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Ecological speciation involves the evolution of reproductive isolation and niche divergence in the absence of a physical barrier

to gene flow. The process is one of the most controversial topics of the speciation debate, particularly in tropical regions. Here,

we investigate ecologically based divergence across an Amazonian ecotone in the electric fish, Steatogenys elegans. We combine

phylogenetics, genome scans, and population genetics with a recently developed individual-based evolutionary landscape genetics

approach that incorporates selection. This framework is used to assess the relative contributions of geography and divergent

natural selection between environments as biodiversity drivers. We report on two closely related and sympatric lineages that

exemplify how divergent selection across a major Amazonian aquatic ecotone (i.e., between rivers with markedly different

hydrochemical properties) may result in replicated ecologically mediated speciation. The results link selection across an ecological

gradient with reproductive isolation and we propose that assortative mating based on water color may be driving the divergence.

Divergence resulting from ecologically driven selection highlights the importance of considering environmental heterogeneity in

studies of speciation in tropical regions. Furthermore, we show that framing ecological speciation in a spatially explicit evolutionary

landscape genetics framework provides an important first step in exploring a wide range of the potential effects of spatial

dependence in natural selection.

KEY WORDS: Adaptive divergence, Amazon Basin, CDPOP, ecological genomics, evolutionary landscape genetics, isolation by

environment.

Studying the evolution of reproductive isolation and niche di-

vergence in the absence of a physical barrier to gene flow is an

important endeavor in speciation research. Ecological speciation

results from divergent natural selection acting on adaptive traits

responsible for post- and prezygotic reproductive isolation along

a continuum from adaptive variation within panmictic popula-

tions to complete reproductive isolation between species (Coyne

1992; Schluter 2000, 2009; Rundle and Nosil 2005; Hendry 2009;

Hendry et al. 2009; Nosil et al. 2009a). Yet, despite the growing

acceptance that divergent selection has generated much of life’s

diversity (Schluter 2000, 2001; Coyne and Orr 2004; Nielsen

2005; Rundle and Nosil 2005; Nosil et al. 2009b; Schluter 2009),

our understanding at a molecular level of how environmental het-

erogeneity influences complex evolutionary processes, such as

adaptation and gene flow, is still limited (but see “geographic

mosaic hypothesis”; Thompson 2005). This deficiency can be

partly explained by the historical reliance of population genetic

surveys on information from putatively neutral genetic markers

(Holderegger and Wagner 2008; Storfer et al. 2010). Nowadays,

there is a growing capacity to gain information from functionally
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important genes or genomic regions targeted by selection (e.g.,

via genome scans: Beaumont and Balding 2004) and as a result,

divergent selection can now be examined within a spatial frame-

work that includes environmental heterogeneity in the underlying

speciation processes (Feder et al. 2012). Moreover, the emerging

field of landscape genetics, which explores the degree to which

complex landscape facilitates the movement of organisms (Manel

et al. 2003; Storfer et al. 2007, 2010), is also beginning to include

selection-driven loci in spatial selection environments providing

a powerful approach for studying ecological speciation systems

(e.g., Landguth et al. 2012).

However, the space–ecology relationship is complex and

there are several known spatial and selective pathways that may

result in divergent natural selection in the face of gene flow.

These range from complete sympatric speciation through to sec-

ondary contact after allopatric isolation (Endler 1977; Coyne and

Orr 2004). Indeed, numerous environmental factors as well as

geographical distance and geomorphological history may be cor-

related with a signature of adaptive divergence. These effects

must be controlled for to detect ecologically mediated adaptive

divergence (Lee and Mitchell-Olds 2011). If selection is driving

divergence between populations, gene flow should be reduced

between selective environments. In turn, if geography is driv-

ing divergence, geographic distance and physical barriers should

reduce gene flow. Yet, both these processes may be occurring

simultaneously. As such, many studies of adaptive divergence

and ecological speciation must consider the contribution of both

space and selective environment (e.g., Crispo et al. 2006; Nosil

2008; Thorpe et al. 2008; Labonne and Hendry 2010; Lee and

Mitchell-Olds 2011; Cooke et al. 2012b).

In this study, we explore a system in which two codistributed

and cryptic species of Amazonian electric fish seem to suggest

genetic divergence in parallel across the same environmental gra-

dient. This scenario offers an opportunity to use “genome scans”

of selection with empirical data and spatially explicit individual-

based simulations to build evidence for the process of divergent

natural selection in the wild across space and selective environ-

ments. Indeed, the comparison of landscape patterns of selected

loci (“outlier loci” that exhibit exceptionally high genetic differ-

entiation) to those of neutral loci can assist in the dissection of the

space–ecology relationship. Furthermore, an even greater under-

standing of how the environment influences ecological speciation

is expected from studies that use “natural replicates of the eco-

logical speciation in progress” (sensu Rosenblum and Harmon

2011). Studies of replicated speciation events have included com-

parisons of closely related lineages in geographically separate but

similar environments (e.g., whitefish [Lu and Bernatchez 1999];

sticklebacks [Berner et al. 2009]) and of distantly related lineages

in a shared environment (e.g., lizards [Rosenblum and Harmon

2011]). Both scenarios are expected to assist with the discovery

of general rules about divergent natural selection that may result

in ecological speciation.

The South American electric fish, also known as knife fish

or weakly electric fish (Teleostei: Gymnotiformes), are nocturnal

organisms with very poor vision that inhabit deep river chan-

nels and floating floodplain meadows (Albert 2001). They have

evolved elaborate electrosensory systems capable of emitting and

decoding electrical discharges (Bass 1986). The system is used

for both electrolocation and communication, and certain aspects

of the rhythmic electric organ discharge (EOD) are not only

species specific, but may also be sexually dimorphic (Kramer

et al. 1981; Hagedorn and Carr 1985; Crampton 1998; Stoddard

1999). It is thought that predation avoidance initiated the evolution

of EOD complexity in Gymnotiformes. However, sexual selection

exploited this complexity, resulting in further signal elaboration

co-opted for mate attraction (Stoddard 1999).

Our study organism is the barred electric fish, Steatogenys

elegans (Hypopomidae), a taxon distributed throughout the low-

land freshwaters of the Amazon and Orinoco Basins and the

Guyana Shield (Albert 2001). Like other electric fish, EOD sex-

ual dimorphism has been noted in many species of this family,

and is likely involved in prezygotic isolation (Stoddard 1999).

We examine the relationship between genetic variation and selec-

tion within S. elegans in three major river systems of the Ama-

zon Basin: the Amazon River and its two largest tributaries, the

Negro and Madeira Rivers (Fig. 1). The study area encompasses

a putatively strong selection gradient represented by an aquatic

ecotone with dramatic differences in hydrochemical properties,

sediment composition, and optical characteristics. These differ-

ences are best illustrated in terms of “water color.” Black water

(i.e., Negro River), although translucent, is stained dark by tan-

nins and humic acids leached from vegetation, has an acidic pH

(�5 or lower), and is nutrient-poor. White water (i.e., Amazon

and Madeira Rivers), by contrast, has an Andean origin, is very

turbid with high amounts of dissolved solids and nutrients, and

has a neutral pH (�7) (Sioli 1984). Within our study transect, the

black waters of the Negro River coalesce into the white waters of

the Amazon River generating a steep ecological gradient—this is

clearly illustrated in the transition region known as the “meeting

of waters” (Fig. 1A). The transect also allows controlling for ge-

netic structure geographically associated with the confluence of

a river by comparing systems with the same water type (i.e., the

Madeira and Amazon Rivers).

Here, we investigate divergent natural selection in the elec-

tric fish S. elegans across an Amazonian aquatic ecotone by com-

bining methods in phylogenetics, genome scans, and population

genetics with a recently developed individual-based evolution-

ary landscape genetics approach that incorporates selection. The

individual-based, spatially explicit, and environmentally driven

landscape genetics approach has yet to be applied to addressing
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Figure 1. The nine sampling localities of S. elegans in the Amazon Basin together with summarized phylogenetic results. Pie charts

show the proportion of individuals in each sampled site assigned to mitochondrial phylogroup A, B, or C (blue, A; yellow, B; red, C). Insets

show (A) the sampling area within northern South America; (B) the meeting of the black waters of the Negro River and white waters of

the Amazon River (near our site A2); (C) maximum likelihood tree based on mitochondrial ATPase 6 and 8 sequences (bootstrap support

values are show in Fig. S1, i); (D) maximum likelihood tree based on nuclear RAG1 sequences (bootstrap support values are shown in

Fig. S1, ii).

questions in divergent natural selection and ecological speciation

in the wild, making this study a first of its kind. Our initial aims

are (1) to assess the relative contributions of geography and di-

vergent selection between environments as biodiversity drivers in

Amazonian electric fish using phylogenetics, genome scans, and

population genetics, and (2) to evaluate the sensitivity of simu-

lations of riverscape genetics under a range of spatial selection

scenarios by comparing them with the empirical riverscape ge-

netic results. Unexpectedly, we report on two cryptic and divergent

species within S. elegans that are sympatrically distributed across

our vast study region. The two species show similar intraspecific

patterns of divergence in relation to the same selective environ-

ment, a finding suggestive of progress toward replicated incipient

ecological speciation. Our landscape genetics results provide sup-

port to this hypothesis, indicating that computational approaches

that explicitly evaluate the interactions between gene flow and

selection can be extrapolated to empirical studies in complex sce-

narios. To the best of our knowledge, this represents one the first

replicated cases of incipient ecological speciation in Amazonia

and has implications to understand how environmental hetero-

geneity influences the distribution and evolution of biodiversity

in this complex and species-rich ecosystem.

Methods
SAMPLING AND GENETIC MARKERS

We sampled S. elegans at nine sites (N = 233 individuals) from

the three major river systems of the Amazon Basin; the Negro

(black water), Amazon (white water), and Madeira (white water)

Rivers (Fig. 1) in 2005 and 2008 (see Supporting Information
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Methods for details about sampling). Geographic coordinates and

hydrochemical variables were recorded at each site (Table S1).

Muscle tissue was dissected from each fish and ethanol-preserved

DNA was extracted using a salting-out protocol (Sunnucks and

Hales 1996).

Sequence data were obtained from two mitochondrial DNA

(mtDNA) regions, the adenosine triphosphatase subunits 6 and 8

(ATPase 6 and 8), for all samples and two outgroups (Sternopygus

macrurus and Rhamphichtys rostratus). Results from the mtDNA

phylogenetic analysis (described below; Figs. S1, S2) were used

to select a subset of samples (N = 18) representing each mono-

phyletic group to be sequenced for a single-copy nuclear DNA

fragment of the recombination-activating gene 1 (RAG1), plus

the two outgroup taxa. Primers and amplification conditions used

for the polymerase chain reactions (PCRs) for the mtDNA and

nuclear genes and sequencing protocol are detailed in Cooke

et al. (2012c).

Amplified fragment length polymorphisms (AFLPs) were

generated for all samples following a modified protocol (Zenger

et al. 2006). Details about the PCR procedure and scoring of

AFLP profiles are found in Cooke et al. (2012a). AFLPSCORE

version 1.4 (Whitlock et al. 2008) was employed to calculate the

mismatch error rate for our data using �10% of our samples as

replicates for each primer combination.

PHYLOGENETIC ANALYSES AND DIVERGENCE

DATING

Phylogenetic relationships based on mtDNA ATPase 6 and 8 and

nuclear RAG1 sequences were investigated using maximum par-

simony, neighbor-joining, maximum likelihood, and Bayesian in-

ference (BI) (see Supporting Information Methods for details).

Divergence times between the main lineages recovered based on

mtDNA and nuclear datasets (see Results) were then estimated as

time to most recent common ancestor (Tmrca; details in Supporting

Information Methods).

GENOME SCANS OF SELECTION

Phylogenetic analyses provided strong support for two divergent

clades that appear further separated in lineages A, B, and C (see

Results). We searched for positive selection within each clade us-

ing two distinct analytical approaches. First, DFDIST (Beaumont

and Nichols 1996) was used to identify outlier loci, which un-

der a scenario of divergent selection should display significantly

higher FST values than the majority of neutral loci in a sample. We

chose not to specifically test for loci with unusually low FST (i.e.,

expected to be under balancing selection) because divergence-

based methods are known to have little power to detect stabilizing

selection (Beaumont and Balding 2004). Outlier loci were iden-

tified by comparing their specific FST values with a null FST

distribution estimated from the empirical data using the method

of Zhivotovsky (1999). Using the null distribution, a “trimmed”

mean FST was calculated by removing 30% of the highest and

lowest FST values (Beaumont and Balding 2004). The “trimmed”

mean represents the “neutral” FST value, uninfluenced by loci un-

der stabilizing or directional selection. The null distribution was

generated using 50,000 realizations, and analyses were performed

excluding loci with allele frequencies higher than 0.98 and using

a smoothing parameter of 0.04. DFDIST was used to search for

directional selection in pairwise comparisons between locations

within each clade. In an attempt to exclude type I errors outlier

loci detected using DFDIST, loci were classified into three groups

(after Nosil et al. 2008): (1) putatively neutral loci, (2) nonrepeat

outlier loci, outliers detected in only one pairwise comparison, and

(3) repeat outlier loci, outliers detected in multiple comparisons.

Additionally, we noted the geographic and ecological setting of

these outliers to make inferences about the possible forces driving

outlier behavior. Nonrepeat outlier loci were considered potential

type I errors, irrespective of their P-value. Thus, only repeat out-

lier loci were considered as loci under selection and removed from

the AFLP dataset for subsequent analyses.

Additionally, we used the Bayesian method implemented in

BAYESCAN (Foll and Gaggiotti 2008) to estimate the probability

that each locus is subject to selection. BAYESCAN defines two al-

ternative models: (1) the effect of selection included and (2) the

effect of selection excluded. Here, model choice is based on the

posterior model probabilities (Bayes factors) and evidence for se-

lection is based on Jeffreys (1961) scale of evidence. The sample

size was set to 10,000 and the thinning interval was set to 20,

and all loci were ranked according to their estimated posterior

probability. Three independent runs were performed to check the

consistency between detected outliers. BAYESCAN was run sepa-

rately for each lineage.

EMPIRICAL RIVERSCAPE GENETICS

For the empirical dataset, Nei’s (1972) standard genetic dissim-

ilarity coefficient (DN72) and population structure (FST and �B)

based on AFLP was assessed within each lineage (A and BC) ac-

cording to Lynch and Milligan (1994). Population structure was

calculated for both total and putatively neutral datasets. Genetic

subdivision was investigated using the putatively neutral AFLP

data in STRUCTURE version 2.3.1 (Falush et al. 2003). We use the

admixture model to determine the number of populations (K) by

following the �K method of Evanno et al. (2005) and also by

comparing the log-likelihood ratios across multiple independent

runs by varying the assumed number of K. Each run consisted

of a burn-in phase of 100,000 iterations, followed by 1,000,000

iterations.

To test for an association between genetic (θST) and geo-

graphic distance measured as riverine distance (isolation by dis-

tance; Wright 1943), we used Mantel permutation tests (Mantel
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1967) in ARLEQUIN 3.5.1.2 (Excoffier et al. 2005) for each mtDNA

lineage (i.e., A, B, and C), and in GENALEX 6.1 (Peakall and

Smouse 2006) for each cryptic species (i.e., 1 and 2) using the pu-

tatively neutral AFLP dataset. Associations between population

genetic structure and hydrochemistry (i.e., a test of isolation by en-

vironment) were explored with an analysis of molecular variance

(AMOVA) using neutral AFLP data (Excoffier et al. 1992). Two

AMOVAs were conducted for each cryptic species within each

dataset: (1) white water populations (M1, A1–A6) versus black

water populations (N1 and N2), and (2) white water Amazonas

sites (A1–A6) versus white water Rio Madeira (M1). The latter

tests for genetic differentiation associated with drainage structure

(in this case, the tributary confluence of the Madeira River) by

comparing populations from different rivers that have the same

water color (i.e., type I error rates).

SIMULATING RIVERSCAPE GENETICS

We simulated individual genetic exchange over 100 nonover-

lapping generations as a function of individual-based move-

ment, mating, dispersal, and selection, with 100 individuals

spatially located at each of the nine populations in our study

system using the individual-based landscape genetics program

CDPOP version 1.2 (Landguth and Cushman 2010; Landguth

et al. 2012; see Supporting Information Methods for more

details).

We simulated one locus under spatial selection and 19 neutral

loci with 0.0005 kth-allele model mutation rate, free recombina-

tion, no initial linkage disequilibrium, and random distribution

of initial starting alleles (i.e., simulating a panmictic initial pop-

ulation with maximum allelic diversity). Following similar spa-

tial selection simulation studies (e.g., Thibert-Plante and Hendry

2010; Landguth and Balkenhol 2012) but expanding to a spatially

explicit environmental gradient in a riverscape setting, we altered

selection pressures due to “water color” between populations by

considering three spatially explicit relative fitness surface scenar-

ios. (1) No spatial selection gradient (uniform): In this scenario,

the three genotypes (AA, Aa, and aa) were being selected against,

but uniformly across the “water color” riverscape scenario, thus

having no spatial dependency and allowing us to test for type

I statistical errors. (2) Gentle spatial selection gradient (gentle):

Here, we used a “gentle” spatial selection gradient corresponding

to the three river color locations. For AA, we used the relative fit-

ness coefficients of 0.4, 0.3, and 0.2 for black, mixed, and white

waters, respectively. For aa, we implemented an opposite spatial

selection gradient (relative fitness coefficients of 0.2, 0.3, and 0.4

for black, mixed, and white waters, respectively). (3) Steep spatial

selection gradient (steep): For this scenario, stronger spatial selec-

tion gradients were assigned to each genotype, with the relative

fitness coefficients for AA of 1.0, 0.6, and 0.2 for black, mixed,

and white waters, respectively. An opposite spatial selection gra-

dient was implemented for aa (0.2, 0.6, and 1.0 for black, mixed,

and white waters, respectively). Aa received a uniform selection

gradient of 0.2 in all three scenarios.

For each simulated dataset, we ran a population genetics ap-

proach to compare to the empirical riverscapes genetic dataset

observed population structure and a landscape genetics approach

to compare with the genetic subdivision run in STRUCTURE (see

empirical riverscapes genetics methods above). For the population

genetics, we quantified genetic differentiation at each generation

through the estimator Dest (Jost 2008) using only neutral loci,

only selection-driven loci, and total loci (neutral plus selection-

driven). For the landscape genetics approach, we implemented

the distance-based approach of partial Mantel tests (Smouse et al.

1986; Legendre and Fortin 2010) to test for correlation between

the spatial genetic signature observed at each generation and the

environmental variable of “water color,” partialling out the effect

of riverine distance (for more details see Supporting Informa-

tion Methods). We ran 10 Monte Carlo replicates on all scenarios

to assess variability in results, and plotted the average Dest and

average partial Mantel r obtained with the different data types

(selection-driven, selection-driven plus neutral, and neutral). We

evaluated the temporal development of genetic differentiation un-

der the different spatial selection gradients (“uniform,” “gentle,”

and “steep”). We also compared the spatial selection gradient

simulations with simulations of a model of secondary contact

(see Supporting Information Methods).

Results
GENETIC VARIATION

We obtained and aligned 820 base pairs (bp) of the mtDNA AT-

Pase 6 and 8 genes that characterized 117 unique haplotypes.

These were composed of 189 variable characters of which 129

were parsimony informative. For RAG1, we aligned 1494 bp of

the gene and identified five unique sequences. These were com-

posed of nine variable characters of which seven were parsimony

informative. Genbank accession numbers for all sequences are

KJ526476–KJ526610. AFLP profiles were resolved for the 233

individuals with 310 polymorphic loci. Mismatch error rates as

calculated by AFLPScore were on average 7.5% per primer com-

bination (6.5–11.14%), which is within the acceptable error rate

for AFLPs (Bonin et al. 2007).

CRYPTIC SPECIES AND MOLECULAR DATING

Phylogenetic analyses of mtDNA sequences resolved three mono-

phyletic and well-supported lineages herein referred to as “phy-

logroups A, B, and C.” For each phylogenetic method, phylogroup

A appeared as ancestral (Figs. 1C, D, S1, S2). These three phy-

logroups appear largely sympatrically distributed in our study
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Figure 2. STRUCTURE results for (A) cryptic species 1 (n = 62) and

for (B) cryptic species 2 (n = 171). Individuals are grouped by sam-

pling location, and each individual is represented by one vertical

column. Sample sites and water colors as listed on STRUCTURE graphs

correspond to the sampling locations as shown in the simplified

map above the graphs.

region, except for phylogroup A, which was not sampled west of

the confluence of the Negro and Amazon Rivers, and phylogroup

C, which was not sampled in the Negro River (Fig. 1).

The results based on nuclear RAG1 sequences and 310 AFLP

loci strongly support only two major clades (Figs. 1, S2, S3).

In agreement with the mtDNA data, individuals from lineage A

appear divergent and ancestral to a second group composed by

mtDNA phylogroups B and C. The latter result is probably due to

the overall slower rate of nuclear to mitochondrial evolution, and

the faster lineage sorting of the mitochondrial genome (Figs. 1C,

2A). Herein, we refer to phylogroup A as “cryptic species 1” (sp.

1) and the combined phylogroups B and C as “cryptic species 2”

(sp. 2). Based on our sample, cryptic sp. 1 and sp. 2 are found in

sympatry throughout the black waters of the Negro River and the

white waters of the Amazon and Madeira Rivers. Consistent with

presumed lineage ages, genetic diversity was generally higher

in sp. 1 than sp. 2 (Table S2). The AFLP dataset suggest low

levels of introgression from sp. 1 to sp. 2 (Fig. S3), a pattern

that could not be detected in our phylogenetic analyses, which

indicate reciprocal monophyly based on both mtDNA and nuclear

sequences (Figs. 1C, S1).

Figure 3. Chronogram of the Steatogenys elegans species com-

plex showing divergence time estimates between phylogroups

A, B, and C (nodes i–v: Table 2) based on mtDNA ATPase 6, 8, and

RAG1 sequence data. Branch lengths represent the estimated ages

of each lineage with respect to the geological time scale. The eco-

type typical of each phylogroup, based on where the fish were

sampled, is shown.

Divergence estimates (Tmrca) were consistent for both the nu-

clear and mtDNA datasets, with speciation between sp. 1 and sp. 2

starting around 6 million years ago (Ma) during the late Miocene

(Fig. 3, Table 1). Sp. 1 appears older and based on estimates of di-

vergence (Table 1), diverged in the early Pliocene. More recently,

probably in the middle Pliocene (�4 Ma), the mitochondrial lin-

eages B and C split (Table 1). For these lineages, reproductive

isolation within the nuclear genome has not yet ensued.

OUTLIER LOCI AND THEIR ASSOCIATION TO WATER

COLOR

For S. elegans sp. 1, genome scans of population pairwise com-

parisons conducted using DFDIST identified less than 1% of outlier

loci deviating from neutral expectations (Table 2). Of these, none

were repeatedly identified within sp. 1. BAYESCAN performed

on all sp. 1 populations identified 88 loci with positive αi val-

ues, none of which included the outliers identified using DFDIST.

Of these, only one locus had decisive evidence for divergent

selection with a log10 (Bayes factor) >2, and just one had
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Table 1. Time to most recent common ancestor (Tmrca) estimates and 95% lower and upper highest probability densities (HPD) for ATPase

6 and 8 and RAG 1 based on mutation rates after Bermingham et al. (1997) and Quenouille et al. (2004), respectively, and calculated using

the relaxed clock method drawn from a lognormal distribution in BEAST version 1.4.6. The nodes correspond to Figure 3.

Node Gene Tmrca 95% HPD lower 95% HPD upper

I ATPase 6 and 8 5.9640 3.0763 9.8560
RAG 1 5.4120 0.8374 12.0296

II ATPase 6 and 8 3.5995 1.6716 6.0239
RAG 1 3.6040 0.4454 8.5188

III ATPase 6 and 8 2.2930 0.6296 4.6542
RAG 1 2.5100 0.1810 6.7369

IV ATPase 6 and 8 1.1711 0.2765 2.5577
V ATPase 6 and 8 1.8133 0.5702 3.4747

Table 2. Number of outlier and repeat-outlier AFLP loci found in each pairwise comparison using Dfdist where repeat outliers refer to

those identified in multiple pairwise comparisons.

Species 1 (Lineage A) Species 2 (Lineages B and C)

Comparison 99% outliers Repeat outliers Total FST Comparison 99% outliers Repeat outliers Total FST Neutral FST

Black versus
white

0 – – Black versus
white

16 8 – –

N2N1 0 – 0.0857∗ N2N1 2 1 0.0314 0.0312
A1N1 NA – NA A1N1 9 8 0.0717∗ 0.0437∗

N1A2 0 – 0.0373 N1A2 1 0 0.0199 0.0173
A1A2 0 – NA A1A2 0 – 0.0497∗ 0.0466∗

A2A3 0 – 0.0500 A2A3 2 1 0.0432∗ 0.0411∗

A2M1 NA – NA A2M1 1 0 0.0335 0.0335
M1A3 1 0 NA M1A3 1 1 0.0227 0.0221
A3A4 0 – 0.1407∗ A3A4 5 4 0.0130 0.0141
A4A5 0 – 0.0488 A4A5 6 3 0.0334 0.0386
A5A6 1 0 0.0416 A5A6 0 – 0.0379∗ 0.0383
Total 2 0 Total 29 12

Total FST, and the presumed “neutral” FST value (after Lynch and Milligan 1994) are also shown.
∗P � 0.05.

NA indicates pairwise comparisons for which there were insufficient data.

substantial evidence for selection with log10 (Bayes factor) >0.5

based on Jeffreys (1961) scale of evidence (Table S4).

For S. elegans sp. 2, genome scans conducted using DFDIST

between populations identified 9% of AFLP loci as outliers devi-

ating from neutral expectations. Of these 2.5% were repeatedly

identified within sp. 2. Loci repeatedly identified as outliers

between pairwise comparisons are unlikely to represent type I er-

rors (Campbell and Bernatchez 2004). We could be confident that

these loci were not due to random chance because the proportion

of repeat outliers was significantly greater than the proportion of

nonrepeat outliers detected over the 310 loci (P < 0.001, χ2 =
16.3, df = 1). Thus, we conservatively identified at least 2.5%

of homologous loci within sp. 2 that may be directly subject to

selection or tightly linked to selected genes via “hitchhiking”

(Jensen et al. 2007). Within sp. 2, there was a significantly greater

proportion of outlier loci detected in genome scans between black

and white water populations than within white water populations

(P < 0.001, χ2 = 15.9, df = 1), including those between the Ama-

zon and Madeira Rivers (Table 2). BAYESCAN performed on all sp.

2 populations identified 102 loci with positive αi values. Of the

outliers identified using DFDIST, 83% of these were also identified

using BAYESCAN. Applying Jeffreys (1961) scale of evidence,

only four loci had substantial evidence of selection with log10

(Bayes factor) >0.5, whereas the remaining loci with positive αi

values had low posterior probabilities. Of the outliers repeatedly

identified using both methods (n = 12), eight were identified

in pairwise comparisons between black and white water sites

(Table S4).
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Table 3. Population differentiation within and between black and white water regions calculated from AFLP data using an analysis of

molecular variance (AMOVA).

Black versus white water White versus white water

Source of variation Variation (%) FI P Source of variation Variation (%) FI P

Species 1 Among regions 6 �RT: 0.060 0.001∗ Among regions 2 �RT: 0.017 0.298
Among populations 1 �PR: 0.009 0.272 Among populations 4 �PR: 0.042 0.174
Among individuals 93 �PT: 0.069 0.002∗ Among individuals 94 �PT: 0.058 0.024∗

Species 2 Among regions 2 �RT: 0.020 0.050∗ Among regions 0 �RT: –0.003 0.494
Among populations 1 �PR: 0.010 0.090 Among populations 1 �PR: 0.011 0.145
Among individuals 97 �PT: 0.030 0.020∗ Among individuals 99 �PT: 0.008 0.192

In the black versus white water AMOVA, regions include: (1) black water populations (N1 and N2), and (2) white water populations (M1 and A2–A6). In white

versus white water AMOVA, regions include: (1) the Madeira River (M1), and (2) white water Amazon River sites A2–A6.

FI = fixation index.
∗Significant results.

EMPIRICAL RIVERSCAPE GENETICS AND

ECOLOGICAL SPECIATION

Analyses of population structure within S. elegans sp. 1 suggest a

strong correlation between “water color” and genotype (Fig. 2A,

Table 3). Overall, there was little mtDNA differentiation between

white water sites, indicative of high connectivity within this se-

lective environment (e.g., �ST A2 vs. A3 = 0.12, P > 0.05;

Table S3), whereas there was strong genetic differentiation be-

tween black and white water populations (e.g., �ST N1 vs. A2 =
0.40, P � 0.05; Table S3). Further, mtDNA Mantel tests provided

no statistical support for associations between genetic (�ST) and

riverine distance (P = 0.595). Results based on AFLP data also

support the population boundary between the ecologically distinct

white and black water sites with no correlation between genetic

and geographic distance (P = 0.454). The STRUCTURE analysis

(Fig. 2A) shows a distinct cline where the black and white waters

meet at site A2 (Fig. 2A). Here, both mean L(K) and �K inferred

three populations that correlate with white, black, and meeting of

water habitats (Fig. 2A). Likewise, the AMOVA assessing pop-

ulation differentiation within and between water color habitats

also supported the hypothesis that the ecotone between black and

white water is a significant barrier to gene flow (Table 3). Finally,

by applying the overall AFLP divergence rate of DN72 = 0.0370

(SD = 0.0406) per 10,000 years (after Kropf et al. 2009) to our

data, it appears that AFLP divergence between black and white

water populations in sp. 1 is recent (�8378 generations).

Analyses of population structure within S. elegans sp. 2 also

suggest a marked population boundary between the black and

white water habitats with mixing and gene flow at the meeting of

waters (A2) (Fig. 2B, Table 2). For the STRUCTURE analysis, �K

inferred two populations and the mean L(K) plateaued at K = 5

at which point the black and white water ecotypes become visible

in the STRUCTURE output (shown in Fig. 2B), a finding typical

of systems with hierarchical structure. Furthermore, the mtDNA

phylogroup C was not sampled in black waters, except at the meet-

ing of waters (A2); whereas phylogroup B was sampled at every

site (Fig. 1). In both mtDNA phylogroups, there was no correla-

tion between geographic and genetic distance (B, P = 0.488; C,

P = 0.093), whereas there was a weak yet significant correlation

in the AFLP data (Rxy = 0.0243, R2 = 0.0107, P = 0.006). Simi-

larly to sp. 1, the AMOVAs also supported the significant barrier

to gene flow represented by the black and white water ecotone, the

absence of a population barrier between the white water Amazon

and Madeira Rivers (Table 3), and divergence timing estimates

between the ecotypes were also recent (�3946 generations). In-

terestingly, the removal of outlier loci from the dataset resulted

in a substantial reduction of population differentiation between

black and white water populations (e.g., cryptic sp. 2, N1 vs. A1;

total FST = 0.0717, P � 0.05, neutral FST = 0.0437, P � 0.05,

Table 2). This reduction was not observed in any other pairwise

comparison after the removal of outlier loci, suggesting that the

contribution of those loci under selection to the genetic structure

observed across the ecotone is relatively high.

To summarize, intraspecific divergence within both sp. 1

and sp. 2 appears to be recent and a barrier to gene flow exists

between black and white water whereas no barrier to gene flow

was identified at the confluence of the white waters of the Madeira

River into the white waters of the Amazon River. This suggests

that geographically driven population structure generated by the

confluence of major tributaries is unlikely in our study system.

SIMULATED RIVERSCAPE GENETICS AND

ECOLOGICAL SPECIATION

Simulations with three scenarios of relative selection pressures

due to “water color” between populations were first conducted to

assess the population structure in the simulated dataset and the

relative contribution of selection driven versus neutral genetic

differentiation. The difference in neutral and selection-driven
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genetic differentiation was clearly influenced by the spatial se-

lection gradient (Fig. S4 and Supporting Information Results for

more details). In addition, when a spatial selection gradient ex-

ists, we show using partial Mantel tests that the environmental

signature of “water color” can be discerned and increased in mag-

nitude from the “gentle” to “steep” selection-driven scenarios

(r = 0.30 (0.237,0.368) and r = 0.75 (0.730,0.776), respectively,

at generation 100; Fig. S4iv, vi; see Supporting Information Re-

sults). Simulations of a scenario of secondary contact revealed

strong population structure between the Negro and Amazon and

the Amazon and Madeira Rivers when assuming low migration

(see Table S4).

Discussion
SEEING DOUBLE: TWO CRYPTIC AND

CODISTRIBUTED SPECIES OF AMAZONIAN ELECTRIC

FISH

Our molecular analyses provided evidence for two cryptic species

within S. elegans. These include reciprocal monophyly of the two

lineages based on mtDNA and the conserved RAG1 sequences,

and strong genetic structure based on 310 AFLP loci. Clade mem-

bership of all 233 individuals matched their assignments to the

two groups identified with AFLP data. Reproductive isolation

was apparent between lineages because they were found in ex-

treme sympatry (i.e., sampled during the same round of drag-

ging) in all three river systems surveyed (Fig. 1); albeit some

level of introgression was evident from sp. 1 into sp. 2 (Fig. S3).

Molecular dating indicates deep evolutionary separation between

these codistributed lineages. Although caution should be taken

when interpreting our divergence estimates given the absence of

Steatogenys molecular clocks, similar estimates were indepen-

dently obtained for the nuclear and mtDNA datasets (�5.4 and 6

Ma, respectively). This strengthens the notion of a long history

of isolation between lineages. Forthcoming phenotypic studies of

sp. 1 and sp. 2 are expected to inform on diagnostic morphological

characters for species description and on identification of traits

under selection within each lineage.

Although the Amazon Basin sustains the world’s richest

freshwater fish fauna (Reis et al. 2003), the growing number

of cryptic species of Amazonian fish detected with molecular

techniques (Littmann et al. 2001; Nakayama et al. 2001; Hubert

et al. 2007; dos Santos Silva et al. 2008; Sistrom et al. 2009;

Nagamachi et al. 2010; Piggot et al. 2011; Cooke et al. 2012d)

suggests that species richness in this group is vastly underesti-

mated. A recent comprehensive assessment of cryptic diversity

in Amazonian frogs also pointed to a similar conclusion (Funk

et al. 2012). The evolution of aquatic biodiversity in Amazo-

nia appears to be intrinsically linked to complex and relatively

old geomorphological events that have impacted its riverscape

(e.g., uplifts, erosions, and changes in sediment supplies from

the Andes) and to major climatic and sea-level changes during

the Miocene (see Fig. S4; Hoorn et al. 2010). Accordingly, there

are several examples of vicariant biogeographic events driving

population divergence and speciation in Amazonian fish and am-

phibians (e.g., Lynch and Duellman 1997; Lovejoy et al. 1998;

Sivasundar et al. 2001; Hubert and Renno 2006; Beheregaray and

Caccone 2007; Hubert et al. 2007; Cooke et al. 2009; Sistrom et

al. 2009; Piggott et al. 2011). Yet, there has been little recognition

for the role of ecological speciation in the generation of Amazo-

nian and tropical diversity alike, with spatially defined models of

speciation dominating the literature (Moritz et al. 2000; Hoorn et

al. 2010; Turchetto-Zolet et al. 2013). Our study is not aimed at

assessing biogeographic scenarios underpinning the split between

the two cryptic species of S. elegans. We have instead explored

the progress toward ecologically based divergent natural selection

within each cryptic species (discussed below), and show how en-

vironmental heterogeneity influences biodiversity in the complex

and species-rich Amazon Basin.

ECOLOGICAL SPECIATION AND EMPIRICAL

AND SIMULATED RIVERSCAPE SIGNAL

During ecological speciation, divergent selection will act on pop-

ulations utilizing different environments. This may result directly

or indirectly in speciation (Schluter 2001). Indeed, reproductive

isolation usually arises from resource acquisition and compe-

tition, mate attraction, and predator avoidance (Schluter 2001;

Rundle and Nosil 2005). Here, in this replicated S. elegans sys-

tem, we find evidence for recent divergence linked to a major

hydrochemical gradient within each cryptic species using FST-

based genome scans and population genetic analyses that may

eventuate in ecological speciation. We further corroborate these

findings by conducting individual-based, evolutionary landscape

genetics simulations. These show that neutral data can give a low

population differentiation signal (similar to the empirical neu-

tral data findings) and selection-driven loci can respond with high

population differentiation to the water color ecotone (similar to the

empirical outlier loci findings). Furthermore, our empirical and

simulated landscape genetics analysis explicitly links selection-

driven population genetic structure to the water color ecotone.

The two sympatric cryptic species of S. elegans show a rela-

tively old history of divergence (�6 Ma) that is likely a combina-

tion of geomorphological history and natural selection. However,

intraspecific population level interactions of cryptic sp. 1 and sp.

2 are most informative in identifying divergent selection involved

in the progress toward ecological speciation. This is because di-

vergent selection occurring between dissimilar ecotypes that do

not yet exhibit complete reproductive isolation reveals insights

into processes of ecological speciation that may not be appar-

ent long after speciation is complete (Beheregaray and Sunnucks
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2001; Hendry 2009; Via 2009). During early stages of ecological

speciation, genomic divergence is likely to be heterogeneous. Ge-

netic differentiation is generally thought to accumulate in some

regions (genomic islands) that affect ecologically important traits

before others, whereas gene flow continues throughout the rest

of the genome (Schluter 2000; Nosil et al. 2009a; Via 2009).

With time, however, divergent selection will promote reproduc-

tive isolation, further facilitating genome-wide neutral divergence

via genetic drift or selection for different traits (Schluter 2000;

Rundle and Nosil 2005; Nosil et al. 2009a). Thus, by examining

recently isolated or diverging ecologically dissimilar populations,

genetic changes that may contribute to speciation can be identified

before these become confounded by changes taking place once

speciation is complete (Schluter 2000; Via 2009).

Our genome scans within cryptic sp. 2 identified 2.5% of

loci repeatedly deviating from neutral expectations. Although un-

certainty still remains regarding the role selection may play over

these loci, repeat outliers are unlikely to be type I errors (Cooper

2000; Campbell and Bernatchez 2004). Instead, it is probable that

these loci are directly subject to selection or tightly linked to se-

lected genes via “hitchhiking” (Jensen et al. 2007). Here, a major

barrier to gene flow was identified between black and white water

sites. On the other hand, no barrier was identified at the conflu-

ence of the Madeira and Amazon Rivers (Tables 2, 3), with the

low population structure between white water Amazon sites par-

tially explained by isolation by riverine distance. In cryptic sp. 1,

genome scans identified less than 1% of outlier loci and no repeat

outliers (Table 3). Likely reasons include the small sample size in

many pairwise comparisons (less than 10 individuals per popula-

tion; Beaumont and Balding 2004), different selection pressures

compared to sp. 1, and/or similar selection pressures with a dif-

ferent underlying genetic architecture. Nevertheless, as observed

with sp. 2, a barrier was also identified between black and white

water sites, whereas no barriers were detected within the same

selective environment or geographically associated with the con-

fluence of a major tributary (Tables 2, 3). The above provides

evidence that divergent selection is acting within each cryptic

species between the black and white water ecotypes.

A key factor in identifying the presence of adaptive diver-

gence is the association of outlier loci to contrasting environments

(Nosil et al. 2009a). In sp. 2, there was a significantly greater pro-

portion of outlier loci detected in genome scans between water

colors than within (Table 2). Also, removing outlier loci substan-

tially reduced population differentiation between black and white

water populations (Table 2). Such reduction was not observed in

any other pairwise comparison. Thus, the majority of loci identi-

fied that exhibit higher levels of genetic divergence than expected

under neutrality were found in comparisons between sites char-

acterized by different hydrochemical properties. This finding was

corroborated by the spatially explicit riverscape simulations that

showed that neutral versus selection-driven loci tied to an envi-

ronmental variable can be differentiated using population genetics

and correlated spatially via landscape genetics (Fig. S4). Based

on the association of genotype and water color within sp. 1 and

sp. 2, on the identification and spatial association of “outlier loci”

to an ecological gradient, and on our landscape genetics results,

we have some evidence for divergent selection that may eventuate

in replicated ecological speciation within the S. elegans species

complex.

Nonetheless, it is well recognized that distinguishing be-

tween secondary contact zones and ongoing adaptive divergence

of parapatrically isolated forms is extremely difficult (Endler

1977). Indeed, spatial isolation and secondary contact has been

implicated in the adaptive radiation of cichlid fish in the Great

African Lakes (Schwarzer et al. 2012), as well as speciation in

terrestrial Amazonian vertebrates, particularly in birds (Haffer

1969, 1997; Sedano and Burns 2010). As such, this alternative

hypothesis warrants exploration here. Generally, it is accepted

that the west to east transcontinental flow of the Amazon River

and its major tributaries (including Negro and Madeira Rivers)

had formed by the late Miocene (Hoorn et al. 1995; Lundberg

et al. 1998) with the final establishment of the modern Amazon

River drainage system being �2.5 Ma following the breach of

the Madre de Dios formation (Campbell et al. 2006; Fig. S5).

Based on our molecular dating results for mtDNA and nuDNA

sequence data (Table 1, Fig. 3) in sp. 2, phylogroups B (predom-

inantly white water) and C (predominantly black water) diverged

�3.6 Ma. Although there is not sufficient data to obtain a similar

date estimate for the white and black water ecotypes in sp. 1, this

result is interesting as it coincides with formation of the Amazon

River and its largest tributaries. Prior to this time, if fish inhab-

ited the major tributaries such as the Madeira and Negro they

would have been isolated from the extensive freshwater rivers

and lakes system in the western Amazon Basin. Following the

formation of the Amazon River however, these tributary popula-

tions would come in contact with an Amazon River population.

Under a scenario of secondary contact following the formation

of the Amazon River, we would expect to see equal population

subdivision associated with the presence of the Madeira and Ne-

gro Rivers, irrespective of water color. The latter was the pat-

tern detected in our landscape genetic simulations of a secondary

contact scenario (Table S5). However, these patterns were not

observed in the empirical data in either sp. 1 or sp. 2. Rather,

our results show that population subdivision is associated with

water color more than the geomorphological history or riverine

distance. Thus, adaptive divergence or progress toward ecologi-

cal speciation may be the most parsimonious explanation for our

findings.
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THE GENERALITY OF THE WATER COLOR ECOTONE

AND THE FATE OF INCIPIENT SPECIES

Information about how distantly related species respond to a

shared environment are also particularly important in identifying

factors that promote or inhibit ecological speciation (Rosenblum

and Harmon 2011). Our hypothesis of ecological speciation in

two sister species is corroborated by recent studies of two unre-

lated taxa sampled from the very same sites as S. elegans; the

Amazonian puffer Colomesus asellus (Cooke et al. 2012b), and

the characin Triportheus albus (Cooke et al. 2012a). These stud-

ies combined genome scans and population genetics to disclose

heightened divergent selection at the interface of water types, pro-

viding strong independent evolutionary replicates that strengthen

the generalities of our findings.

Yet, there is no certainty that adaptively diverging lineages

will result in reproductively isolated species (Futuyma 1987;

Coyne and Orr 2004; Hendry 2009). Indeed, the link between

adaptive divergence and speciation within closely related species

is often unclear, simply because the process of adaptive diver-

gence itself drives lineages apart (Reznick and Ricklefs 2009).

Our data consist of samples and populations along the divergence

spectrum providing us with the opportunity to identify patterns of

divergence hitchhiking around loci potentially involved with eco-

logical speciation. Outliers detected within each cryptic species

might be the genetic signature of divergence hitchhiking associ-

ated with ecologically important traits (Via 2009). Importantly

however, our AFLP scans are based on anonymous loci, lim-

iting the investigation about putative ecological selective traits

(Stinchcombe and Hoekstra 2008). This deficiency is expected

to be overcome by functional studies that combine quantitative

genomics, transcriptomics, and candidate gene analysis to iden-

tify genomic signatures associated with phenotypic traits under

selection.

During ecological speciation, genes under divergent selec-

tion cause reproductive isolation pleiotropically via divergence

hitchhiking (Rundle and Nosil 2005; Via 2009). Under divergence

hitchhiking, combinations of genes that cause assortative mating

can accumulate and be protected from recombination, because

traits that drive resource use also affect mate choice (Schluter

2001; Via 2009). Thus, ecological speciation can be simply the

direct consequence of behavioral isolation whereby individuals

mate in their preferred habitat (Johnson et al. 1996; Rundle and

Nosil 2005). In this way, sexual isolation can evolve as a conse-

quence of the ecologically driven adaptive divergence of mating

cues such as communication systems (Boughman 2002).

In weakly electric fish, the precise synchronization of ex-

ternal fertilization must be achieved via EOD communication, in

which courtship signaling involves conspicuous and diagnostic

EODs (Silva et al. 2008). During the breeding season, many gym-

notiform species produce sexually dimorphic signals enabling

greater distinction between conspecifics, heterospecifics, and gen-

der (e.g., Stoddard 1999). However, electrical current requires the

movement of ions. Thus, pH, dissolved minerals, dissolved oxy-

gen, and temperature should affect the transmission of EODs

between individuals within chemically different white and black

water habitats. Because EODs carry information that is of both

a communicative and social value, it is likely that weakly elec-

tric fish are also sensitive to changes in water conductivity. In

fact, such changes have been shown to trigger breeding in trop-

ical gymnotiformes (Kirschbaum 1995; Silva et al. 2008). We

therefore speculate that conductivity or “water color” may be

an ecologically dependent mechanism of behavioral isolation,

driving divergence within the S. elegans cryptic species com-

plex across this ecotone. This is consistent with the proposal that

EODs in African electric fish are drivers of sympatric speciation

(Feulner et al. 2006), which is the most extreme form of ecological

speciation.

We have described a case of two closely related lineages

that exemplify how divergent selection across an aquatic ecotone

in Amazonia may eventuate in replicated ecologically mediated

speciation. Our findings highlight the importance of considering

environmental heterogeneity in studies of speciation in Amazonia

and other species-rich tropical regions.
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