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Large-scale DNA-based survey of frogs in Amazonia suggests a
vast underestimation of species richness and endemism
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Abstract

Aim: Mapping Amazonian biodiversity accurately is a major challenge for integrated
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conservation strategies and to study its origins. However, species boundaries and
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ated a georeferenced database of short mtDNA sequences from Amazonian frogs,
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their respective distribution are notoriously inaccurate in this region. Here, we generrevised the species richness and the delimitation of bioregions of the Eastern Guiana
Shield and estimated endemism within these bioregions.
Location: Amazonia, with a focus on the Eastern Guiana Shield.
Taxon studied: Amphibia: Anura.
Methods: We used an extensive DNA-based sampling of anuran amphibians of
Amazonia using next-generation sequencing to delimit Operational Taxonomic Units
(OTU) and their distribution. We analysed this database to infer bioregions using
Latent Dirichlet Allocation modelling. We then compared endemism within these bi-
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oregions based on our results and the current IUCN database, and inferred environ-
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mental variables that contributed the most to the biogeographic pattern.
440 species currently listed by the IUCN Red List to as much as 876 OTUs with our
dataset. We recovered eight bioregions, among which three lie within the Eastern
Guiana Shield. We estimated that up to 82% of the OTUs found in this area are endemic, a figure three times higher than the previous estimate (28%). Environmental
features related to seasonal precipitations are identified as playing an important role
in shaping Amazonian amphibian bioregions.
Main conclusions: Our results have major implications for defining future conservation priorities of this vast area given that endemism in most Amazonian bioregions
is vastly underestimated, and might therefore hide a large portion of threatened
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species. Moreover, these findings raise concern about meta-analyses based on public
databases within Amazonia dealing with poorly known groups.
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1 | I NTRO D U C TI O N

of species distribution and taxonomy in Amazonia. Still, they may not

Amazonia harbours the largest lowland rainforest in the world, and it

sal abilities and are generally less sensitive to abiotic conditions than

shelters an outstanding biological diversity in all terrestrial life forms

many other organisms, especially terrestrial ectotherms (Calderón-

(Gibson et al., 2011). However, it is exposed to multiple threats,

Patrón, Moreno, Pineda-López, Sánchez-Rojas, & Zuria, 2013; Qian,

notably climatic (Brienen et al., 2015; Malhi et al., 2008; Saatchi

2009; Rueda, Rodríguez, & Hawkins, 2010; Silva, Almeida-Neto,

et al., 2013) and land use changes (Davidson et al., 2012; Lambin &

Prado, Haddad, & Rossa-Feres, 2012). Using assemblages of small

Meyfroidt, 2011). In the global context of catastrophic biodiversity

terrestrial vertebrates with more limited dispersal abilities and prob-

decline, the conservation of this region is thus of major concern.

ably greater sensitivity to environmental variation such as tailless

match those of other taxonomic groups as birds have high disper-

To mitigate these threats, systematic species-mapping programs

amphibians (anurans) could yield different patterns than those pre-

based on expert knowledge (Jenkins, Pimm, & Joppa, 2013; Kreft &

viously described (Zeisset & Beebee, 2008), both at the continental

Jetz, 2010) have helped to define priority areas for biological conser-

(Vilhena & Antonelli, 2015) and regional scales (Vasconcelos, Prado,

vation (Lomolino, Riddle, & Whittaker, 2016; Olson et al., 2001) nota-

da Silva, & Haddad, 2014). Delimiting these bioregions is important

bly via the delimitation of bioregions, which are spatial areas defined

for conservation but also to understand the evolutionary processes

by the presence of co-occurring species. The limits of these regions

at the origin of Amazonian biodiversity (Antonelli et al., 2010; Hazzi,

could correspond to dispersal barriers, environmental gradients and

Moreno, Ortiz-Movliav, & Palacio, 2018).

shared ecological and evolutionary history among species (Antonelli,

A recent biogeographic analysis based on the IUCN distribution

2017; Bloomfield, Knerr, & Encinas-Viso, 2018). However, these biore-

of Amazonian anurans found less bioregions than for birds (Godinho

gions were mostly delimited according to avian distribution patterns

& da Silva, 2018). This result was surprising because more bioregions

(Cracraft, 1985; Naka, Bechtoldt, Magalli, & Pinto, & Brumfield, 2012),

would have been expected for anurans due to their limited dispersal

which undoubtedly represent the best known animal group in terms

abilities (Godinho & da Silva, 2018). Here, we contend that such a

|

VACHER et al.

1783

pattern might result from the inaccuracy of currently available dis-

sampling was scarcer (Figure 1). This focal area was delimited to en-

tribution data, which is mostly linked to notoriously prevalent tax-

compass the Guiana Shield (sensu Lujan & Armbruster, 2011) and its

onomic uncertainties in Amazonian anurans (Fouquet et al., 2007,

surrounding areas: the central and eastern parts of the Rio Amazonas

2015, 2016; Funk, Caminer, & Ron, 2012; Motta, Menin, Almeida,

drainage, and the northern parts of the Rio Purus, Madeira, Tapajós,

Hrbek, & Farias, 2018; Vacher et al., 2017).

Xingú and Tocantins watersheds (Figure 1), as well as peripheral non-

To test our hypothesis and improve the estimate of anuran rich-

Amazonian areas.

ness in Amazonia, we assembled the largest database of geotagged

Our database was a geolocalized collection of amphibian

DNA sequences of anurans from Amazonia to date, with a focus on

16S ribosomal DNA sequences of ca. 400 bp in length, a region

the Eastern Guiana Shield (Figure 1), using high-throughput sequenc-

of the mitochondrial genome widely used in barcoding studies of

ing and combined these data with previously published information.

Amazonian anurans (Mayer, Fonte, & Lötters, 2019). This DNA

First, we assessed the current taxonomic framework for Amazonian

region has extensively been used in phylogenetic studies in the

amphibians using sequence similarity based on a DNA-only approach,

region and has been shown to provide high taxonomic resolution

and then we used this dataset to define a new set of bioregions within

in anuran amphibians and successful PCR amplification is possible

Amazonia, and re-evaluated the regional endemism for anurans.

for all members of this group with classic primer pairs (Fouquet
et al., 2007; Vences, Thomas, Meijden, Chiari, & Vieites, 2005).

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Database construction

For this study, we included 4,492 unpublished sequence data for
individuals collected in Amazonia (Appendix S1 for details). We
combined it with a carefully curated sequence database of 6,672
accessions from 50 Amazonian anuran genera (including all congeneric species) extracted from the NCBI online repository. Hence,

Our focal area (limits: W 72° W 47° S 11° N 09°) includes the cen-

the data set contained 11,164 accessions, 10,268 of which were

tral, eastern and northern parts of Amazonia, including Pantepui, but

geotagged, with 8,181 records within Amazonia, of which 4,634

excluding western and southern periphery of Amazonia where our

were from the Eastern Guiana Shield.

F I G U R E 1 Map of all the occurrences (yellow points) of the barcoding dataset in Amazonia (green surface), which include the samples
that we collected as well as data retrieved from GenBank. The white rectangle delimits the focal area of our study [Colour figure can be
viewed at wileyonlinelibrary.com]

1784

|

New samples were collected in the field in Guyana, Suriname,
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2.2 | Molecular-based species delimitation

French Guiana and the Brazilian states of Amapá, Pará and Roraima,
through nocturnal and diurnal active searches (visual and acoustic).

As all the samples used for the sequencing procedure have been

Each specimen was identified to the species level, photographed in

initially assigned to a genus based on morphology, we grouped

life and then euthanized using an injection of Xylocaine® (lidocaine

all our sequences at the genus level. The resulting clusters of

chlorhydrate). Tissue samples (liver or muscle tissue from thigh or

sequences were investigated into operational taxonomic units

toe-clip) were taken and stored in 95% ethanol. Specimens were

(OTUs), applying an unsupervised method of distance-based

tagged and fixed (using formalin 10%) before being transferred to

DNA barcodes clustering, the Automatic Barcode Gap Discovery

70% ethanol for permanent storage. We also obtained biological ma-

(ABGD)

terial for sequencing maintained by several research institutions (see

Brouillet, & Achaz, 2012). This method recursively searches for

Acknowledgements), and covering the upper portions of Madeira,

gaps in the distribution of pairwise divergences, and partition-

lower Xingú, Abacaxis and Purus Rivers.

ing of data is repeated until no further splitting occurs. It is now

species

delimitation

method

(Puillandre,

Lambert,

We extracted DNA from liver or muscle tissue (thigh or toe-

widely used for this application because it is robust to slight

clip) of the 4,681 samples using the Wizard Genomic extraction

changes in parameter assumptions (Fontaneto, Kaya, Herniou, &

protocol (Promega). We targeted a ca. 400bp fragment of the 16S

Barraclough, 2009; Pentinsaari, Vos, & Mutanen, 2017; Pons et al.,

rDNA. We used primers N16R and N16F (Salducci, Marty, Fouquet,

2006), and produced conservative results relative to taxonomy,

& Gilles, 2005), to which we added NNN + 8-nucleotide labels

with the highest number of merges and lowest number of splits

(hereafter, designated as “tags”), for sample identification as all re-

compared with other delimitation methods like GMYC or PTP

sulting PCR products were mixed into libraries: 32 tags for forward

(Lin, Stur, & Ekrem, 2015; Pentinsaari et al., 2017). We performed

primer (N16R) and 36 tags for reverse primer (N16F). PCRs were

ABGD analyses with default settings (Jukes-Cantor sequence

carried out in a final volume of 20 µL, and contained 2 µL of 50 ng/

substitution model, a prior on the intraspecific pairwise distance

µL DNA extract, 10 µL of AmpliTaq Gold® 360 Master Mix (Life

defined by Pmin: 0.001, Pmax: 0.1, an iterative procedure set at

Technologies), 5.84 µL of Nuclease-Free Ambion Water (Thermo

10 steps and 20 bins). The number of clusters found for each gen-

Fisher Scientific), 0.25 µM of each primer and 3.2 µg of bovine

era using 2%, 3%, 4% and 6% p-distance thresholds indicates that

serum albumin (BSA, Roche Diagnostic). The PCR conditions were

3%–4% seems the most reasonable choice, given a lower threshold

as follow: 95°C for 10 min, then 40 cycles of 95°C for 30 s, 46°C for

(2%) clearly over-splits compared with current taxonomy, while a

30 s, 72°C for 30 s and followed by a final step of 72°C for 7 min.

higher threshold (6%) lumps together many phenotypically distinct

We prepared three complete libraries, each containing 1,152 sam-

described species (Appendix S3). We plotted the distribution of

ples, including 72 blanks (6 blanks per plate). Libraries of mixed

the thresholds found for each genus and found that the median

PCR products were sequenced using 2 × 250 paired-end reads se-

p-distance threshold was 3% (Figure S2). We therefore used the

quencing technology through MiSeq high-throughput sequencing

3% partitioning in subsequent analyses. The resulting clusters

(Illumina) at the Génopole. The resulting outputs were analysed

were considered as OTUs. Nevertheless, in 24 species pairs (17

with the OBITOOLS software suite (Boyer et al., 2016). Paired-end

concerning Amazonian taxa), distinct taxa (Jungfer, et al., 2013;

reads were assembled and merged, and we used the tag attached

Noonan & Gaucher, 2005) were lumped as unique OTUs because

to the primer to assign each reads to its label. Then, we removed

of shallow pairwise mtDNA divergence between them (notably

low-quality reads (alignment scores < 50, containing Ns or shorter

among Atelopus spp. and Osteocephalus spp.). In these situations,

than 50 bp). The resulting batch of reads was dereplicated while

we retained the accepted names rather than lumping previously

keeping the coverage information (number of reads merged). All

accepted taxa.

sequences < 100 bp were discarded. Eventually, every sequence

For visualization purposes, we generated an unrooted Maximum

that we included in our dataset was > 380 bp long. We retrieved

Likelihood (ML) tree in RAxML v.8.2.4 (Stamatakis, 2014) of the

3,148 sequences through this MiSeq sequencing procedure. We

11,164 16S sequences that were aligned with MAFFT v.7 (Katoh &

completed this dataset with 1,345 sequences that were retrieved

Standley, 2013). For the ML analysis, we used the GTR + Γ+I and we

from Sanger sequencing. We sequenced 30 samples using both

investigated support of nodes with 1,000 bootstrap replicates using

methods, which led to identical sequences. For Sanger sequencing,

the fast bootstrap algorithm.

PCR were conducted in a final volume of 25 µL each containing
2 µL of DNA template, 14.36 Mq water, 5 µL of 10 × PCR Buffer,
1.25 µL of each primer, 1.67 µL of MgCL2, 0.5 µL of dNTPs and

2.3 | Distribution data and bioregions

0.22 µL of GoTaq (Promega). The PCR conditions were as follows:
8 cycles of denaturation (45 s at 94°C), annealing (60 s at 46°C) and

We then used the amphibian occurrence data set to partition natural

elongation (90 s at 72°), followed by 22 cycles of denaturation (45 s

bioregions. To infer the presence or absence of the OTUs in a grid

at 94°C), annealing (60 s at 50°C) and elongation (90 s at 72°C). We

composed of 500 1° × 1° cells, we computed their ranges as poly-

used the same N16F and N16R primers that we used for the MiSeq

gons, a simple approximation which is comparable to the IUCN data,

sequencing. Sanger sequencing was performed by Genoscreen.

using the 'sp' package implemented in R (Pebesma & Bivand, 2005; R

|
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Development Core Team, 2016). To perform this step, we removed

the bioregions within the Guiana Shield, we built a two-class ran-

657 OTUs (out of 1,252) with less than three occurrences, resulting

dom forest model for each of the bioregions in the Guiana Shield

in a reduced data set. Eventually, 595 OTUs belonging to 50 genera

by labelling the target bioregion as class 1 and all other bioregions

were used in the species distribution analyses. Finally, we excluded

as class 2 (Appendix S14). The random forest model helped evalu-

cells with less than five OTUs from the spatial analysis.

ate the contribution of each environmental feature to the definition

We also reanalysed the IUCN Red List data for comparison.
Species ranges (polygons) for 440 species were downloaded from the

of the bioregions. The randomForest package implemented in R was
used for random forest modelling (Liaw & Wiener, 2002).

IUCN data portal http://www.iucnredlist.org/technical-documents/
spatial-data#amphibians (accessed June 2016). We excluded 21 genera from the molecular data set because they were associated with
the Cerrado, the Atlantic Forest or the Andean foothills and thus only
overlapped marginally with the study area, i.e. less than 10 occurrence points within cells at the margin of the study area (Appendix

3 | R E S U LT S
3.1 | Revising species richness estimates in
Amazonian amphibians

S4) or because no corresponding DNA sequences were available
(Metaphryniscus, Dischidodactylus). We also removed two introduced

Our DNA barcoding species delimitation (ABGD) yielded a total

species (Eleutherodactylus johnstonei and Lithobates catesbeianus).

of 1,486 OTUs [1,024-3,534, corresponding to the upper 6% and

We generated amphibian bioregions by Latent Dirichlet Allocation

lower 2% ABGD thresholds]. Within the focal area, we retrieved

(LDA; Blei, Ng, & Jordan, 2003; Valle, Baiser, Woodall, & Chazdon,

746 OTUs, among which only 310 could be assigned to taxa listed

2014). One advantage of LDA over classic distance-based clustering

in the Red List. These results were overall in accordance with the

is that it models gradual clines in taxonomic composition, assigning a

ML topology with a few exceptions (Appendix S15). In nine in-

probability for each cell to belong to one bioregion. LDA fits a proba-

stances within the ML topology, well-phenotypically diagnosable

bilistic model to the community matrix (i.e. the matrix listing the spe-

species are recovered embedded within other well-phenotypically

cies present in each grid cell) that assumes the coexistence of several

diagnosable species while ABGD recovered these species as dis-

assemblages of species over the study area. The number K of species

tinct clusters. These incongruences are likely due to the low num-

assemblages is fixed, but can be optimized by AIC minimization. The

ber of informative sites for certain branches using ML that increase

assemblages may partially overlap in taxonomic composition, and a

uncertainty in tree building (Reid & Carstens, 2012; Machado,

given grid cell may either be dominated by one assemblage or contain

Castroviejo-Fisher, & Grant, 2019). Because the Red List draws on

a mixture of assemblages. The estimated value of the mixing param-

a larger database than this study, it contains 130 additional taxa

eter α indicates whether the cells tend to be dominated by a single

not included in our data set. Therefore, our revised estimate for

assemblage (case α < 1). We followed the approach described in de-

the number of anurans in the focal area reaches 876 species (310

tails in Sommeria-Klein et al. (2019) and summarized below. We fit-

species from both our data and the Red List, 130 from the Red List

ted LDA using the Variational Expectation Maximization algorithm in

data set only and 436 from our data set only). This totalizes twice

the R package topicmodels (Grün & Hornik, 2011), with convergence

as many species as currently reported in the Red List. As our aver-

threshold of 10

–6

for the EM step and 10

–8

for the variational step.

age pairwise genetic distance (barcoding gap threshold) was >3%

We assessed the robustness of the solution by replicating the anal-

in 85% of the splits (and even >6% in 39% of them) and as several

ysis a hundred times for random initial assemblages. The best biore-

OTUs in our analysis have been confirmed to correspond to new

gionalization was assumed to be that corresponding to the realization

valid species (Fouquet et al., 2015, 2016, 2018; Rojas et al., 2018),

with the highest likelihood value. We optimized the number of as-

we assume that the majority of the OTUs detected here most likely

semblages by AIC minimization. All the scripts used for this procedure

represent genuine species, implying that our estimate of 876 spe-

are available on github: https://github.com/guilhemSK/eDNA_LDA.

cies of anurans in the focal area is reasonable.

Finally, we explored the congruence of the obtained bioregions

Our results demonstate that the known distribution range of

with environmental variables by applying a random forest classifi-

many taxa has to be extensively revised. Most of the OTUs actu-

cation model. We first compiled 30 environmental variables for

ally display much narrower distributions than the species listed in

Amazonia from different sources (Appendix S5), all reanalysed at

the Red List. For example, 246 highly genetically divergent OTUs

5-km resolution. These variables capture essential environmental

are distributed at the margin or outside the core distribution of the

features in the tropics, such as precipitation, elevation, soil moisture,

currently known species to which they supposedly correspond.

forest structure, land surface temperature and bioclimatic variables

Few genera are endemic to the Guiana Shield (Otophryne and

(Appendix S5, S11, S12). Intra- and inter-annual variability for some

Anomaloglossus). On the contrary, the vast majority of the OTUs in-

environmental features was also calculated when time-series obser-

cluded here are nested within widespread Amazonian or lowland

vations were available (Appendix S5, S11 and S12). We then built a

Neotropical clusters (Figure 2a). Most of these clusters display deep

multi-classes random forest classification model using the 30 fea-

divergence among populations (e.g. >6% in Leptodactylus petersii—16

tures as explanatory variables and the bioregions as targeted classes

OTUs in the ABGD barcoding analysis, Figure 2a). Finally, only 45 (6%)

(Appendix S13). To further inspect the environmental uniqueness of

of the 746 OTUs identified in the focal area have a broad distribution

1786
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F I G U R E 2 Examples of genetic and geographic structures for two panamazonian taxa. (a) The genetic structure analysis of Leptodactylus
petersii by the Automatic Barcode Gap Discovery analysis splits the taxon into 16 OTUs with largely non-overlapping geographic distributions.
(b) In contrast, the genetic analysis of Boana calcarata splits the clade into only two OTUs. The colours of the lineages on the tree correspond
to the colours of the occurrence points and areas on the map. Symbol † indicates taxa with less than three locality records, discarded from the
bioregionalization analysis. The white square on the maps corresponds to our focal area [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E 3 Maps of the bioregions based on species occurrence data for Amazonian anurans as obtained from (a) DNA-based
species delimitation; (b) IUCN data. Colours represent affiliations of cells to bioregions as predicted by Latent Dirichlet Allocation (LDA)
decomposition, followed by kriging (function gstat, R package gstat, with exponentially decreasing weights), for K = 8 bioregions labelled
with numbers. In cells where several bioregions coexist, colours are mixed according to the relative probability of affiliation to bioregions
[Colour figure can be viewed at wileyonlinelibrary.com]
(over 1 million km2, e.g. Boana calcarata, Figure 2b). This is in stark con-

S6). Spatial segregation was strong among bioregions (α < 0.02) and

trast with the previously reported figure of 142 widespread species

the solution was stable across runs (Figure S7). The Amazon River and

out of 440 (32%) based on the Red List.

the Pantepui region represent obvious landscape boundaries of the
eastern Guiana Shield region, which is subdivided into three clearly

3.2 | Bioregionalization and endemism

delimited bioregions (1–Southern; 2–North-western; 3–Eastern;
Figure 3a and Figure S8a). Bioregion 1 extends across the southern part of Guyana, Roraima and the Northern parts of Pará and

The optimal number of bioregions recovered by Latent Dirichlet

Amazonas states in Brazil. Bioregion 2 comprises the northern part

Allocation (LDA) modelling of our data set (ABGD) was eight (Figure

of Guyana and adjacent Venezuela. Finally, bioregion 3 covers the

|
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state of Amapá (Brazil), French Guiana and Suriname. Outside of the

anurans using integrative taxonomy strongly suggest that a mtDNA

Eastern Guiana Shield, the boundary between bioregions 6 and 7

divergence of at least 3% is frequently associated with phenotypic

roughly follows the course of the Purus River. The limits among bi-

or acoustic differentiation (Ferrão et al., 2016; Fouquet et al., 2013,

oregions 4, 5 and 6 are less sharp as they are displaying shared prob-

2015, 2016; Funk et al., 2012; Jansen, Bloch, Schulze, & Pfenninger,

ability of presence across five cells (roughly 250 km2). Intra-annual

2011; Kok, Dezfoulian, Means, Fouquet, & Barrio-Amorós, 2018;

variability in precipitation and precipitation in the coldest quar-

Motta et al., 2018; Orrico et al., 2017; Ortega-Andrade et al., 2015;

ter both had high correlations with the distribution of bioregions

Rojas et al., 2018). Therefore, as most of the OTUs recovered herein

throughout the focal area for both ABGD and IUCN data sets (Figure

were beyond that threshold, we postulate that many of them likely

S9). Within the Eastern Guiana Shield, the variables that contribute

correspond to phenotypically distinct species. It is largely admitted

the most to the ABGD bioregions are elevation and precipitation,

that distribution data currently used in meta-analyses based on the

while soil moisture contributes also extensively to Bioregion 2 and

Red List are inaccurate as many species are lumped together and

forest structure and moisture to Bioregion 3, thus emphasizing an

distribution ranges are certainly overestimated (Mayer et al., 2019).

environmental heterogeneity matching bioregions.

Even though such analyses recently reported that Amazonian am-

Our ABGD data set yielded a very different pattern compared

phibians are greatly affected by upcoming threats, including climate

to the Red List data set (Figure 3b). Using the Red List data set, the

change (Foden et al., 2013), it would be necessary to reassess these

Guiana Shield formed a single bioregion, excluding the north-west-

modelling results based on more solid species occurrence data

ern part of Guyana and including adjacent areas of Amapá and

(Ficetola, Rondinini, Bonardi, Baisero, & Padoa-Schioppa, 2015;

Pará (Brazil). This discrepancy appears to be due to the inaccuracy

Herkt, Skidmore, & Fahr, 2017; Holt et al., 2013; Hurlbert & Jetz,

of many distribution ranges in the Red List data set as discussed

2007; Rocchini et al., 2011).

above.

Latent Dirichlet Allocation is an emerging method in the field

Finally, using our revised delimitation of bioregions of the

of biogeography, which allows the identification of both smooth

Eastern Guiana Shield, we assessed the number of OTUs (includ-

and sharp transitions in community composition across space

ing singletons) restricted to each one of these three bioregions

(Valle, Albuquerque, Zhao, Barberan, & Fletcher, 2018; White,

(i.e. endemic). Bioregion 2 had the highest number of endemic

Dey, Mohan, Stephens, & Price, 2019). Our bioregionalization re-

OTUs in our data set, reaching 75% endemism, followed by biore-

veals the existence of a sharply delimited biodiversity structure

gion 3 (59%) and bioregion 1 (35%). Overall, 82% of the 250 OTUs

within the Eastern Guiana Shield, with three well-delimited biore-

occurring in the Eastern Guiana Shield were endemic to this area.

gions. Such a pattern strikingly differs from the current defini-

This was again in stark contrast with the Red List data, which

tion of bioregions based on bird data (Naka et al., 2012; Oliveira,

listed only 28% of the 119 species occurring there as endemic

Vasconcelos, & Santos, 2017) and from the previous definitions

(Appendix S10).

based on anuran distribution data (Godinho & da Silva, 2018).
Outside the Eastern Guiana Shield, we found delimitations of

4 | D I S CU S S I O N

bioregions to be fuzzier and less robust. This is likely due to scarcer
sampling in these areas, and thus increased noise in the spatial
structure. The LDA model explicitly accounts for uneven sample

We assessed the taxonomic diversity in anuran amphibians based

size across cells, and as a consequence we did not rarefy the data

on a very large data set of DNA-barcoded and geotagged individuals

so as to make the best use of the available data. Nevertheless, we

sampled across Amazonia. Our species delineation analysis corrobo-

cannot exclude that sampling heterogeneity might introduce bias

rates previous suggestions that the current number of anuran spe-

in the retrieved patterns of bioregionalization where sampling re-

cies occurring in Amazonia remains vastly underestimated (Ferrão

mains scarce. Overall, the high stability of the solution across runs

et al., 2016; Fouquet et al., 2007; Funk et al., 2012; Motta et al.,

of the algorithm for random initial conditions indicates that the

2018). Even though species delimitation solely based on the diver-

retrieved bioregionalization is robust with regard to the available

gence of small mitochondrial DNA (mtDNA) can overestimate the

data. Models similar to LDA and specifically designed for species

actual number of species in some cases (false positives) or under-

occurrence data (i.e. presence–absence) have recently been pro-

estimate it in others (false negatives) (Goldstein & DeSalle, 2011;

posed (Valle et al., 2018; White et al., 2019), highlighting the grow-

Hickerson, Stahl, & Lessios, 2006; Krishnamurthy & Francis, 2012;

ing interest for these methods in biogeography.

Sukumaran & Knowles, 2017; Yu, Rao, Matsui, & Yang, 2017), such

Within the Eastern Guiana Shield, the south-western limits of the

an approach can turn out to be reliable overall when applied to large

three bioregions coincide with the Amazon River and the Branco/

assemblages of tropical frogs as confirmed by species delimitation

Negro Rivers as found in birds (Naka et al., 2012; Oliveira et al., 2017),

based on integrative taxonomy (Vieites et al., 2009). As it was not

but the other boundaries do not correspond to any conspicuous land-

realistic to gather morphological or bioacoustic data for most of the

scape features, except for the eastern limit between bioregions 1 and

species included in this study, we could not adopt an integrative ap-

3 that seems to coincide with the interfluve between the Parú and Jari

proach and evaluate the phenotypic divergence among the delimited

Rivers (Figure 3a). The Jari River does not seem to constitute a bio-

OTUs. Nonetheless, recent works on species limits in Amazonian

geographic barrier for small terrestrial vertebrates though (Silva et al.,
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2018). Therefore, we hypothesize that the biogeographic patterns we

général de Guyane, FEDER funds, Parc Amazonien de Guyane and

recovered in the Eastern Guiana Shield could mainly result from cur-

DEAL Guyane; the Iwokrama International Centre and R. Thomas,

rent and/or past environmental heterogeneity (Fouquet et al., 2012).

GFC-PRDD for work in Guyana (permission from EPA Guyana). We

This hypothesis is supported by the fact that these biogeographic pat-

thank the Nature Conservation Division and the STINASU for collect-

terns matched patterns in rainfall seasonality and soil moisture (Figure

ing permits in Suriname, and the Région Guyane and Parc Amazonien

S9). Actually, the Eastern Guiana Shield is nowadays characterized by a

de Guyane for an Access and Benefit Sharing Agreement (APA n°

pronounced climatic heterogeneity, with a dry corridor observed from

973-23-1) to collect in French Guiana. We acknowledge support from

southern Guyana to the state of Pará (Mayle & Power, 2008) where

an 'Investissement d'Avenir' grant managed by Agence Nationale de

relict savannahs are found (e.g. Sipaliwini). Neotropical climatic fluc-
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