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Disentangling the impact of landscape features such as rivers and historical events on dispersal is a challenging
but necessary task to gain a comprehensive picture of the evolution of diverse biota such as that found in
Amazonia. Adenomera andreae, a small, territorial, terrestrial frog species of the Amazonian forest represents a
good model for such studies. We combined cytochrome b sequences with 12 microsatellites to investigate the genetic
structure at two contrasted spatial scales in French Guiana: along a ~6-km transect, to evaluate dispersal ability,
and between paired bank populations along a ~65-km stretch of the Approuague river, to test the effect of rivers
as barriers to dispersal. We observed significant spatial genetic structure between individuals at a remarkably
small geographical scale, and conclude that the species has a restricted dispersal ability that is probably tied to
its life-history traits. Mitochondrial and microsatellite data also indicate a high level of differentiation among
populations on opposite banks of the river, and, in some cases, among populations on the same riverbank. These
results suggest that the observed population structure in A. andreae is the result of restricted dispersal abilities
combined with the action of rivers and Quaternary population isolation. Given that Amazonia hosts a great portion
of anurans, as well as other small vertebrates, that display life-history traits comparable with A. andreae, we argue
that our analyses provide new insights into the complex interactions among evolutionary processes shaping
Amazonian biodiversity. © 2012 The Linnean Society of London, Biological Journal of the Linnean Society, 2012,
106, 356–373.
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INTRODUCTION

The tropical forests of South America host the great-
est species richness on Earth for many groups of
organisms (Wilson, 1992; Gaston & Williams, 1996;

Myers et al., 2000). This enormous biodiversity has
intrigued naturalists for more than a century
(Wallace, 1852; Bates, 1863). However, the question
of its origins is still much debated (Antonelli
et al., 2010). Progress has been made to clarify the
phylogenetic relationships among higher clades (e.g.
for amphibians, see Grant et al., 2006; Heinicke,*Corresponding author. E-mail: fouquet.antoine@gmail.com
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Duellman & Hedges, 2007; Santos et al., 2009), but
our understanding of evolutionary history and pro-
cesses at lower taxonomic levels (i.e. from species to
populations) remains incomplete. For example, pat-
terns of intraspecific diversity and the understanding
of the relative influence of environmental factors
and life-history traits remain poorly understood (but
see Noonan & Wray, 2006; Fouquet et al., 2007a;
Carnaval et al., 2009).

Dispersal ability directly impacts connectivity
among populations, and ultimately influences genetic
structure over time and space (Clobert et al., 2001).
Species characteristics such as territoriality (Bogart,
1991; Austin et al., 2003), body size (Lindsey, 1966;
Losos, 2010), habitat (e.g. Crawford, Bermingham &
Polania, 2007; Moussalli et al., 2009) and reproductive
mode (Vences & Wake, 2007) have long been acknowl-
edged to influence dispersal. On the other hand, popu-
lation connectivity is also influenced by landscape
features that have long been recognized by biologists
for their role in facilitating and preventing gene flow,
and ultimately shaping biodiversity patterns (Wiens,
2001). In Amazonia rivers represent the most obvious
landscape features that could prevent gene flow. Two
main hypotheses are based on the barrier effect of the
large rivers of the region to explain patterns of diver-
sity, the river-barrier hypothesis (Wallace, 1852) and
the refuge-river hypothesis (Haffer, 1993a, b). Empiri-
cal support for these hypotheses comes from the obser-
vation that the boundaries of closely related species or
subspecies often coincide with major Amazonian rivers
[e.g. birds (Haffer, 1997); lizards (Avila-Pires, 1995);
and frogs (Lampert et al., 2003; Noonan & Wray,
2006)]. Nevertheless, contrasting evidence for the
effectiveness of rivers as barriers has been reported
(Gascon, Lougheed & Bogart, 1998; Gascon et al.,
2000; Patton, Da Silva & Malcolm, 1996; Lougheed
et al., 1999). The permeability of rivers to gene flow
could thus depend on river course variation over time
(Bates, Haffer & Grismer, 2004) and species’ ability to
disperse through them, which itself may be ruled by
life-history traits such as body size and reproductive
mode (e.g. Gascon, Lougheed & Bogart, 1998).

Amphibians are particularly diverse in Amazonia
and are considered valuable models to investigate
processes shaping genetic structure (Zeisset &
Beebee, 2008). In addition of being highly sensitive to
environmental variation (Buckley & Jetz, 2007), they
are generally thought to have poor dispersal capabili-
ties (Waldman & McKinnon, 1993; Blaustein, Wake &
Sousa, 1994). Most evidence of the generally low
dispersal ability of anurans (reviewed by Smith &
Green, 2005) comes from ecological and genetic
studies of temperate pond-breeding species that dem-
onstrate high philopatry (Daugherty & Sheldon, 1982;
Driscoll, 1997) and significant structure among spa-

tially close populations (García-París et al., 2000;
Shaffer et al., 2000; Tallmon et al., 2000; Monsen &
Blouin, 2003). Nonetheless, amphibian movement
and levels of interpopulation gene flow can be exten-
sive in some taxa (Breden, 1987; Berven & Grudzien,
1990; Marsh & Trenham, 2001; Trenham, Koenig &
Shaffer, 2001; Funk et al., 2005; Smith & Green,
2005). For example, three temperate species that are
specialized in ephemeral breeding sites (Scaphiopus
couchii and Anaxyrus cognatus, Chan & Zamudio,
2009; Epidalea calamita, Rowe, Beebee & Burke,
2000) have been shown to be highly efficient
dispersers possibly compensating for the stochasticity
of breeding sites. These contrasting results confirm
that interpopulation connectivity largely depends on
life-history strategies and local environment (Berry,
2001; Newman & Squire, 2001; Squire & Newman,
2002; Lampert et al., 2003). Such drastically opposite
strategies may have dramatic influence on the larger
scale pattern of biodiversity, as in Bufonids (Van
Bocxlaer et al., 2010).

Considering the contrasted environments (e.g.
climate) and their differences in historical fluctua-
tions, as well as different life-history strategies (e.g.
modes of reproduction) and demography between
most temperate and tropical amphibians, one would
expect striking differences in population structure
(e.g. Chek, Austin & Lougheed, 2003; Eckert, Samis &
Lougheed, 2008). However, comparative material is
scarce, as only a few studies (Leblois et al., 2000;
Lampert et al., 2003; Elmer, Davila & Lougheed,
2007a; Dixo et al., 2009; Robertson, Duryea &
Zamudio, 2009) have focused on tropical amphibians
at a relatively fine scale. Additionally, these studies
have mostly targeted large species with free larval
development, and have largely ignored species that
lack a free-living larval stage (but see Elmer et al.,
2007a), a condition absent in temperate anurans.

In this study we have evaluated the respective
effects of distance and river on the population struc-
ture in a widespread Amazonian species: Adenomera
andreae (Müller, 1923). This species is small bodied,
territorial, displays a terrestrial mode of development
(lecithotrophic development, sensu Dubois, 2005),
with small clutches. Therefore, levels of gene flow are
expected to be low and rivers to act as efficient bar-
riers. Conversely, the continuity of the extensive
forest habitat, species abundance and the ability to
reproduce several times each year should promote
gene flow. Because these characteristics are actually
shared by many co-occurring organisms (Duellman &
Trueb, 1986), A. andreae is, in our opinion, a good
model to study the processes at stake in the evolution
of tropical terrestrial fauna (Fouquet et al., 2009).
Previous phylogeographic work revealed at least six
highly divergent, spatially exclusive mtDNA lineages
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(12S + 16S; ~800 bp) of A. andreae in a small area of
the eastern Guiana Shield (GS) (Fouquet et al., 2012).
These data suggested that this genetic structure
originated during the early Pleistocene from a
complex history of habitat fragmentation linked to
climatic fluctuations. Such evolutionary history is
common among organisms occurring in the GS (in
anurans, Noonan & Gaucher, 2005, 2006; Fouquet
et al., 2007b, 2012; Lötters et al., 2010; in plants,
Duputié et al., 2009; Boisselier-Dubayle et al., 2010).
Yet none of the other species studied so far exhibit
such a high degree of genetic subdivision and diver-
sity within the region.

Using data from 607 bp of cytochrome b and 12
microsatellite loci (Fouquet et al., 2009) for 221 indi-
viduals sampled at two different spatial scales, we
addressed two points. We first determined ‘uncon-
strained’ dispersal ability by examining fine-scale pat-
terns along a ~6-km transect perpendicular to the
Approuague River in the Nouragues reserve with
individuals sampled within the same phylogeographic
unit. Next, we tested the effect of a river as a barrier,
by examining population structure along a ~65-km
stretch (six main sampling points – three on each
bank) of the Approuague River (AR). This approach,
combining different markers and two sampling scales,
has allowed us to infer the interaction between effec-
tive dispersal, rivers and evolutionary history to
explain observed patterns of biological diversity.

MATERIAL AND METHODS
SAMPLING

Our study was designed to successively focus on a
small area of the AR basin. The AR extends ~270 km,
flowing from the south-west to the north-east coast of
French Guiana. In March 2009, during the peak male
calling activity period, 109 individuals were sampled
and geo-referenced at four locations along a ~6-km
transect extending north in the Nourague Reserve on
the west bank of the river: (1) the forest edge of the
isolated Inselberg at the heart of the reserve (NON-
1); (2) near the Inselberg camp (NON-2); (3) the
plateau (Balenfois) 3 km north of the river (NON-3);
and (4) the riverside Parare camp on the Arataï River
(NON-4) (Fig. 1), a tributary of the AR. To allow
paired bank comparisons, we also sampled five loca-
tions with similar habitats during the same period
along the river from headwater in the Arataï tribu-
tary to 60 km from the mouth, corresponding to 112
individuals. Thus, besides samples NON-1 to NON-4
collected from the north (left) bank of the Arataï, we
sampled: (1) the south (right) bank of this tributary
(Parare East = NOS); (2) the two banks at Cisame,
oriented north-east/south-west (CIE and CIW) at mid

river, around 50 km downstream from Nouragues;
and (3) the two banks near Regina, also oriented
north-east/south-west (REE and REW), around 60 km
from the mouth of the Approuague, where the river
banks transition to estuarine habitat. Overall 221
individuals of A. andreae were collected with an
average of 24.5 (SD 6.4) individuals per location
(minimum at NOS, N = 13).

The reasons behind this sampling design are
twofold, both logistical and biological. The location of
infrastructures along the Approuagues allowed this
sampling design. It also makes biological sense given
the downstream part of the Approuagues corresponds
to the estuarine part of the river (large, with rela-
tively stable flow and water level), whereas the
upstream part corresponds to fast-flowing headwaters
(reduced width, with strong fluctuations of flow and
water level). The intermediate location (Cisame) dis-
plays intermediate topology.

DNA EXTRACTION AND PCR PROTOCOLS

Tissue was taken from thigh muscle or liver and
preserved in 95% ethanol. Total genomic DNA was
extracted using Puregen® Gentra™ DNA Tissue Kit
(QIAGEN). A 607-bp cytochrome b (cyt b) fragment
was amplified by standard PCR techniques for
all individuals except six. We used new primers,
LeptoCBF2, 5′-ATTGCMCAAATYGCYACAGG-3′,
and LeptoCBR2, 5′-GTGAAGTTRTCYGGGTCYCC-3′,
designed for the Leptodactylus clade (sensu Frost
et al., 2006) with a 54 °C annealing temperature.
We also used four additional Adenomera species
(Adenomera heyeri, Adenomera hylaedactyla, Adeno-
mera lutzi and an undescribed species from Peru)
and Lithodytes lineatus as out-groups. Sequenc-
ing reactions of the purified PCR products were
obtained in both directions using ABI Big Dye V3.1,
purified with ethanol precipitation, and resolved
on an automated sequencer ABI 3130XL Genetic Ana-
lyzer (Applied Biosystems) at Ecofog (INRA, Kourou,
French Guiana).

The cyt b sequences were edited and aligned with
SEQSCAPE 2.5 (Applied Biosystems) and submitted
to GenBank (Appendix S1).

Nineteen microsatellite loci were amplified follow-
ing Fouquet et al. (2009) for all individuals, except
one. Visualization of amplicon size was performed and
resolved on an automated sequencer ABI 3130XL
Genetic Analyzer (Applied Biosystems). Microsatellite
allele sizes were calibrated using an internal
GeneScan-500 LIZ® size standard. Genotypes were
obtained using GENEMAPPER 3.7 (Applied Biosys-
tems). To ensure reliability, ~10% of the individuals
were genotyped twice, in all cases yielding identical
results.
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Figure 1. A, maximum clade credibility tree inferred from Bayesian analysis in BEAST for the sampled Adenomera
andreae cytochome b haplotypes. The divergence times are indicated below nodes and correspond to the mean posterior
estimate of their age in millions of years. The grey bars indicate the 95% highest posterior density (HPD) interval for the
divergence time estimates. Posterior probabilities > 0.5 are labelled in bold above nodes and are *100 when < 1. Clades are
coded with successive labels A/B, ½, and a/b/c, as well as with different colours. These labels are used on the map to locate
each mitochondrial DNA (mtDNA) clade. B, the TCS statistical parsimony networks are illustrated in front of each
corresponding clade (except for A2a, which holds only two haplotypes). The size of the circle is proportional to the frequency
of the haplotype. The colours correspond to frequency in the corresponding populations coded in the legend above.
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DATA ANALYSES

Cytochrome b
We used BEAST 1.5.4 (Drummond & Rambaut,
2007) with a strict clock of 1% substitutions per Myr
per lineage (2% pairwise divergence) to reconstruct a
time-calibrated phylogenetic tree. We applied a strict
clock because of the limited size of the character
matrix and lack of recent calibration points. The
chosen rate was adopted from previous studies of
tropical anurans (e.g. Lougheed et al., 1999; Elmer,
Davila & Lougheed, 2007b), and allows comparisons
with other studies. We used the software MRMOD-
ELTEST 2.3 (Nylander, 2004) to select the substitu-
tion models that best fit each codon position of cyt b
according to Akaike’s information criterion (Akaike,
1981). Accordingly, a GTR + I + G partitioned model
for each codon position was used, and the tree prior
included the birth–death process, with a UPGMA
starting tree. We undertook a first run of 107 gen-
erations sampled every 1000 generations with
default values to bond the priors (Drummond &
Rambaut, 2003), and then undertook a new run that
comprised 2.107 generations. An adequate burn-in
was determined by examining a plot of the likelihood
scores of the heated chain for convergence on sta-
tionarity in TRACER 1.5 (Rambaut & Drummond,
2007).

To graphically represent the inter-relationships
among closely related haplotypes, and their frequen-
cies, we used TCS 1.21 (Clement et al., 2000) to create
statistical parsimony networks (Templeton et al.,
1992) with a connection limit set to 95%.

Microsatellite locus characteristics and
Hardy–Weinberg equilibrium
We used MICROCHECKER 2.2.3 (Van Oosterhout
et al., 2004) to test for large allele dropout and/or
scoring errors caused by stutter peaks. Null-allele
frequencies were estimated for each sample and locus
by the expectation–maximization algorithm of Demp-
ster, Laird & Rubin (1977), implemented in FREENA
(Chapuis & Estoup, 2007). All loci were polymorphic
with no evidence of large allele dropout or scoring
errors caused by stuttering. High null-allele frequen-
cies (mean over samples > 0.15; data not shown) were
obtained for seven loci; these were excluded from
subsequent analyses. The following analyses are thus
based on the remaining 12 loci.

The total number of alleles, size ranges, and
observed (Ho) and unbiased expected heterozygosity
(He) (Nei, 1973) were calculated for each locus.
The null hypothesis of independence between loci
was tested within each location and over all loca-
tions using a permutation procedure (N = 1000) in
GENETIX 4.05 (Belkhir et al., 1996–2004). Single

and multilocus estimators of FIS (Weir & Cockerham,
1984) in each sample, and departures from panmixia,
were tested with a score test for heterozygote defi-
ciency and default parameters for the Markov Chain
(MC) algorithm (Guo & Thompson, 1992; Raymond
& Rousset, 1995) using GENEPOP 4.0 (Rousset,
2008).

To further investigate the cause of observed
Hardy–Weinberg (HW) disequilibrium (see Results),
the rxyIdentity relatedness coefficient was computed for
each pair of individuals within each sample using
IDENTIX 1.1 (Belkhir, Castric & Bonhomme, 2002).
We then tested whether sample means and vari-
ances differed significantly from their null expecta-
tions under panmixia. The expected distribution was
obtained using 1000 permutations of the genotypes.
Statistically significant higher means would suggest
that individuals are more inbred (i.e. biparental
inbreeding) than expected under random mating,
whereas significantly higher variance would suggest
that multiple groups of related individuals had been
sampled (i.e. family) (Belkhir et al., 2002).

Fine-scale spatial genetic structure and
demographic parameters
The occurrence of spatial genetic structure (SGS)
was tested by applying spatial autocorrelation
analyses and permutation tests implemented in
SPAGEDI 1.0 (Hardy & Vekemans, 2002). We
focused on patterns among the populations NON-1
to NON-4 because of their spatial proximity on a
~6-km transect and the absence of landscape barri-
ers. Following Vekemans & Hardy (2004), the
genetic distance between individuals was estimated
using Nason’s estimator of kinship coefficient
(Loiselle et al., 1995). Kinship values (Fij) were then
regressed on the natural logarithm of the distance
between individuals [ln(dij)]. The significance of the
slope of the regression (bLd) was tested using 1000
permutations of the spatial position of individuals
under the hypothesis of no correlation between
genetic and geographic distances. A correlogram was
used to visualize the shape of the SGS, designing
distance classes that maximized the sample size of
each class. Kinship values were averaged over a set
of different distance intervals d. The [F(d)] values
obtained were plotted against geographic distances.
For each distance interval, individual locations were
permuted (N = 1000) to test for the significance of
the correlation coefficient.

We estimated the so-called neighbourhood size (Nb)
as Nb = -(1 - FN)/bLd, where FN is the mean of Fij

between adjacent individuals i and j, and is approxi-
mated by F(d) for the first distance interval (see
Vekemans & Hardy, 2004). The 95% confidence inter-
val of Nb was computed as (FN - 1)/(bLd + 2SEb) and
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(FN - 1)/(bLd - 2SEb), with SEb, the standard error of
bLd, estimated using a jackknife procedure over loci,
as implemented in SPAGEDI. We then used the
obtained value of Nb to compute a moment estimate
of the mean axial parent–offspring distance (sg) using
the relationship linking the two parameters in a
two-dimensional model of isolation by distance (IBD):
Nb = 4pDes2

g, where De is the effective density
(Rousset, 1997, 2000; Hardy & Vekemans, 1999). To
estimate the effective density, we used individual-
based georeferenced groups of adjacent calling males
that were putatively sampled exhaustively on each
Nouragues sample (each being ~1000 m2). We multi-
plied it by two to include both sexes (which is a gross
estimation for the effective reproductive proportion of
the population, i.e. the ‘effective density’, assuming a
sex ratio of 50 : 50), and obtained a density estimate
of 0.05 individuals m-2. Preliminary results from
mitochondrial DNA (mtDNA) demonstrated the exist-
ence of two shallow lineages in each NON location
and the occurrence of only one cluster and low FST

using microsatellites (see Results). We are thus con-
fident in using these samples as a homogenous group
with which neighborhood size can be estimated.

Clustering analysis, population structure and
relationships, and isolation by distance on a broad
spatial scale
The population structure was analysed using
the Bayesian clustering method implemented in
STRUCTURE 2.2 (Pritchard, Stephens & Donnelly,
2000; Falush, Stephens & Pritchard, 2003, 2007).
This Bayesian approach was used to infer the
number of genetic clusters K from the individual
genotype data set, without information on sample
boundaries, while optimizing the HW and linkage
equilibrium within each cluster. We performed ten
independent runs for each K (from K = 1 to K = 9)
using an admixture and the ‘correlated alleles fre-
quencies’ model, and treating non-amplified geno-
types as null alleles with the recessive alleles option
(Falush et al., 2007). Each replicate was run for
200 000 iterations following a burn-in of 50 000 on
the entire data set (N = 221). An estimate of the
logarithm of the likelihood of observing the data
under each K [‘LnP(D)’] was computed for each run.
These values were then plotted as a function of the
putative number of clusters (K). We selected the
K value using the method of Pritchard et al. (2000),
i.e. by looking for the presence of a plateau and for
the K value that captured the major structure of the
data (Pritchard, Wen & Falush, 2007). We chose this
standard approach over the alternative ‘ad hoc’
approach of Evanno, Regnaut & Goudet (2005)
because the improvement of the latter was ques-
tioned by Waples & Gaggiotti (2006). CLUMPP 1.1

(Jakobsson & Rosenberg, 2007) and DISTRUCT
1.1 (Rosenberg, 2004) were used, respectively, to
average the assignment of each individual over the
different runs and for graphical display (no multi-
modality was observed). Finally, to identify putative
migrants along with individuals with immigrant
ancestry in the last two generations (GENS-
BACK = 2), we ran STRUCTURE again using
cluster assignment information and the K value
obtained at the first run as a prior under the
POPINFO option, with default parameters and
other settings identical to the previous analyses. For
each individual, we thus obtained the posterior
probability (PP) of the individual originating from
the population from which it was sampled.

We used a genetic distance method among AR
populations to examine population affinities. An
allelic frequencies data file was constructed using
GENETIX 4.05 (Belkhir et al., 2004), and PHYLIP
(Felsenstein, 2005) was used to compute the Cavalli-
Sforza chord (Dc) distance matrix, and to then con-
struct a neighbour-joining (NJ) phenogram (Saitou &
Nei, 1987). Node robustness was tested by performing
1000 bootstrap replicates over all loci.

We calculated pairwise qST, an estimator of FST

(Weir & Cockerham, 1984), for each population pair
using GENETIX 4.05. Statistical significance was
tested with 1000 permutations. The maximum value
of genetic differentiation metrics, such as FST, is
constrained by the overall observed heterozygosity of
the genetic markers used, such that the maximum
possible measure of differentiation decreases with
increasing heterozygosity (Hedrick, 1999, 2005). Con-
sequently, to be comparable with other population
genetics studies, we used F′ST (Meirmans, 2006),
which is a standardized measure of FST. F′ST =
FST/FST(max), following Meirmans (2006). Pairwise
FST(max) values among populations were calculated
with FSTAT (Goudet, 1995) after recoding the data
using RECODATA 0.1 (Meirmans, 2006).

We used a regression major axis (RMA) regression
of FST/(1 - FST) against the natural log of linear
geographic distance [ln(dist)], as recommended by
Rousset (1997) for a two-dimensional system, and
implemented in IBDWS 3.15 (Jensen, Bohonak &
Kelley, 2005), to investigate the relationship between
geographical and genetic distances. A Mantel test with
1000 permutations was used to determine whether the
slope of the regression was significantly greater than
zero. All populations were included in the Mantel test.
We also performed additional univariate regressions
including only parts of the data in order to highlight
the observed discontinuities.

Significance levels were corrected using a false
discovery rate (FDR) correction for multiple tests
(Benjamini & Hochberg, 1995).
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RESULTS
MTDNA

Two major clades, estimated to have diverged
~2.9 Mya (mean p distance = 5.5%), were identified.
The three west-bank populations, REE, and half of the
NOS individuals belong to clade A (Fig. 1A). Clade B is
on the other hand composed only of two of the east-
bank samples (CIE and the other half of the individu-
als in NOS). More recent, albeit strong, subdivisions
occur within the two major clades. Clade A is differen-
tiated into clade A1, present in all west-bank popula-
tions and half of the NOS individuals, and clade A2,
present in REE on the east bank. These two clades are
estimated to have diverged 1.6 Mya (mean p dis-
tance = 2.2%). Clade A1 is further subdivided into
three closely related haplogroups: A1a, restricted to
NON; A1b, found in NON, NOS, and CIW; and A1c,
found in CIW and REW. Both clades A1a and A1b
occurring in NOU populations are represented in each
of these four populations. All nodes are strongly sup-
ported (PP � 0.95), except among subclades within A1.
Clade B is subdivided into three lineages, two of which
occur in CIE and the third one that occurs in NOS.

Interestingly, although downstream there is very
strong differentiation among populations on opposite
sides of the river, upstream the NOS and NON popu-
lations share two haplotypes of clade A1b. This clade
is, however, otherwise restricted to the west bank,
and the rest of the individuals in the NOS population
harbour clade-B haplotypes.

MICROSATELLITE LOCI CHARACTERISTICS AND

HARDY–WEINBERG EQUILIBRIUM

The total numbers of alleles ranged from eight for
Adan-18 to 44 for Adan-27, with a mean of 19.4 ± 10.1

(SD) alleles per locus (Table 1). Observed and unbi-
ased heterozygosity varied, respectively, from 0.541
for Adan-29 to 0.84 for Adan-12, and from 0.609 for
Adan-29 to 0.939 for Adan-27 (Table 1). No significant
linkage disequilibrium among loci was detected con-
sidering the global data set or each location indepen-
dently after correction for false discovery rate. Within
each sample we observed significant heterozygote
deficiencies, with FIS values ranging from 0.18 in CIE
to 0.6 in NOS and REW, with a mean value equal to
0.10 (Table 1). Considering each locus separately, FIS

values ranged from -0.31 for Adan-40 for REW to
0.64 for Adan-43 for CIE. Departures from panmixia
varied between loci and samples. Adan-27 showed
significant heterozygote deficiencies in six of the nine
populations, whereas panmixia could not be rejected
for Adan-22, Adan-12, and Adan-18 in any population
(Table S1). None of the nine populations displayed a
mean relatedness coefficient that was significantly
different from expected values with random mating
(rxyidentity ranged from 0.271 in NOS to 0.355 in REW)
(Table 2). However, four samples displayed variance
values that were significantly different than expected
under panmixia. Variance was greater than expected
in three populations (CIE, REE, and NON-2), and
was lower in one (NON-4) (Table 2).

FINE-SCALE GENETIC STRUCTURE

Considering the four NON samples as a whole (except
the two identified migrants via the POPINFO option,
see below), the observed bLd value was significantly
different from zero (P < 0.001). The autocorrelogram
(Fig. 2) confirms the decrease of the kinship coeffi-
cient with increasing geographical distance. Correla-
tion coefficients only significantly differed from 0 for

Nouragues populations IBD
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Figure 2. Autocorrelogram of the Nouragues (NON) individuals using ten distance classes. Vertical bars indicate the
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the first (mean = 30 m; 0–60 m) and the eighth dis-
tance classes (mean = 4.3 km; 4.2–4.4 km). The neigh-
bourhood size (Nb) equalled 462 individuals (95% CI
215–3164), leading to a sg value equal to 27.1 m
(95% CI 18.5–78.9 m) when considering an approxi-
mate estimated density of 0.05 individuals m-2.

CLUSTERING ANALYSIS AND RELATIONSHIP

BETWEEN SAMPLES

Bayesian assignment analyses identified four clus-
ters (K = 4) (Fig. 3A). One cluster (A) corresponds to
NON. Downstream populations on each side of the
AR make up two further clusters: cluster B (CIW
and REW) and cluster C (CIE and REE), respec-
tively. The fourth cluster (D) corresponds to NOS.
STRUCTURE analysis failed to detect significant
subdivision among the four NON sampling sites
when analysed separately (not shown). Very limited
dispersal among populations was inferred based on
the assignment tests using the POPINFO option in
STRUCTURE. Only two individuals out of 221
(0.9%; identified with asterisks in Fig. 3B) were
assigned to a different population than the one they
had been sampled from. One individual from NON-4
was identified as a migrant (PP < 0.01) from NOS.
The other individual from NON-1 displayed only a
PP = 0.25 of being from that population, suggesting
that it could have had recent immigrant ancestry.

The NJ tree based on Dc, calculated among AR
populations, provides complementary information
(Fig. 4). The downstream east-bank populations
(CIE + REE) and west-bank populations (CIW +
REW) formed clusters with high bootstrap (BP)
values (91.8 and 91.9%, respectively) that together
form a downstream cluster (BP = 92.6%) divergent

from the cluster formed by the NON populations
(BP = 92.6%). The NOS population lies apart from the
other populations.

POPULATION STRUCTURE AND IBD

Most pairwise FST values were high and significant,
with maximum values involving NOS (maximum
FST = 0.17, NOS versus REW; maximum F′ST = 0.58,
NOS versus CIE) (Table 3). Among NON populations,
FST values were generally not significant, suggesting
genetic homogeneity; only NON-2 was significantly
distinct from the other NON samples, but with
low FST (0.0072–0.0154) and F′ST (0.027–0.061)
values.

A significant correlation was detected between
genetic [FST/(1 - FST)] and geographical distances
[ln(dist)] (Z = 4.51, r = 0.40, P = 0.014; Fig. 5). When
NOS was removed, we observed a strong increase in
the fit of the correlation among the remaining
samples (including transriverine comparisons)
(Z = 3.04, r = 0.55, P = 0.008, RMA slope = 0.069,
95% CI 0.053–0.091). When using simple correlation
trends over data partitions, NOS versus other popu-
lations and transriverine comparisons clearly lie
outside the general correlation trend and the com-
parisons involving NON populations (Fig. 5). Such
results are only suggestive, and must be interpreted
with caution given the small number of populations
involved.

DISCUSSION

Our analyses revealed deep genetic structure among
populations of A. andreae sampled along the AR. Mic-
rosatellite markers as well as mtDNA distinguish

Table 2. Number of individuals per population (N) and values of observed and expected heterozygosity (Ho and He), and
their SDs in brackets, relatedness coefficient, and variance

Population N Ho He rxyidentity VARrxy

NON-1 31 0.675 (0.121) 0.721 (0.129) 0.306 0.0106
NON-2 25 0.663 (0.168) 0.716 (0.122) 0.319 0.0130
NON-3 20 0.704 (0.128) 0.745 (0.097) 0.275 0.0091
NON-4 33 0.700 (0.094) 0.736 (0.105) 0.307 0.0083
NOS 12 0.701 (0.229) 0.714 (0.198) 0.271 0.0085
CIW 24 0.625 (0.158) 0.689 (0.157) 0.278 0.0086
CIE 24 0.590 (0.197) 0.701 (0.159) 0.301 0.0123
REW 22 0.616 (0.208) 0.644 (0.177) 0.355 0.0089
REE 30 0.621 (0.186) 0.701 (0.170) 0.307 0.0123
Overall 221 0.655 0.784

Variance values significantly greater than expected are indicated in bold.
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Figure 3. Bayesian assignment analysis from STRUCTURE. A, plot of the logarithm of the likelihood of each replicate
from K = 1 to K = 10. B, individual assignment probabilities with K = 4. Populations are indicated below and clusters are
named from A to D. Asterisks indicate significance for individuals identified as migrant with the POPINFO option.
C, maps display the distribution of the different clusters along the Approuagues River with each population-associated
graph representing the proportion of probabilities of assignment in each cluster: 1, on the Approuagues River; 2, on the
Nouragues transect.

Table 3. FST and F′ST values

FST/F′ST NON-1 NON-2 NON-3 NON-4 NOS CIW CIE REW REE

NON-1 – 0.0274 0.0223 0.0209 0.4410 0.2173 0.3287 0.2463 0.2901
NON-2 0.0072** – 0.0550 0.0605 0.4233 0.2313 0.3842 0.2852 0.3643
NON-3 0.0055 0.0136*** – -0.0013 0.4330 0.2832 0.3344 0.3317 0.3026
NON-4 0.0053 0.0154*** -0.0003 – 0.3851 0.2522 0.3008 0.2385 0.2597
NOS 0.1137*** 0.1095*** 0.1038*** 0.0957*** – 0.4605 0.5767 0.5639 0.5349
CIW 0.0604*** 0.0646*** 0.0745*** 0.0679*** 0.127*** – 0.3625 0.2089 0.3561
CIE 0.0893*** 0.1048*** 0.0856*** 0.0791*** 0.1545*** 0.1045*** – 0.4052 0.1866
REW 0.0737*** 0.086*** 0.0949*** 0.0692*** 0.1699*** 0.0663*** 0.1259*** – 0.3351
REE 0.0798*** 0.1007*** 0.0788*** 0.0693*** 0.1457*** 0.1038*** 0.0532*** 0.1049*** –

Significance: **P < 0.01; ***P < 0.001.
Non-significant values are set in bold.
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populations upstream from those downstream, as well
as those on opposite banks of the AR. We find a nearly
complete absence of transriverine gene flow and a
strong effect of geographic distance on genetic struc-
ture at small scale among Nouragues populations.
These results suggest that the observed population
structure in A. andreae results from restricted dis-
persal abilities combined with the action of rivers and
Quaternary population isolation.

FINE-SCALE GENETIC STRUCTURE AND

HARDY–WEINBERG DISEQUILIBRIUM

Spatial genetic structure was detected on a fine scale
(Fig. 2) between individuals separated by a few
hundred metres, unambiguously supporting the
hypothesis of low dispersal in this species. We char-
acterized this dispersal by estimating the mean axial
parent–offspring distance: sg = 27.1 m (95% CI 18.5–
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Figure 4. Unrooted neighbour-joining phylogram, based on the Cavalli-Sforza chord distance for the nine Approuagues
River populations. Bootstrap values from 1000 replicates are indicated.
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78.9 m). To our knowledge, the individual-based SGS
of Amazonian amphibians has only been demon-
strated for the frog Pristimantis kichwarum (Elmer
et al., 2007a), a directly developing species of similar
body size in which patch size (comparable with mean
axial parent–offspring distance; for a discussion, see
Fenster, Vekemans & Hardy (2003) was estimated at
260 m. Cabe et al. (2007) observed an even smaller
patch size in the direct developing North American
salamander Plethodon cinereus (3.53 m), and Driscoll
(1998) reported genetic neighbourhoods as small as
30 m in a direct developing Australian frog of the
genus Geocrinia. Compared with most studies focus-
ing on vertebrate species our values are very low (e.g.
in Martes americana sg = 3.8 km, Broquet et al., 2006;
in Ptermys volens sg = 2.9 km, Selonen, Hanski &
Painter, 2010; but in Microtus arvalis sg = 88 m,
Gauffre et al., 2008 ). Given male territoriality and
parental investment (Kokubum & Giaretta, 2005;
Almeida & Angulo, 2006; Menin, Almeida &
Kokubum, 2009), we may expect a female-biased dis-
persal in this species (Greenwood, 1980). As we
mostly sampled calling males we cannot rule out this
hypothesis. Nevertheless, the particularly strong
structure seen in maternally transmitted mtDNA
(Fig. 1) suggests that females disperse very little.
Such limited dispersal for this species is probably
linked with life-history traits such as terrestrial
development, territoriality, and small body size.

We observed a general heterozygote deficiency
within each population, challenging the hypothesis of
panmixia in these samples. Heterozygote deficiency
could result from null alleles, inbreeding, the
Wahlund effect, or from the ‘family’ Wahlund effect
(i.e. non-random sampling from a limited number of
families; Pudovkin, Zaykin & Hedgecock, 1996). Dis-
entangling these factors is notoriously difficult (e.g.
Castric et al., 2002). Although loci with high null-
allele frequencies were discarded, the influence of null
alleles cannot be completely ruled out. However, the
low rates of null alleles computed with FREENA
(mean over loci and populations < 0.04) for the 12
remaining loci, and the fact that heterozygote defi-
ciency occurs for most loci and populations, suggests
that this deficiency is probably inherent to the species
biology. Although the results of the relatedness coef-
ficient analysis allow us to reject the occurrence of
biparental inbreeding in the samples, they confirm
the presence of several small groups of related indi-
viduals in three localities. One explanation for the
observed heterozygote deficiencies could thus be a
Wahlund effect resulting from the presence of a
limited number of ‘families’ or kin groups in our
samples. This result is consistent with the observed
SGS that could result from the formation of a local
pedigree structure (Wright, 1943). Interestingly, SGS

and heterozygote deficiencies on a similar spatial
scale were also reported in Pristimantis kichwarum,
but they were not associated with significant variance
in relatedness values, leading Elmer et al. (2007a) to
reject the occurrence of family structure, but they did
not provide a clear alternative explanation for the
deviation from panmixia. Pristimantis kichwarum
belongs to Terrarana, a clade of direct-developing
frogs for which territoriality has also been observed
(Wells, 2007). Explosive breeders, on the other hand
generally exhibit a pattern of panmixia (Chan &
Zamudio, 2009; Knopp & Merilä, 2009). Despite the
obvious need for additional studies to further explore
this phenomenon in A. andreae, we suggest that the
territoriality and restricted dispersal abilities in this
species could result in the association of related indi-
viduals in small, spatially structured groups that is
likely to explain the deviation from panmixia.

The consequences of low dispersal ability may scale
up to explain patterns at larger geographical scales.
The IBD observed among populations is consistent
with the restricted dispersal ability of A. andreae.
Isolation by distance between amphibian populations
has been reported in many species (Vences & Wake,
2007). In tropical species IBD was observed at com-
parable spatial scales in Engystomops pustulosus
(Lampert et al., 2003) and Eleutherodactylus coqui
(Peacock et al., 2009). Although dispersal is very
limited in A. andreae, the degree of differentiation
(F′ST; Table 3) observed among the four NON sites
(~6 km) is not markedly different from that of most
temperate anurans studied at similar spatial scales
(e.g. Rana arvalis, Vos et al., 2001; Rana luteiventris,
Funk et al., 2005; for a review, see Chan & Zamudio,
2009). Measures of population differentiation such as
FST are linked to gene flow, but also to other demo-
graphic parameters such as effective population size
(see Hedrick, 2005; Meirmans & Hedrick, 2011). Our
focal species remains poorly known in terms of repro-
duction biology (number of reproductions per year per
individual, survival, longevity, etc.), but we hypoth-
esize that the effective population size is probably
very high, and that it may compensate for the effect
of low dispersal on FST compared with temperate
species.

Rivers act as barriers
As found in other amphibians, our results also indi-
cate that, in addition to life-history traits and dis-
tance, rivers influence population structure by acting
as barriers to gene flow (e.g. Hedgecock, 1978;
Lampert et al., 2003; Noonan & Wray, 2006; Funk
et al., 2007). The AR appears to represent a consid-
erable barrier to gene flow, especially in its lower
reaches, where it attains its greatest breadth (~300 m
in Régina versus ~100 m in Cisame). In the present
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case, the downstream populations of A. andreae on
each side of the river (CIW and REW versus CIE and
REE) are highly differentiated from their neighbour-
ing populations on the opposite bank. The case of the
two Cisame populations is compelling: they do not
display any allele sharing, but are only ~100 m apart
and harbour mtDNA lineages that are highly diver-
gent (~2.9 Mya). Moreover, the plot of FST/(1 - FST)
versus ln(geographical distance) confirms a dis-
continuity in transriverine comparisons (Fig. 5).
Upstream, where the Arataï tributary is narrower
(~30 m wide, and with the presence of islands) and
probably shallower, it appears to be a less effective
barrier to migration, as migrants were detected
bi-directionally between NOS and NON with both
mitochondrial and nuclear markers.

Rivers are prominent landscape features in Amazo-
nia, and their role in shaping the genetic structure
and distribution of species has long been recognized
by biologists (Wallace, 1852). However, the impor-
tance of rivers in shaping patterns of biodiversity
may depend on taxon-specific life-history traits (e.g.
Gascon et al., 1998, 2000; Lougheed et al., 1999), or
river-specific features (Bates et al., 2004). The large
rivers of the Amazon are known to be able to change
course (Lundberg et al., 1998). However, this may be
less common for smaller, more channelled, and stable
clear-water rivers (Bates et al., 2004) of the Brazilian
and Guianan shields (e.g. the AR). In the current case
of a small-bodied, terrestrial, and endotrophic species,
the impact of rivers on the genetic structure is clearly
important. The generalization of this result to other
species along the Approuague and other rivers
remains to be investigated, as the impact of rivers on
Amazonian biodiversity dynamics may be essential.

HISTORICAL PROCESSES AND

EVOLUTIONARY SCENARIO

Is dispersal so restricted by distance and rivers in this
particular species that it could enhance the effect of
historical fragmentation, and be responsible for such a
patchy phylogeographic pattern? The small body size,
territoriality, mode of development (terrestrial, no
larval dispersal), and small clutch size of A. andreae
probably act negatively on the levels of gene flow, and
rivers act as efficient barriers. Conversely, the conti-
nuity of the extensive forest habitat, putative large
population, and the ability to reproduce several
times each year (implicit from Kokubum & Giaretta,
2005; Kokubum & de Sousa, 2008; Menin et al., 2009;
A. Fouquet, pers. observ.) should promote gene flow.

The cumulative effects of limited dispersal and
river barriers clearly have a major impact on the
observed population structure. However, even such
limited dispersal ability becomes significant over long

temporal scales (a simple projection of the mean axial
parent–offspring distance of ~30 m, with a 1-year
generation time for 100 000 years leads to 2700 km).
Moreover, given that cross-river gene flow does occur
upstream, it is unlikely that only limited dispersal
and rivers could have generated the overall genetic
structure seen in mtDNA and microsatellites. More-
over, a strong genetic structure is also observed in
proximate locations on each side of the river. Features
of this structure at the scale of the Guiana Shield are
recurrent among co-occurring frog species (Noonan &
Gaucher, 2005, 2006; Fouquet et al., 2012), and prob-
ably have a concomitant origin in the early Pleis-
tocene (Fouquet et al., 2012), which matches the basal
split estimated herein at 2.9 Mya. This pattern has
also been found in other organisms in this region (e.g.
Duputié et al., 2009), indicating an origin that is
probably coincident with the drastic environmental
changes that arose during Quaternary climatic
fluctuations (e.g. Mayle et al., 2004; Colinvaux, De
Oliveira & Bush, 2000). The exact nature of these
environmental changes, like the turnover of savan-
nahs or dry forest versus evergreen forest, or just
shifts in the composition of communities, is subject to
debate, but the accumulation of evidence from phylo-
geographic studies leaves little doubt that they have
drastically shaped the genetic structure of most GS
organisms.

Therefore, we argue that the effects of a particu-
larly low dispersal ability and rivers overprinted the
pre-existing structure in A. andreae, and produced a
far more pronounced pattern than in any other
species studied to date in this area. In this view,
rivers may have acted, and still do, as areas of sec-
ondary contact, limiting the already low dispersal
rates and thus preserving and subdividing the genetic
structure generated by past habitat disruption, rather
than causing the initial isolation and divergence.
Given that frog species with small body sizes and
direct or terrestrial development represent a large
proportion of the Neotropical amphibians, a signifi-
cant portion of the amphibian species are likely to
exhibit similar patterns over small spatial scales.

CONCLUSION

On a broader scale, clade-specific life-history traits, in
conjunction with dispersal ability, may shape pat-
terns of diversification (Losos, 2010). The tremendous
diversification of direct-developing anuran lineages
has been interpreted as potentially resulting from
their mode of reproduction, fostering high family
mortality, and consequently diversification (Dubois,
2005), a hypothesis contested by Vences & Wake
(2007). An alternative view is that the consequences
of these modes of reproduction on genetic struc-
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ture and diversification are linked to associated
life-history traits. In other words, we argue that
direct-developing/endotrophic amphibians, like most
Adenomera spp., are likely to have low dispersal
capabilities driven by a combination of life-history
strategy traits (small size, no larval dispersal, terri-
toriality, etc.) that promote small-scale differentiation
and ultimately speciation. Moreover, limited ecologi-
cal tolerance to climatic disturbance promotes the
isolation of small demes (Moussalli et al., 2009), and
this, combined with low dispersal ability, would
promote genetic differentiation and at least partly
explain the observation of highly divergent lineages
in close proximity and even sympatry.

As suggested by Buckley (2009), the explanatory
power of phylogeographic inference would be greatly
enhanced by incorporating information from different
levels, such as population genetics and molecular
ecology. Understanding the combined effects of low
gene flow and rivers helps distinguish the print of
historical events at larger scale in A. andreae. The
case presented here provides insight into the com-
plexity of interactions among mechanisms structuring
Amazonian biodiversity.
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