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One of the greatest challenges for biodiversity conservation is the poor understanding of species diversity.

Molecular methods have dramatically improved our ability to uncover cryptic species, but the magnitude

of cryptic diversity remains unknown, particularly in diverse tropical regions such as the Amazon Basin.

Uncovering cryptic diversity in amphibians is particularly pressing because amphibians are going extinct

globally at an alarming rate. Here, we use an integrative analysis of two independent Amazonian frog

clades, Engystomops toadlets and Hypsiboas treefrogs, to test whether species richness is underestimated

and, if so, by how much. We sampled intensively in six countries with a focus in Ecuador (Engystomops:

252 individuals from 36 localities; Hypsiboas: 208 individuals from 65 localities) and combined mitochon-

drial DNA, nuclear DNA, morphological, and bioacoustic data to detect cryptic species. We found that in

both clades, species richness was severely underestimated, with more undescribed species than described

species. In Engystomops, the two currently recognized species are actually five to seven species (a 150–

250% increase in species richness); in Hypsiboas, two recognized species represent six to nine species

(a 200–350% increase). Our results suggest that Amazonian frog biodiversity is much more severely

underestimated than previously thought.
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1. INTRODUCTION
The application of molecular methods to systematics has

revolutionized the discovery and description of biodiver-

sity. In particular, DNA sequence data are revealing

cryptic diversity—two or more morphologically similar

species that are erroneously classified (and hidden)

under one species name—in many regions and taxonomic

groups [1]. Uncovering cryptic species to more accurately

understand diversity patterns is critical from a conserva-

tion perspective for two main reasons. First, knowledge

of geographical patterns of diversity is essential for identi-

fying regions with high levels of species richness and

endemism, sometimes termed biodiversity hotspots, that

warrant special conservation status [2,3]. Second, under-

standing the distribution of individual species is essential

for assigning conservation status. For example, species

that are considered single, widely distributed species of

low conservation concern may actually be multiple mor-

phologically similar cryptic species, each with small

ranges that are of high conservation concern [4].

Despite the recognition that cryptic species are wide-

spread, the magnitude of cryptic diversity remains

unknown, especially in species rich and relatively poorly

explored tropical regions. Part of the reason that cryptic

diversity remains poorly characterized in the tropics is

insufficient sampling because these regions are often dif-

ficult to access. In order to accurately estimate the level

of cryptic diversity, intensive sampling is critical. By
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‘intensive sampling’, we mean spatially dense sampling

(i.e. sampling many localities) and sampling many

individuals per locality. Spatially dense sampling is

necessary to find species with small ranges, while

sampling many individuals is necessary to find locally

rare species [5]. By contrast, less intensive broad stroke

sampling (few localities and few individuals per locality)

will inevitably give estimates of cryptic diversity that are

biased low, revealing only the most widespread and

common cryptic species.

As the largest and arguably most diverse lowland rain-

forest on Earth [6], the Amazon Basin probably houses a

significant amount of cryptic diversity. Unfortunately,

there are few large-scale genetic studies of Amazonian

organisms, thus reliable estimates of the level of cryptic

diversity are scarce. In particular, the Amazon Basin has

one of the most species-rich amphibian faunas in the

world [7], yet Amazonian amphibian species richness is

still probably underestimated [8]. Understanding amphi-

bian diversity is particularly pressing [9] because

amphibians are considered to be in the midst of the

sixth great mass extinction event [10], with 41 per cent

of amphibian species classified as globally threatened

with extinction [11]. By the end of 2004, 427 amphibian

species were known from Amazonia [12]. Between 2005

and 2009, another 127 amphibian species were described

[13] for a total of 554 species, representing 8.1 per cent of

global amphibian species richness according to Amphi-

biaWeb (downloaded July 2011). Fouquet et al. [14]

made the first attempt to estimate the number of cryptic

Amazonian amphibians based on an analysis of 420 bp of

mitochondrial DNA (mtDNA), and predicted 170–460

undescribed cryptic species (a 22–115% increase in
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species richness). Fouquet et al.’s study was an important

starting point for estimating Amazonian amphibian species

richness, but more accurate figures require more exhaus-

tive sampling and phenotypic data because a single

mtDNA gene cannot effectively define species boundaries

[15]. Accurate species delimitation requires integration of

information from diverse datasets (e.g. genetic, morpho-

logical and behavioural) and thorough population

sampling [16].

Here, we estimated the number of undescribed species

in two independent, widely distributed Amazonian frog

clades, a terrestrial group (Engystomops) and a treefrog

group (Hypsiboas calcaratus species group). We chose

these two clades because: (i) they are evolutionarily diver-

gent from each other [17,18] and therefore represent

independent tests of the level of cryptic diversity; and

(ii) they are relatively well-known taxonomically

[14,19–25], thus they should contain fewer cryptic

species than other amphibian clades, providing a conser-

vative estimate of cryptic diversity. Our approach was to

use intensive sampling and integrative systematics includ-

ing mtDNA and nuclear DNA (nDNA) sequences and

morphological and bioacoustic traits to uncover cryptic

diversity. The specific goals of our study were to: (i) test

if species richness in these clades was underestimated;

and (ii) if so, determine by how much species richness

was underestimated.
2. MATERIAL AND METHODS
(a) Delimitation of candidate species

We classified frog lineages using the categories defined by

Vieites et al. [26]. Confirmed candidate species (CCS) are

‘those differing clearly by morphological and bioacoustic

characters and usually showing high genetic differentiation

that we hypothesize are distinct, undescribed species’. Vieites

et al. found that CCS usually have greater than 3 per cent

uncorrected pairwise sequence divergence from other species

at 16S mtDNA, but sometimes only 1–2%. Unconfirmed

candidate species (UCS) are ‘deep genealogical lineages—

bioacoustically and morphologically unstudied and usually

derived from geographically distant populations—for which

general indications exist that they are distinct, undescribed

species’. UCS differ from other species by greater than

3 per cent sequence divergence. We chose to delimit species

using the approach of Vieites et al. because it explicitly inte-

grates genetic, morphological and bioacoustic data, which

are increasingly recognized as necessary to accurately delimit

species [15,16]. First, we identified well-supported clades

with a minimum uncorrected sequence divergence of

1–2% from other clades (at 12S and 16S mtDNA). Next,

we tested whether these clades differed from other clades

morphologically or bioacoustically as detailed below.

Formal descriptions of new species are in preparation and

will be published elsewhere.

(b) Sampling

We analysed a total of 252 Engystomops from 36 localities and

208 Hypsiboas from 65 localities in six countries in the

Amazon Basin (figures 1c and 2c; see the electronic sup-

plementary material, appendix S1 for a list of individuals

included). Our sampling was intensive in Amazonian Ecua-

dor and less intensive in the rest of the Amazon Basin. For

Engystomops, n ¼ 125, 133 and 51 individuals were included
Proc. R. Soc. B
in the DNA, morphological and bioacoustic analyses,

respectively. The corresponding sample sizes for Hypsiboas

were n ¼ 136, 137 and 26. Tissue samples were either

frozen or stored in 95 per cent ethanol or dimethyl sulphoxide

buffer. Total genomic DNA was extracted from samples using

DNeasy Tissue Kits (Qiagen, Inc., Valencia, CA, USA). Vou-

cher specimens for most samples are available in several

museums (electronic supplementary material, appendix S1).

(c) DNA sequencing and analysis

We sequenced and analysed mtDNA and nDNA. For

Engystomops, we sequenced the mitochondrial 12S, 16S

and intervening tRNA genes (2358 kb) and portions of the

nuclear a2ab (588 kb), CXCR4 (627 bp), NTF3 (578 bp)

and tyrosinase (515 bp) genes. For Hypsiboas, we sequenced

portions of the 12S (800 bp), 16S (782 bp) and cytochrome

oxidase I (COI, 639 bp) mitochondrial genes and the nuclear

proopiomelanocortin (POMC) (564 bp) gene. Primers and

their sources are listed in the electronic supplementary

material, table S1; and the individuals sequenced and

included in the morphological and bioacoustic analyses

are shown in the electronic supplementary material,

appendix S1. We chose outgroups (Engystomops: Engystomops

pustulosus, Engystomops pustulatus, Engystomops puyango,

Engystomops montubio and Engystomops coloradorum;

Hypsiboas: Hypsiboas multifasciatus, Hypsiboas lanciformis,

Hypsiboas pellucens and Hypsiboas crepitans) based on recent

phylogenetic analyses [14,18,27].

Phylogenies were inferred separately for mitochondrial and

nuclear sequences using maximum-likelihood (ML) and Baye-

sian approaches. For Engystomops, the four nuclear genes were

concatenated. For Hypsiboas, separate analyses were conducted

using concatenated 12S and 16S genes (n¼ 136) and concate-

nated 12S, 16S and COI genes for a smaller subset of

individuals for which COI data were also available (n¼ 118).

ML analyses were conducted using program GARLI v. 0.951

[28]. Model choice was based on Akaike information criterion

(AIC) [29] using program MRMODELTEST v. 2.2 [30]. Analyses

were terminated after 10 000 generations without an improve-

ment in tree topology. Support was evaluated using 100

bootstrap replicates with each replicate terminated after 5000

replications without a topology improvement. Bayesian analyses

were conducted using MRBAYES v. 3.1.2 [31] and using three

partitioning strategies for the mitochondrial data (1 partition,

partitioning by gene and partitioning by gene and stems and

loops) and three partitioning strategies for the nuclear data

(1 partition, partitioning by gene and partitioning by gene

and codon position). Model choice for each partition was

based on AIC in MRMODELTEST v. 2.2 (see the electronic

supplementary material, table S2 for a summary of character

variation and MRMODELTEST results). Bayesian analyses were

performed with two replicate searches of 2 � 106 generations

each with four Markov chains and trees sampled every 1000

generations. We used a conservative burn-in that was deter-

mined by examining stationarity of the likelihood scores and

convergence of posterior probabilities between the two runs

using the standard deviation of split frequencies. The best par-

titioning strategy for each dataset was selected by comparing

Bayes factors [32].

Time to most recent common ancestor (TMRCA) of

major nodes was estimated using mitochondrial 12S and

16S genes with the Bayesian Markov Monte Carlo method

implemented in program BEAST v. 1.4.8 [33]. Following

Weigt et al. [34], we assumed that the rise of the tropical

http://rspb.royalsocietypublishing.org/
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Figure 1. (a) Engystomops mitochondrial DNA (mtDNA) phylogeny, (b) nuclear DNA (nDNA) phylogeny, (c) map showing
the distribution of sampling localities and species, (d) photos of species (in life for clades A–E and of a preserved specimen
for clade G) shown to scale, (e) principal component analysis (PCA) using size-corrected morphometric variables showing vari-
ation in body shape, and ( f ) PCA using bioacoustic variables. The mtDNA and nDNA trees are based on maximum-likelihood

(ML) analyses of 2358 and 2308 bp, respectively, and asterisks denote major clades with Bayesian posterior probability (bpp)
values greater than or equal to 0.99. Detailed mtDNA and nDNA trees with ML bootstrap and bpp values for all nodes and
specimen museum numbers are shown in the electronic supplementary material, figures S1 and S2. Photos and morphometric
data were unavailable for clade F and bioacoustic data were unavailable for clades B, F and G.
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Andes separated the ancestor of the Pacific coast species from

the ancestor of the Amazonian species and that this vicariant

event occurred at some point in the Mid-Miocene, 16.4–

11.2 Myr ago [35,36]. This temporal constraint was incor-

porated into our analysis by using a uniform prior between

16.4 and 11.2 Myr ago for the root height parameter

(shown by heavy black bars in figure 3). For each genus,

we ran the analysis for 1 � 107 generations sampling every

1000 generations and removing 10 per cent of the samples

as a burn-in. Stationarity of the posterior distributions for

all model parameters was determined using program

TRACER v. 1.4.1 [33]. We used a GTR þ I þ G substitution

model, an uncorrelated relaxed lognormal molecular clock

and a Yule tree prior.

(d) Analysis of morphological differentiation

We measured nine morphometric variables for male Engysto-

mops and Hypsiboas specimens using digital calipers (accurate

to the nearest 0.01 mm). Measurements were taken following

Funk et al. [25] for Engystomops, and Duellman [37] for Hyp-

siboas. Principal component analysis (PCA) and discriminant

function analysis (DFA) were performed to assess the degree

of morphometric differentiation among candidate species. To

visualize variation in shape independent of size, PCA was

applied to the residuals of the linear regressions between the

other eight variables measured and snout-vent-length (SVL)
Proc. R. Soc. B
[25]. DFA was performed using raw morphometric data

because the goal of the DFA was to determine the use of all

morphometric variables, including SVL, for distinguishing

candidate species.

(e) Analysis of bioacoustic differentiation

Advertisement calls in frogs are highly stereotyped within

species and are usually species-specific. Because females use

them for species discrimination, they are important in pre-

mating isolation and thus are particularly useful for defining

species boundaries [15,16]. For example in Engystomops,

female preference tests demonstrate that variation in calls

results in behavioural isolation [38,39]. Call recordings had

a sampling rate of 44 kHz and were analysed with program

RAVEN v. 1.2 [40]. Recording temperatures varied little in

both Engystomops (mean¼ 22.18C, s.d.¼ 2.28C) and

Hypsiboas (mean¼ 23.78C, s.d.¼ 1.78C). Fast Fourier trans-

formation size was 2048 and the spectral analysis had a

frequency resolution of 21.5 Hz. The measured variables

were: (i) dominant and fundamental frequency, (ii) note dur-

ation, (iii) number of notes, and (iv) rise time. Engystomops

calls have a complex structure consisting of an amplitude-

modulated prefix and a whine-like frequency sweep. Thus for

Engystomops, we also measured: (i) dominant frequency of the

prefix, and (ii) fundamental frequency at the beginning of

the whine. Call variables and components are defined in

http://rspb.royalsocietypublishing.org/
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Figure 2. (a) Hypsiboas 12S þ 16S mtDNA phylogeny, (b) 12S þ 16S þ COI mtDNA phylogeny, (c) map showing the distri-
bution of sampling localities and species, (d) photos of species (all in life) shown to scale, (e) PCA using size-corrected
morphometric variables showing variation in body shape and ( f ) PCA using bioacoustic variables. The 12S þ 16S and
12S þ 16S þ COI trees are based on ML analyses of 1582 and 2221 bp, respectively, and asterisks denote major clades

with bpp values greater than or equal to 0.99. Detailed 12S þ 16S and12S þ 16S þ COI trees with ML bootstrap and bpp
values for all nodes and specimen museum numbers are shown in the electronic supplementary material, figures S3 and S4.
Photos, morphometric and bioacoustic data were unavailable for clades G–I.
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Guerra & Ron [39]. Bioacoustic differentiation among candi-

date species was also analysed using PCA and DFA.
3. RESULTS
Our integrative analysis of genetic, morphological and

bioacoustic data of 252 Engystomops from 36 localities

and 208 Hypsiboas from 65 localities uncovered many

undescribed, cryptic species (figures 1 and 2). In both

Engystomops and Hypsiboas, there were more undescribed

than described species.

(a) Cryptic diversity in Engystomops toadlets

In Amazonian Engystomops, our analyses revealed that

what were previously considered two species are actually

five to seven (depending on whether UCS are included;

see below), a 150–250% increase in the number of

species (figure 1). Based on type specimen localities,

clade C corresponds to Engystomops petersi [41] and

clade E to Engystomops freibergi [25,42]. Clades A, C,

D, E and G are CCS because they have significant mor-

phological and/or bioacoustic differences from all other

clades. Furthermore, clades A, C and D are sympatric,

indicating that they are reproductively isolated. Clades

B and F are UCS because although they are genetically

divergent, well-supported clades, we lack morphological

and/or bioacoustic data.
Proc. R. Soc. B
mtDNA and nDNA phylogenies generally agreed and

revealed similar distinct genetic groups (figure 1a,b; see

the electronic supplementary material, figures S1 and

S2 for detailed phylogenies including specimen museum

numbers). One difference between mtDNA and nDNA

trees, however, was that 12 individuals found north of

the Rı́o Napo in northeastern Ecuador formed a clade

sister to clade A in the mtDNA tree (figure 1a), but

these frogs were strongly supported as belonging to

clades B, C or D in the nDNA tree (figure 1b). A possible

explanation for this discrepancy is introgression of

mtDNA from the ancestor of clade A into localities

north of the Rı́o Napo, termed ‘mitochondrial capture’

[43]. Despite this difference, both trees show strong sup-

port for the same five clades (C–G). Clades A and B from

the mtDNA tree are paraphyletic in the nDNA tree (with

respect to clades D and C, respectively), but support for

this paraphyly is weak. Moreover, the species status of

clades A, C, and D is also supported by morphological

and bioacoustic characters (see below) and sympatry.

All clades had small geographical ranges with the excep-

tion of clade E (E. freibergi; figure 1c). Four clades (A, B,

C, and D) were found in sympatry. Sequence divergence

among clades at 12S and 16S averaged 3.44 per cent

(range: 1.35–4.32%; see the electronic supplementary

material, table S3 for pairwise sequence divergence

among all clades) and TMRCA among clades was

http://rspb.royalsocietypublishing.org/
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6.7–13.0 Myr ago, indicating that these are ancient lineages

that evolved before the Quaternary (figure 3).

We found significant, albeit subtle, morphometric

differences among Engystomops clades. SVL, a measure

of body size, varied significantly among clades

(ANOVA, F5,127 ¼ 40.66, p , 0.001; figure 1d).

Tukey’s tests showed that clade C was smaller and

clade G was larger than all other clades. PCA of size-

corrected morphometric variables also revealed signifi-

cant differences in shape (figure 1e; see the electronic

supplementary material, table S4 for PCA loadings).

PC1 differed significantly among clades (ANOVA,

F5,127 ¼ 8.31, p , 0.001), as did PC2 (F5,127 ¼ 9.41,

p , 0.001). Frogs in clade D had proportionally shorter

limbs than those in clades A, B and E. Clade E frogs were

wider than those in clades A and D, and clade G frogs

were wider than clade A, C and D frogs. In the DFA,

frogs from clades A, C, D and G could be assigned fairly

accurately (74.2–100% assigned correctly; electronic sup-

plementary material, table S5). However, we were unable

to find qualitative morphological characters diagnostic of

Engystomops clades.

PCA of bioacoustic variables showed striking differ-

ences (figure 1f; see the electronic supplementary

material, table S6 for PCA loadings). PC1 varied signifi-

cantly among clades (ANOVA, F3,47 ¼ 33.24, p , 0.001),

with clade D having higher frequency calls than the other

three clades included. PC2 also varied significantly

(F3,47 ¼ 32.79, p , 0.001), with clade E having shorter

calls than the others. In the bioacoustic DFA, frogs

from clades A, D and E could be assigned to their true

clade with high accuracy (90–100% assigned correctly;
Proc. R. Soc. B
electronic supplementary material, table S7). Thus, all

clades with morphometric and bioacoustic data could

be distinguished and were therefore designated CCS.
(b) Cryptic diversity in Hypsiboas treefrogs

Our analyses also revealed that two previously recognized

species in the Hypsiboas calcaratus species group actually

represent six to nine species (once again, depending on

whether UCS are included; see below), a 200–350%

increase in species richness (figure 2). Based on type

specimen localities and diagnostic characters, clade A

corresponds to Hypsiboas fasciatus [44] and clade C to

Hypsiboas calcaratus [45]. Clades A–F are CCS, as they

are morphologically and/or bioacoustically differentiated

from other clades. Clades G–I are UCS because although

they are highly divergent lineages, we lack morphological

and/or bioacoustic data.

Both mtDNA trees, one inferred from 12S and 16S

genes (figure 2a; see the electronic supplementary material,

figure S3 for detailed phylogeny including specimen

museum numbers) and the other for a smaller subset of

individuals that also had COI sequences (figure 2b and

electronic supplementary material, figure S4), were highly

concordant and revealed nine distinct, well-supported

clades (A–I) nested within two larger clades. These two

larger clades were also strongly supported in the nDNA

tree based on POMC (see the electronic supplementary

material, figure S5), but variation in POMC was insuffi-

cient to resolve the nine smaller clades. All clades had

small geographical ranges except for clade C, which was

found throughout the Amazon Basin (figure 2c). Each

clade is sympatric with at least one other clade and up to

three clades (C, D and E) occur syntopically along the

Rı́o Napo in Ecuador, confirming that each is an indepen-

dent evolutionary lineage. Sequence divergence among

clades at 12S and 16S averaged 6.85 per cent (range:

2.92–9.50%; see the electronic supplementary material,

table S3) and TMRCA was 4.0–13.1 Myr ago, again

indicating ancient species (figure 3).

Hypsiboas clades also had subtle but significant morpho-

metric differences. SVL varied significantly among clades

(F5,131¼ 21.90, p , 0.001), with clades A–D being sig-

nificantly larger than clades E–F (figure 2d). There were

also significant differences in shape as revealed by PCA

(figure 2e; see the electronic supplementary material,

table S4 for PCA loadings). PC1 was significantly different

among clades (F5,131¼ 10.36, p , 0.001), as was PC2

(F5,131¼ 5.19, p , 0.001). Clade C had proportionally

longer limbs than clades B, D and E and clade F had pro-

portionally smaller eyes and tympana than clades B–E. All

six clades with morphometric data could be assigned fairly

accurately using DFA (72.7–100% assigned correctly; elec-

tronic supplementary material, table S5). In addition, we

found qualitative morphological characters, which in com-

bination are diagnostic of each clade for which data were

available (clades A–F; see the electronic supplementary

material, table S8).

Bioacoustically, Hypsiboas clades were highly differen-

tiated from each other. PC1 was significantly different

among clades (F5,20 ¼ 42.78, p , 0.001), as was PC2

(F5,20 ¼ 38.78, p , 0.001; figure 2f; see the electronic sup-

plementary material, table S6 for PCA loadings). Clade E

had significantly longer and higher fundamental frequency

http://rspb.royalsocietypublishing.org/
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calls than all other clades, and clade F had longer and

higher frequency calls than clades A–D. Clades C and F

had lower dominant frequency calls and fewer notes per

call than all other clades. In the bioacoustic DFA, clades

were assigned with high accuracy (80–100% assigned cor-

rectly; electronic supplementary material, table S7).

Moreover, calls varied qualitatively among clades (a

quack in clades A–C, a trill in clade E and a whistle in

clade F). Thus, all clades with morphometric and bioa-

coustic data could confidently be distinguished and

classified as CCS.
4. DISCUSSION
(a) High levels of cryptic diversity in two

Amazonian frog clades

Our integrative analysis of mtDNA, nDNA, morphology

and calls uncovered exceptionally high levels of un-

described cryptic diversity, increasing species richness

by 150–250% in Engystomops and by 200–350% in

Hypsiboas. Moreover, this may be an underestimate for

these clades because we were unable to sample some

parts of Amazonia, particularly in northwestern Brazil.

These two clades are also relatively well-known taxonomi-

cally compared with many other Amazonian amphibians,

thus cryptic diversity may be even higher in other amphi-

bian clades. Similarly, amphibians and other vertebrates

are taxonomically well described compared with other

groups such as insects and fungi, suggesting that cryptic

diversity will be even higher in many taxa. Indeed, a

recent study estimated that 86 per cent of species on

Earth await description [46]. Although the Amazon

Basin is already recognized as a centre of biodiversity,

we provide new evidence that its biodiversity is still

vastly underestimated, even among relatively well-studied

vertebrates. Nonetheless, it is possible that the level of

cryptic diversity found here in Engystomops and Hypsiboas

is atypically high. Intensive sampling and integrative

systematic analyses of additional clades representing all

Amazonian amphibian families are necessary to estimate

total amphibian species richness in the region.

Our results also suggest that amphibian biodiversity in

Amazonia is partitioned differently than previously

thought. Prior to advances in DNA techniques, amphi-

bians were primarily described based on morphology. In

the Amazon Basin, these morphologically defined species

have large geographical ranges. Although the Amazonian

amphibian fauna has high alpha diversity (many species at

single localities), it was generally considered to have rela-

tively low beta diversity (similar species composition

among localities). However, our analysis and other

recent taxonomic studies that include genetic or call

data are revealing that apparently widespread species

actually consist of several cryptic species with smaller

ranges [14,47,48], indicating beta diversity and overall

gamma (total) diversity of the Amazon Basin are severely

underestimated.

(b) Delimitation of candidate species

Our main conclusion that cryptic species diversity is

greatly underestimated in our two focal clades is not

changed by the species concept applied. Species delimita-

tion has been termed a ‘Renaissance problem’ in

systematics with various approaches proposed [49,50].
Proc. R. Soc. B
Nonetheless, the CCS identified here are all reciprocally

monophyletic at mtDNA, genetically divergent and mor-

phologically and/or bioacoustically highly differentiated.

Moreover, female choice experiments have shown that

Engystomops clades A versus D [38], and C versus D

[39] are behaviourally isolated from each other owing to

call divergence, which is rarely demonstrated. Thus, the

CCS would be considered unambiguous species based

on biological, phylogenetic or evolutionary species con-

cepts. Two Engystomops clades and three Hypbsiboas

clades were categorized as UCS owing to a lack of mor-

phological and/or bioacoustic data. However, all distinct

clades with morphological and bioacoustic data were

found to be CCS, suggesting that once these data are

obtained for the UCS, they will be elevated to CCS.

Interestingly, we found qualitative, diagnostic mor-

phological characters for Hypbsiboas CCS (electronic

supplementary material, table S8), but not for Engystomops

CCS, despite similar divergence times for both genera

(figure 3). Some authors recommend not recognizing

species unless they have diagnostic morphological characters

[51]. Nonetheless, we know that Engystomops CCS are

bioacoustically differentiated and, as described above,

behaviourally isolated based on female preference tests and

therefore unambiguous species according to the biological

species concept. Thus, strict adherence to requiring qualitat-

ively distinct diagnostic characters would fail to recognize

reproductively isolated species in this case, suggesting this

is an overly stringent criterion. Fortunately, despite a lack

of diagnostic morphological characters, Engystomops CCS

can be distinguished in the field based on a combination of

dramatic differences in calls, pronounced size variation

and geographical location.

A contentious (and unresolved) issue in species delimi-

tation is the minimum sequence divergence necessary to

consider a clade a distinct species [14,26]. Although the

average uncorrected sequence divergence among our can-

didate species was fairly high (3.44% for Engystomops and

6.85% for Hypsiboas), some CCS differed by less than

3 per cent sequence divergence. The lowest observed

sequence divergence between CCS was 1.68 per cent

between Engystomops clades A and C, yet they are well-

differentiated species. They have large differences in size

(SVLs do not overlap) and are found in sympatry with

no evidence of current hybridization. Many other examples

of distinct species with low sequence divergence are found

in the literature, including other Engystomops species [27],

Malagasy frogs [26] and African cichlids [52]. These

examples highlight the importance of using criteria in

addition to sequence divergence to delimit species.

A new direction in species delimitation is the inference of

species trees using coalescent-based approaches [53]. We did

not use this approach here because of an insufficient number

of nuclear genes for Hypsiboas, but we encourage their use in

the future as an additional test of species boundaries.
(c) Comparison with previous estimates of cryptic

Amazonian frog diversity

We found a substantially higher percentage increase in the

number of cryptic Amazonian frog species (150–350%)

than did Fouquet et al. [14] (22–115%). Under the

untested assumption that the levels of cryptic diversity

found in our study are representative of Amazonian

http://rspb.royalsocietypublishing.org/
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amphibians in general, the estimated number of unde-

scribed amphibians in the Amazon is up to 1385 species

(554 known species � 250% increase) based on our Engys-

tomops results and up to 1939 species (554 � 350%) based

on our Hypsiboas results. Because these estimates are

derived from only two clades, they could be biased and

need to be confirmed with integrative systematic analyses

of additional clades. Unfortunately, comparable studies

with more clades are unlikely to be available in the short

term because they are logistically challenging, expensive

and time-consuming. Moreover, we recognize that these

extrapolations are simplistic and we recommend using more

sophisticated and thorough approaches for extrapolating

cryptic diversity in the future.

Our results suggest that cryptic frog diversity is even

more severely underestimated than previously thought.

One possible explanation for this discrepancy is that we

were able to sample more intensively than Fouquet et al.

For comparison, Fouquet et al. sampled an average of nine

individuals per known species, while we were able to

sample an average of 115 per known species by focusing

on fewer taxa. Because of our intensive sampling, we

detected range-restricted and rare species, providing a

better approximation of the number of cryptic species.

Four out of seven Engystomops species and four out of nine

Hypsiboas species were only found at one to four localities

(figures 1 and 2), indicating that many have small ranges.

This illustrates the importance of intensive sampling for

discovering rare and range-restricted cryptic species.
(d) Greater bioacoustic than morphological

differences among species

Although there were significant morphological differences

among most species examined in size and/or shape, these

differences were generally less pronounced than bioacous-

tic differences. This is consistent with recent studies in

frogs [4,54] and suggests that calls evolve faster than mor-

phology, perhaps owing to strong selection for species

recognition or sexual selection on calls (or strong stabiliz-

ing selection on morphology). These results could

explain why there are so many cryptic species: morphologi-

cal differences among closely related species are generally

subtle and are a weak indicator of reproductive isolation.

By contrast, calls, which have known importance in caus-

ing and maintaining reproductive isolation [15,16,38,39],

show pronounced differences among closely related species

and seem to be particularly useful for species delimitation.
(e) Conservation implications

Efforts to conserve globally important centres of biodiver-

sity should take into account our finding that Amazonian

biodiversity is much greater than previously known, at

least for some clades. Unfortunately, despite its unparal-

leled biodiversity, Amazonia is vulnerable to several

ongoing and increasing threats, including timber and pet-

roleum extraction, mining, industrial agriculture and

climate change [55,56]. A first step in understanding the

potential impacts of these threats would be to accurately

characterize the magnitude and spatial distribution of bio-

diversity in additional clades from other amphibian

families and more taxonomic groups.

Identification of cryptic diversity also has important

implications for assigning conservation status to individual
Proc. R. Soc. B
species. For example, the four recognized species in our

study are considered of ‘least concern’ by the IUCN Red

List because of their large ranges and abundance (down-

loaded July 2011). However, our analyses reveal that

many species within these two genera have very small

ranges, which is one factor that can put them in a higher

risk category. Thus, instead of four species of least con-

cern, these two clades may consist of several species of

higher conservation concern, depending on additional

factors such as evidence of population declines and threats.

We predict that as cryptic species continue to be identified,

more species of high conservation concern will be ident-

ified. Improved species sampling, especially in tropical

regions, is almost certain to reveal that the percentage of

amphibian species of conservation concern worldwide is

even higher than the current estimate of 41 per cent [11].
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M. I. Páez, T. D. Price and three anonymous reviewers for
helpful comments on the manuscript. This research was
funded by a National Geographic Society-Waitt grant,
Colorado State University, Secretarı́a Nacional de Educación
Superior, Ciencia, Tecnologı́a e Innovación del Ecuador
SENESCYT (grant number PI-C08-0000470), and the
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