vagility and territoriality)
and on the geographic distribution of sampled populations, separating the effect of
geographic distance while correlating landscape resistance and gene flow is an
important matter. We performed distance-based Redundancy Analysis (dbRDA:
Legendre & Anderson, 1999) to quantify the correlation between the best MLPE model
for each environmental variable and Fst/(1-Fst) while controlling the effect of
geographic distance. dbRDA was used instead the widely used partial Mantel test
because the former analysis seems to be more accurate for species continuously
distributed along the landscape and its type Il error rates are lower than those of partial
Mantel test (Kierepka & Latch, 2015). dbRDA analyses were performed in vegan 2.5.1.
using Fst/(1-Fst) as response, resistance distance as predictor and log(geographic
distance) as condition. The significance of dbRDAs were assessed through an ANOVA-

like permutation test using 1000 permutations also performed in vegan.

Environmental variables

Distribution of Amazonian anurans have been correlated with environmental

variables like forest structure, soil texture, physical-chemical properties of soil, distance
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of stream, and temperature (Menin, Lima, Magnusson, & Waldez, 2007; Menin,
Waldez, & Lima, 2011; Landeiro, Waldez, & Menin, 2014; Jorge, Simdes, Magnusson,
& Lima, 2016; Ferrao, Fraga, Moravec, Kaefer, & Lima, 2018; Ferreira, Jehle, Stow, &
Lima, 2018). Some of these environmental variables may facilitate or impede gene
flow. In the present study, four environmental variables were used to detect putatively
adaptive SNPs and to estimate the role of environmental gradients on gene flow:
temperature seasonality, intensity and duration of dry period, soil structure, and forest
structure. (1) The seasonality of temperature has direct effect on immunological system
of amphibians (Raffel, Rohr, Kiesecker, & Hudson, 2006) and seasonal environmental
can negatively affect the susceptibility of species to disease (and survival). Hence,
environments with reasonably stable temperature are expected to facilitate gene flow.
(2) Environments with intense and long dry periods — represented herein by the Walsh
index (Walsh, 1996) — may affect negatively the suitability of amphibians by
maximizing the cutaneous evaporative water loss (Mitchell & Bergman, 2016). As the
target species does not inhabit riparian areas that potentially facilitate rehydration
during dry periods, environments with shorter and less intense dry periods may be more
favorable to occupancy and may favor gene flow. (3) Soil moisture is represented by the
silt content. Silty soils are structurally instable, and it increases water retention (Juo &
Franzluebbers, 2003), keeping the air close to soil surface and the leaf-litter moister
than sandy or clay soils. Eggs of Phyzelaphryne miriamae are deposited between the
leaf-litter close to soil surface and require favorable moisture conditions to avoid
dehydration, due to that silty soils are expected to favor the viability and development
of eggs into froglets, facilitating gene flow. (4) We used aboveground live woody
biomass density (vegetation biomass hereafter) as proxy of forest structure. The PMI is

covered meanly by dense and open lowland rainforest. The leaf area index is known to
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affect directly the forest’s microclimate (Hardwick et al., 2015). Less dense canopy
forests in the tropics (e.g., open lowland rainforest) have lower values of leaf area index
that increase the temperature and moisture immediately above the soil due to high
values of light and wind incidence (Hardwick et al., 2015). Accordingly, open lowland
forests in the southern study area would difficult gene flow by representing less

favorable habitat for adults and eggs of the target species.

o] |

sHABR"

=1

Figure 2. Variables used to test the effect of environmental gradients on gene flow of P.
miriamae within the interfluve between Purus and Madeira rivers. (A) Silt content. (B)
Vegetation biomass. (C) Walsh Index. (D) Temperature seasonality. Black circles:

RAPELD sampling sites.

We obtained temperature seasonality (BIO4) of the period 1950-2000 from
WorldClim database (Hijmans, Cameron, Parra, Jones, & Jarvis, 2005). Intensity and
duration of dry period (Walsh Index) was calculated using monthly precipitation data
(WorldClim) and obtained from AMBDATA database (Amaral, Costa, Arasato,
Ximenes, & Renno, 2013). Silt content at 15 cm depth was obtained from SoilGrids
database (Hengl et al., 2017) and vegetation biomass (Baccini et al., 2012) was accessed
from The Carbon Source database. All raster files were interpolated to 30 arc-sec (~1

km?) and cropped to the study area using the package raster.
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Based on the behavior and biology of the target species, large rivers as Purus
and Madeira may represent strong physical barriers to migration and gene flow. The
absence of the Purus and Madeira rivers in raster files during calculation of resistance
distances in circuitscape may bias results by considering the pathway the one crossing
the river. Due to that, rivers were merged to raster files of all variables before
constructions of models combining o and y to hedge the circuit analysis mainly within
PMI. Values assigned to rivers were always higher than the less suitable values to gene

flow according to each environmental variable.

RESULTS

Genetic diversity

None of populations deviated from Hardy-Weinberg equilibrium.
Approximately 38% of the 4442 putatively neutral SNPs deviated significantly (p <
0.01) from the HWE of which 1171 SNPs (~ 26%) remained significant after FDR
correction. Observed and expected heterozygosity were low in all sampling sites, with
H, ranging from 0.026 + 0.002 to 0.065 + 0.002, and H. ranging from 0.025 + 0.001 to
0.081 +0.002 (Table 1). Expected heterozygosity was lower than H, in the sampling
site M 13 (F1s =-0.0237). The M06, M10 and M11 showed a positive Fis but the
confidence interval encompassed zero (Table 1). F1s Confidence intervals of M03 did

not overlap with the intervals of M 13 and the highest F1s was estimated for the M11.
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Table 1. Genetic diversity indices for all sampling sites. CI, confidence interval; H.,

expected heterozygosity; H,, observed heterozygosity; Fijs, fixation index 1-(H,/H.); N,

number of samples; SE, standard error.

N H,+SE H.+SE Fis Lower CI  Higher CI
M5 4 0.059+0.003 0.068 + 0.002 0.1327 0.0776 0.2422
M6 3 0.058 +0.003 0.061 +0.002 0.0581 -0.0642 0.4464
M7 7 0.065 +0.002 0.081 +0.002 0.1900 0.0890 0.2473
M8 5 0.064 +0.002 0.078 = 0.002 0.1825 0.0694 0.2767
M9 7 0.065 +0.002 0.080 + 0.002 0.1875 0.0727 0.2532
M10 5 0.065+0.002 0.077 +£0.002 0.1503 -0.0345 0.2528
HUM 5 0.045+0.002 0.058 +0.002 0.2229 -0.0126 0.3861
M12 7 0.044 +£0.002 0.049 £+ 0.002 0.1086 0.0018 0.1738
M13 5 0.026 +0.002 0.025 £ 0.001 -0.0237 -0.2125 0.0815

Overall genetic differentiation measured as Fst was high (mean ~0.48), ranging

from 0.13 (M6 vs. M7) to 0.80 (M5 vs. M13) (Table 2). The lowest Fst between

neighbour sampling sites (less than 100 km) was recovered between M6 and M7 (0.13),

while the highest Fst was recovered between M5 and M6 (0.46). Fst was significantly

different from zero for each pair of localities (Table 2). Analysis of molecular variance

(AMOVA) using sampling site as higher level indicated that 51% of variance was

accounted between sampling sites, while 9% was accounted within sampling sites and

40% was accounted between individuals. The higher variance in AMOVA using

environmental classes was accounted between classes (44%), followed by variance

within samples (35%) and within environmental classes (21%). Statistical significance

recovered by permutation tests on both AMOV As were lower than 0.001.
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Table 2. Pairwise genetic differentiation (F'st) across sampling sites (lower diagonal)

computed following Weir & Cockerham (1984) and its respective p-values (upper

diagonal) based on 1000 permutations. Asterisks represent p values < 0.01.

M5 M6 M7 M8 M9 MI0O HUM MI2 MI3
M5 - 003 * 001 * 003 * * *
M6 046 - * 002 * 003 002 * 0.02
M7 043 013 - * x x * * x
M8 049 027 021 - * * * * x
M9 053 034 028 0.4 - * * * *
MI0 056 040 035 025 019 - * * x

HUM 064 051 045 038 035 022 ; * *
MI2 074 069 064 061 058 054  0.59 - *
MI3 080 078 070 0.69 0.66 065 069 031 -

Genetic structure

The best-fit number of ancestral populations estimated by SNMF was highly

concordant with DAPC and both approaches supported five ancestral populations (k =

5). sNMF uncovered high levels of admixture in individuals from sampling sites M08

and M10. However, individuals within the same sampling sites showed similar levels of

admixture (Fig. 1). Globally, DAPC recovered high values of posterior membership

probabilities for all individuals, except by one individual from sampling site M10 that

was attributed to the same population represented by individuals from M6 and M7 (Fig.

X).
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Figure 3. Genetic structure of Phyzelaphryne miriamae along the Purus-Madeira
Interfluve. (A) Population admixture estimates (k = 5) as recovered by SNMF. (B)
Ancestral coefficients of individuals (k = 5) retrieved by SNMF. (C) Posterior

membership probabilities of individuals according to DAPC using k = 5.

Isolation by distance

Globally, the pairwise Fst/(1-Fst) in P. miriamae increases with larger
geographic distances (r = 0.92, p < 0.001) (Fig. 2A). However, the Mantel correlogram
using seven classes of geographic distance demonstrated that pairwise Fst/(1-Fst) was
spatially autocorrelated within four distance classes (Fig. 2B). Pairwise Fst/(1-Fst) was
positively correlated with geographic distances within 60 km (r = 0.34, p = 0.017) and
86 km (r =0.47, p = 0.004), while negatively correlated within 365 km (r =-0.30, p =
0.05) and 525 km (r = -0.66, p = 0.007). After excluding the effect of temperature
seasonality, Walsh Index, and vegetation biomass through dbRDA, the outcome of

geographic distance on Fst/(1-Fst) was statistically significant and explained 2.3-3.7%
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of gene flow (Table 3). However, the effect of geographic distance was not significant

after accounting the effect of silt content (R? < 0.1%, p = 0.71).
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Figure 4. Correlation between Fst/(1-Fst) and log(geographic distance) (A) and Mantel
correlogram plot depicting the spatial autocorrelation of Fst/(1-Fst) in seven classes of

log(geographic distance) (B). Filled squares = distance classes with p < 0.05.

Isolation by resistance

The model with lowest average AICc (11.65) for the effect of silt content on
Fst/(1-Fst) in P. miriamae was o.= 1000 and y = 1. This model was top-ranked 46.7% of
the iterations and explained in average 91.6% of the genetic variation. The Walsh Index
explained 91.5% of the variation of Fst/(1-Fst). The best model (average AICc = 10.04)
of this environmental variable was o = 1000 and y = 100 and was top-ranked 48.7% of
the time. The top-ranked model (41.1%) explaining the relation between temperature
seasonality and Fst/(1-Fst) was a = 1000 and y = 0.1 (average AICc = 9.35) accounting

for 91% of the explanation. Lastly, the best model (average AICc = 10.13) for the effect
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of forest on Fst/(1-Fst) was a =5 and y = 0.5, being top-ranked 35% of the time and
explained 91% of the genetic variation. After accounting for the effect of geographic
distance through dbRDA analyses, the environmental variable that best explained the
genetic variation of P. miriamae was temperature seasonality (R> = 0.302, p = 0.001),
followed by Walsh Index (R? = 0.295, p = 0.001), vegetation biomass (R?> = 0.275, p =

0.01) and silt content (R? = 0.247, p = 0.001).

Table 3. Summary of results of maximum likelihood population effects mixed effects
models (MLPE), ecological and geographical distance-based redundancy analyses
(dbRDA) depicting the effect of isolation by resistance and distance on gene flow of P.

miriamae along the Purus-Madeira Interfluve.

Environment MLPE ECO dbRDA GEO dbRDA
al Variable a Y AlCc r? 12 p R? p
Temperature
1000 0.1 935 0916 0302 0.001 0.037 0.001
seasonality

Walsh Index 1000 100 10.04 0915 0.295 0.001 0.032  0.001

Vegetation
5 10 10.7 0918 0.275 0.001 0.023 0.003
biomass

Silt content 1000 1 11.65 0916 0.247 0.001 <0.001 0.716

The p values were obtained by analyses of variance (ANOVA) through 1000 permutations.

DISCUSSION
Genetic structure
Genetic clustering analyses in Phyzelaphryne miriamae along the PMI revealed

high levels of genetic structure at putatively neutral SNPs. Many studies in Amazonia
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attributed genetic structure of frogs, at least partially, to physical barriers (Fouquet,
Ledoux, Dubut, Noonan, & Scotti, 2012; Kaefer, Tsuji-Nishikido, Mota, Farias, &
Lima, 2013; Fouquet et al., 2015; Maia, Lima, & Kaefer, 2017; Ortiz, Lima, &
Werneck, 2018). However, geographic distribution of genetic clusters in P. miriamae
cannot be explained by physical barriers due to absence of large rivers or mountains
within PMI that match genetic breaks. In this study, five populations in P. miriamae
distributed along the PMI were recuperated and geographic distribution of populations
did not match with abrupt changes in the environment. On the other hand, structure
analysis in the large treefrog Osteocephalus taurinus recovered three populations
occurring in the PMI and genetic breaks coincided well with the ecotonal zone between
the open and dense lowland forest (Ortiz, Lima, & Werneck, 2018). Higher levels of
genetic structure in P. miriamae may be consequence of its life-history features. Small
terrestrial anurans with small clutch size and lacking free-living tadpoles are known to
be highly structured compared to large arboreal anurans with large clutch size and
exotrophic tadpoles in Amazonia (Fouquet, Ledoux, Dubut, Noonan, & Scotti, 2012;
Fouquet et al., 2015).

Additionaly, different forest ecotypes explained 73% of the molecular variance
of O. taurinus within PMI (Ortiz, lima, & Werneck, 2018). In contrast, genetic variation
explained by different environmental classes in P. miriamae was lower than that
explained using sampling sites as factor. It suggests that suddenly environmental
changes within PMI are not good proxies of genetic structure and differentiation in P.

miriamae.

Isolation by distance
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Gene flow in P. miriamae along landscapes in PMI was affected by geographic
distance in our global correlation test. Mantel test detected strong correlation (r = 0.92,
p <0.001) between genetic differentiation and geographic distance in P. miriamae.
Using the same test, Funk et al. (2007) recovered moderate (r = 0.44) to strong (r =
0.83) IBD effect on three populations of the frog Physalaemus petersi but no significant
effect in a fourth population. Similarly, Mantel correlation (r) varied from 0.40 to 0.55
in the frog Adenomera andreae (Fouquet, Ledoux, Dubut, Noonan, & Scotti, 2012). In
the frog genus Allobates, geographic distance strongly affected gene flow in 4.
paleovarzensis (r = 0.76), while moderate (r = 0.57) and absence of effect was detected
in the A. nidicola—masniger complex and A. tapajos, respectively (Kaefer, Tsuji-
Nishikido, Mota, Farias, & Lima, 2013; Maia, Lima, & Kaefer, 2017). Along the same
sampling area in the PMI, gene flow was significantly affected by geographic distance
(r=10.82) in O. taurinus (Ortiz, Lima, & Werneck, 2018). Although most of these
studies have detected IBD, there is no consensus about the role and magnitude of
geographic distance on gene flow of Amazonian anurans. Discordances may be
consequence of differences in the number and geographic range of sampled localities,
habitat configurations, as well as species’ dispersal capability and physiology (Jenkins
et al., 2010; Paz, Ibanez, Lips, & Crawford, 2015; van Strien, Holderegger, & van Heck
, 2015).

The distribution of our sampling sites along the landscape and the pattern of
environmental shift from north to south PMI can bias the detection of IBD. The use of
partial tests (e.g. partial Mantel, partial dbRDA) in this scenario would be an alternative
approach to detect IBD without competing effects (e.g. IBR). Despite a strong and
significant correlation between geographic distance and gene flow in P. miriamae

demonstrated by Mantel test, this effect decreased substantially (r* = 0.023—0.037) after
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removing the effects of environmental resistance through partial dbRDAs. This low IBD
effect is supported by Mantel correlogram’s results, which showed IBD just on short
and very long distances. Recent studies that have also used partial tests to calculate IBD
after discounting the effect of environment features in heterogeneous landscapes (Mims,
Hauser, Goldberg, & Olden , 2016; Maia, Lima, & Kaefer, 2017). Cushman &
Landguth (2010) demonstrated that results of simple correlation tests may be incorrect
due to the absence of formal evaluation of competing alternative hypotheses (e.g.
environmental features). On the other hand, partial tests are robust in their ability to
reject incorrect causal mechanisms and correctly identify the driving process
responsible for the observed gene flow across the landscape (Cushman & Landguth,

2010; Shirk, Landguth, & Cushman, 2017).

Isolation by resistance

Our results demonstrated that the ecological gradients are important drivers of
genetic differentiation in P. miriamae. MLPE models showed strong effect of
environmental resistances on gene flow of P. miriamae. After removing the effect of
IBD through partial dbRDAs, all environmental resistances used to characterize the
landscape were statistically significant and explained (1?) 24.7-30.2% of the variation in
gene flow along the PMI. The effect of ecological gradients on genetic differentiation
has also been reported through population genetics approach in many organisms, such
as invertebrates (Villemey et al., 2016), fishes (Mather, Hanson, Pope, & Riginos,
2018), mammals (Dudaniec et al., 2013; Dudaniec et al., 2016; Ruiz-Lopez et al., 2016),
birds (Khimoun et al., 2016), reptiles (Fraga, Lima, Magnusson, Ferrdo, & Stow, 2017;
Beninde, Feldmeier , Veith, & Hochkirch, 2018; Sanchez-Ramirez et al., 2018), and

amphibians (Dudaniec, Spear, Richardson, & Storfer, 2012; Peterman, Connette,
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Semlitsch, & Eggert , 2014; Burkhart et al., 2017; Ortiz, Lima, & Werneck, 2018). The
pronounced effect of ecological gradients on gene flow of P. miriamae is similar to
those observed in other amphibians. Studying four species of pond-breeding
salamanders in North America, Burkhart et al. (2017) showed that genetic
differentiation in Ambystoma annulatum was best explained by topographic position
index (> = 0.39) and distance from nearest ravine (1> = 0.54), while eastness is the best
predictor for Ambystoma opacum and Notophthalmus viridescens louisianensis (1> =
0.30; in both species) and northness (1> = 0.43) for Ambystoma maculatum. In the
Amazonian frog O. taurinus, the greatest fraction of genetic variation was observed
between forest ecotypes (72.86%) (Ortiz, Lima, & Werneck, 2018).

Temperature seasonality and intensity of dry period (Walsh Index) were the best
environmental variables predicting gene flow in P. miriamae along the PMI. These
variables have a nonlinear relationship with gene flow, explaining 30.2% and 29.5% of
its variation, respectively. Landscapes in the PMI with less stable temperature through
the year and long dry period prevent gene flow of P. miriamae. Extreme environmental
conditions are known to difficult suitability in amphibians by acting on their physiology
and immunology (Raffel, Rohr, Kiesecker, & Hudson, 2006; Mitchell & Bergman,
2016). Additionally, small amphibians have lower resistances to water loss (Riddell,
Apanovitch, Odom, & Sears, 2017). Due to that and the small size of P. miriamae, we
suggest that long dry periods and strong changes in mean temperature during dry season
limit the movement and survival of adults. We do not expect that changes in
temperature and intensity of the dry period affect the survival of eggs and froglets
because the breeding season of P. miriamae coincides with the wet season (more stable
temperatures and moisture). This hypothesis is supported by the role of rate water loss

in gene flow of adults and juveniles of the salamander Plethodon albagula (Peterman,
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Connette, Semlitsch, & Eggert, 2014). In this species, the rate of water loss predicts
genetic differentiation in adults but not in juveniles (Peterman, Connette, Semlitsch, &
Eggert, 2014).

Forest structure (vegetation biomass) also explained an important fraction
(27.5%) of the gene flow in P. miriame. Moreover, the best model showed a nonlinear
relationship between vegetation biomass and gene flow, for which high values of
vegetation biomass facilitate gene flow between populations. Recently, changes in the
structure of forests explained phenotypic differentiation (plumage colour and
brightness) in two species of passerine birds (Gymnopithys salvini and Willisornis
poecilinotus) along the PMI (Abreu, Schietti, & Ancides, 2018), and authors argued that
more open forests facilitate sexual selection in these species. Differences in forest
structure was evoked as the main driver of genetic differentiation in the tree frog. O.
taurinus across its range in the PMI (Ortiz, Lima, & Werneck, 2018). In our study
system, changes in forest structure may drive the gene flow in two different but
nonexclusive ways. Firstly, gene flow may be facilitated in denser forests of PMI due to
the high production of leaf litter and fallen trees compared to more open forests (Schietti
et al., 2016). During field sampling we noted that P. miriame seems to prefer habitats
with high amount of leaf litter, which are used for reproduction (MF & APL pers.
com.). Secondly, the incidence of sunlight and wind is higher in more open forests and
result in low moisture, directly affecting the body water balance which may limit
movement and survival of adults and egg/embryo survival of P. miriamae. The role of
forest structure on gene flow in P. miriamae is corroborated by ecological studies that
correlated the distribution of other terrestrial Amazonian frogs with forest structure
(Menin, Lima, Magnusson, & Waldez, 2007; Dias-Terceiro et al., 2014; Ferreira, Jehle,

Stow, & Lima, 2018).
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Despite the moderate effect of soil structure (silt content) on gene flow of P.
miriamae compared to other ecological gradients evaluated here, this variable presented
a linear correlation and explained 24.7% of the genetic differentiation. In practice,
landscapes with silty soils are conductive to gene flow while areas with low percentage
of silt are restrictive. High proportion of silt reduces the water drainage capacity of soil
(Juo & Franzluebbers ,2003) and has positive effect on moisture of the upper soil layer
and leaf litter. As this tiny species inhabits and deposits eggs between dead leaves just
above the soil, moisture availability in this layer might affect its survival, reproduction
and growth. Such prediction is supported by high rates of hatchling malformations and
low rates of embryonic survival in the terrestrial frog Pseudophryne guentheri observed
in xeric soils against mesic soils (Rudin-Bitterli, Evans, & Mitchell, 2018). In the same
study, adults from mesic soils rehydrated faster than those from xeric soils, which was
suggested as beneficial to fitness. Moreover, soil structure is correlated with density and
composition of terrestrial arthropods in Amazonian forests (Frankling, Magnusson, &
Luizao, 2005; Aguiar, Gualberto, & Frankling, 2006; Dambros et al., 2016) and might
drive gene flow by enhancing survival and fitness of adults and offspring as result of

food resource availability.

Implications for conservation

We revealed high genetic differentiation between populations of P. miriamae in
the study area. Nevertheless, part of this genetic diversity is threatened by habitat loss
and fragmentation as consequence of infrastructure development associated to the
reconstruction of the abandoned BR319 highway that intersect the PMI from north to
south. A model predicting deforestation as consequence of the reconstruction of this

highway revealed that up to 5.4 million hectares of preserved forests will be destroyed
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until 2050 (Maldonado et al., 2012). The most threatened region according this
modelling coincides with the distribution of the three southern populations of P.
miriamae. Despite the reconstruction of BR319 is delayed due to legal issues,
deforestation induced by land speculation already started in the southern PMI, even
within conservation units (MF & RF pers. com.). To make it worse, the southern and
most differentiated population of P. miriamae (M12—M14) is distributed within the
impact zone of two giant hydroelectric powerplants and part of the sampled plots in this
area is currently submerged. Additionally, intraspecific genetic diversity of other frog
species from PMI showed similar geographic pattern of differentiations (Ortiz, Lima, &
Werneck, 2018), thus reinforcing the conservation concerns in this part of Amazonia.
Unfortunately, intraspecific genetic diversity and evolutionary processes are still not

protected by conservation laws in Brazil.

Conclusion

Our results showed that the intraspecific genetic diversity in the terrestrial frog
Phyzelaphryne miriamae is highly partitioned and geographically structured across its
distribution in a wide portion of Amazonia. We found strong evidence for
environmental variables predicting gene flow in this species, corroborating the
ecological gradient hypothesis. Overall, climatic gradients (seasonal temperature and
intensity of dry period) better explained gene flow than edaphic and vegetation
variables. Stochastic processes, such as isolation by geographic distance, also drive the
evolutionary diversification of our study system but in a less expressive way.
Intraspecific genetic diversity of our target species will be threatened by habitat loss and

fragmentation if the predicted deforestation becomes real.
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Supplemental material S1

METHODS

We calculated pairwise genetic differentiation (Fst) following Weir &
Cockerham (1984) between populations in Arlequim v. 3.5.2 (Excoffier &Lischer
2010). Population pairwise Fst and its significance level (o = 0.05) were calculated
using 1000 permutations. Due to the sampling effort that resulted in just one specimen
collected in the sampling site M11 and M15, we included these two samples in the
nearby sampling module (HUM and M14, respectively) for population analyses
purpose. Sampling site M11 is far ~20 km from HUM and M15 is far ~15 km from

M14.
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sNMF (Frichot et al. 2014) were used to infer the best-fit number of ancestral
populations. The k values (2—10) were tested with 10 replicates for each value of k and
10000 interactions. The best-supported k and the best run were selected by estimation of
the lowest error value of ancestry through cross-entropy criterion. SNMF was performed
in the R package LEA (Frichot 2015).

Phylogenetic relationship between populations were reconstructed through
SNAPP 1.3 (Bryant et al. 2012) implemented in BEAST 2.4.8 (Bouckaert et al.2014).
To reduce computational time, we selected 3 representative specimens per population.
We ran SNAPP using a chain length of 1,000,000 generations, sampling every 1,000
trees. Two independent runs were executed and combined through TreeAnnotator 2.4.6

after discarding 10% as burn-in.

RESULTS

Genetic differentiation

Table 1. Pairwise genetic differentiation (Fst) across sampling sites (bellow diagonal)
computed following Weir & Cockerham (1984) and its respective p-values (above

diagonal) based on 1000 permutations. Bold values represent nonsignificant p-values.

MO1 MO02 MO03 MO5 MO06 MO7 MO8 M09 M10 HUM M12 M13

MO1 - 0.003 0.013 0.003 0.017 0.001 0.006 0.002 0.002 0.003 0.001 0.000
MO02 0.212 - 0.022 0.009 0.015 0.000 0.007 0.003 0.009 0.015 0.001 0.007
MO03 0.255 0.205 - 0.026 0.095 0.005 0.014 0.004 0.021 0.014 0.011 0.021
MO5 0.866 0.857 0.846 - 0.032 0.003 0.011 0.007 0.030 0.007 0.004 0.009
MO06 0.868 0.858 0.846 0.454 - 0.009 0.015 0.012 0.024 0.027 0.006 0.018
MO7 0.848 0.841 0.827 0.417 0.128 - 0.001 0.000 0.002 0.002 0.000 0.002
MO8 0.850 0.842 0.827 0.481 0.279 0.212 - 0.002 0.004 0.008 0.001 0.010
M09 0.854 0.847 0.835 0.521 0.349 0.295 0.130 - 0.002 0.003 0.000 0.001
M10 0.859 0.850 0.834 0.555 0.407 0.359 0.260 0.199 - 0.004 0.002 0.006
HUM  0.882 0.876 0.869 0.637 0.528 0.459 0.394 0.354 0.229 - 0.001 0.009
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M12 0.902 0.899 0.897 0.742 0.702 0.640 0.603 0.575 0.541 0.588 - 0.001

M13 0.923 0.921 0.925 0.803 0.784 0.697 0.681 0.650 0.643 0.690 0.310 -

Genetic structure
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Figure 1. Genetic structure of Phyzelaphryne miriamae along the Purus-Madeira

Interfluve. Population admixture estimates (k = 4) recovered by SNMF.

Phylogenetic relationships
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Figure 2. Phylogenetic relationship of populations of P. miriamae reconstructed through

SNAPP.
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SINTESE

No primeiro capitulo desta tese, revelamos que o conhecimento a cerca das
espécies de Scinax que habitam o interfluvio entre os rios Purus e Madeira (IPM) era
infimo. Além disso, corroboramos a ideia de que areas pouco exploradas na Amazdnia
podem estar repletas de espécies desconhecidas para a ciéncia. No caso do IPM, a
diversidade de espécies estava subestimada em 82%. Valor este duas vezes mais alto do
que o estimado para a regido neotropical.

No segundo capitulo descrevemos formalmente a espécie de Scinax mais
amplamente distribuida no IPM. Ao utiliza-la como modelo para entender o efeito do
ambiente na distribuicao de espécies no [IPM, revelamos pela primeira vez a associagdo
entre um anuro amazdnico de reproducdo aquatica com uma variavel edéfica. Isto
demonstra que estudos de associacdo espécie-habitat conduzidos em &areas menos
conhecidas da Amazonia podem revelar resultados inéditos.

No terceiro capitulo descrevemos outra espécie nova de Scinax. S6 conseguimos
registrar a nova espécie em uma pequena area na por¢ao central do IPM, mesmo com
inventarios intensos em mais de 450 parcelas de amostragem permanente distribuidas por
grande parte da Amazonia. Apesar de ocorrer na borda interna do Parque Nacional
Nascentes do Lago Jari, a especulacdo imobiliaria por conta da reconstru¢do da BR-319
tem feito o desmatamento avancgar dentro do parque.

No quarto capitulo descrevemos uma nova espécie de Scinax com base em duas
populagdes distribuidas em duas florestas distintas no IPM. Levados pela monofilia
reciproca e pelos diferentes padrdes de coloracdo apresentados, hipotetizamos que
variacdes no ambiente podem estar direcionando a diferenciacdo observada nestas duas
populagdes.

No quinto capitulo testamos a hipotese de gradientes ambientais. Os resultados
mostram que tanto gradientes ambientais quanto distdncia geografica influenciam o fluxo
génico em Phyzelaphryne miriame ao longo das paisagens heterogéneas do IPM.
Entretanto, as varidveis ambientais por nos avaliadas explicam melhor o fluxo génico do
que distancia geografica.

Os resultados obtidos nesta tese representam um avango no conhecimento da
diversidade de espécies de anuros do IPM, bem como no entendimento dos fatores e
processos responsaveis pela distribuicdo e diversificacdo das espécies nesta regido pouco
explorada da Amazonia. Esta tese compreende apenas o inicio de uma série de estudos na
regido. Dezenas de outras novas espécies de anuros ocorrem na regido e aguardam
descri¢do formal. Uma vez que espécies distintas reagem de forma diferente as mudangas
no ambiente que habitam, estudos futuros descrevendo o papel da heterogeneidade
ambiental na distribuicdo de espécies podem potencialmente revelar novos padrdes de
associacdo espécie-habitat. Além dos gradientes ambientais, outros fatores podem
também ser responsaveis pela diversificacdo e manuten¢do da biodiversidade local, e
devem ser investigados de maneira detalhada.
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