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A headwater or river capture is a phenomenon commonly invoked to explain the absence of reciprocal monophyly
of genetic lineages among isolated hydrographic basins in freshwater fish. Under the assumption of river capture, a
secondary contact between populations previously isolated in different basins explains the observed genetic pattern.
However, the absence of reciprocal monophyly could also arise under population isolation through the retention of
ancestral of polymorphisms. Here, we applied an approximate Bayesian computation (ABC) framework for estimating
the relative probability of scenarios with and without secondary contact. We used Cnesterodon decemmaculatus as
a study model because of the multiple possible cases of river capture and the demographic parameters estimated in
a previous mitochondrial DNA study that are useful for simulating scenarios to test both hypotheses using the ABC
framework. Our results showed that, in general, mitochondrial DNA is useful for distinguishing between these
alternative demographic scenarios with reasonable confidence, but in extreme cases (e.g. recent divergence or large
population size) there is no power to discriminate between scenarios. Testing hypotheses of drainage rearrangement
under a statistically rigorous framework is fundamental for understanding the evolution of freshwater fish fauna as
a complement to, or in the absence of, geological evidence.

ADDITIONAL KEYWORDS: Bayesian inference — Cnesterodon decemmaculatus — mitochondrial DNA — model
choice — statistical phylogeography.

INTRODUCTION reciprocal monophyly and can even share identical
haplotypes (see Sousa et al., 2008; Lee & Johnson,
2009; Schonhuth et al., 2011, 2018; Bossu et al., 2013;
Xu et al., 2014; Ramos-Fregonezi et al., 2017; Eaton
et al.,2018).

The explanation for these incongruences among
the limited dispersal capacity of the organisms,
distributions in multiple basins and patterns of genetic
relationship is associated with the rearrangement
of drainages over geological time, which provided
*Corresponding authors. E-mail: deatthomaz@gmail.com; connections between preylously _ISOla.ted baSln.S'
nelson. fagundes@ufrgs.br A phenomenon commonly invoked in this context is

“Current address: Facultad de Ciencias Naturales, Universidad the river or headwater capture (Bishop, 1995). River
del Rosario, Bogota DC, Colombia, 111221 capture is characterized by the transference of a river

Obligatory freshwater fishes are organisms primarily
unable to disperse actively among hydrographicbasins
because of physical and physiological limitations
(Myers, 1938; Vari, 1988; Albert & Carvalho, 2011).
However, despite these limitations, many species
have broad distribution ranges across several
river basins whose genetic lineages frequently lack
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(or a segment of a river) between basins caused by
erosion and tectonic processes and, as a result, the
biodiversity associated with the diverted river (i.e.
species and genetic diversity) will then be present in
the receiver basin. This has important evolutionary
implications. First, genetic lineages in the diverted
basin will appear paraphyletic with regard to (at least
some) lineages in the receiver basin (Hubert et al.,
2007). Second, range expansion through river capture
can be recognized by the genetic signature of a founder
bottleneck in the population from the colonized basin,
because it would be formed by a small sample from
the population of the diverted river (Waters & Wallis,
2000; Machado et al., 2018).

River captures can contribute both to a range
expansion, allowing species to reach new basins, and
to a secondary contact between populations of species
previously present in neighbouring basins; ideally,
both geological and biological evidence converge when
inferring drainage rearrangement events (Waters
et al., 2001, 2006). However, geological evidence is not
always available or is generally based on controversial
morphological features (e.g. ‘elbows of capture’; Bishop,
1995; Craw & Waters, 2007). In many cases, therefore,
it is necessary to rely on biological data, especially
species distribution and genetics, for supporting cases
of drainage rearrangements.

Although secondary contact generated by river
capture is a likely and frequently used explanation for
lack of reciprocal monophyly of genetic lineages among
neighbouring basins, it is not the only possibility. It
is possible that populations from different basins
remained isolated since their primary divergence but
retained ancestral polymorphisms, whose persistence
will depend on the time since the divergence event and
their effective population sizes (Nielsen & Beaumont,
2009). In these circumstances, where two different
evolutionary processes might lead to a unique genetic
pattern, choosing one of these alternative demographic
histories is not trivial. It requires the ability of genetic
data to distinguish between historical models, which can
only be achieved by properly taking into consideration
uncertainties associated with the demographic
parameters in the alternative models under scrutiny.

The use of model selection methods, such as
approximate Bayesian computation (ABC), is a
promising way to deal with this challenge (Sousa
et al., 2012). In an ABC framework, the evaluation of
competitive models is performed through extensive
simulations of the expected genetic variation under each
model using demographic parameters sampled from a
realistic distribution (i.e. priors). This is followed by
comparisons of summary statistics between simulated
and empirical data to evaluate which scenario produces
simulations that best fit the observed data, thus
allowing a direct estimate of the posterior probability

(PP) of each competing model (Bertorelle et al., 2010;
Csilléry et al., 2010; Beaumont, 2019).

A recent phylogeographical analysis (Ramos-
Fregonezi et al., 2017) suggested that the lack
of monophyly between basins and the shared
haplotypes between neighbouring basins observed
in the mitochondrial DNA (mtDNA) of Cnesterodon
decemmaculatus (Jenyns, 1842) (Cyprinodontiformes:
Poeciliidae) constitute possible cases of secondary
contact by river captures. This approach is a frequent
practice in phylogeographical studies looking at
aquatic organisms and the influence of river captures
in genetic diversity, despite the lack of a formal
statistical approach to validate these inferences
(Sousa et al., 2012). Here, we used the ABC approach
to revisit the study of Ramos-Fregonezi et al. (2017)
and perform model selection between demographic
scenarios that are commonly associated with river
captures [i.e. secondary contact (SECCON)] vs.
retention of ancestral polymorphism [i.e. divergence
and isolation (DIVISO)] for this species. Furthermore,
we used C. decemmaculatus as a case study to evaluate
the power of mtDNA data, widely used in freshwater
fishes, in distinguishing between these two competing
hypotheses.

MATERIAL AND METHODS
EMPIRICAL DATASET

Cnesterodon decemmaculatus is a species widely
distributed along the Pampa biome, extending its
range through Brazil, Uruguay and Argentina. It has
recently been the subject of two phylogeographical
studies (Bruno et al., 2016; Ramos-Fregonezi et al.,
2017). In the latter study, individuals were sampled
from three basins [Uruguay River Basin (Uruguay),
Negro River Basin (Negro) and Patos-Merin Lagoon
Basin (Merin)] and from a group of small basins in
a coastal region in southern Uruguay (Southern)
(Fig. 1A). Based on analyses of the mitochondrial
gene NADH dehydrogenase 2 (ND2), it was found
that there was no reciprocal monophyly between each
of these sampled basins, and in several instances
two neighbouring basins shared mtDNA haplotypes
(Fig. 1B). The authors discussed four cases in which
the observed genetic patterns could be explained
by DIVISO or SECCON generated by recent river
captures: Uruguay vs. Negro (U-N), Negro vs. Merin
(N-M), Negro vs. Southern (N-S) and Uruguay vs.
Southern (U-S). Although the authors acknowledged
that it was difficult to distinguish between the
alternatives with certainty, they concluded that the
data provided better evidence for the secondary contact
scenario for all cases, except U-S, which was explained
as a probable scenario of incomplete lineage sorting
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Figure 1. A, sampling sites for Cnesterodon decemmaculatus. The inset shows the location of the study area (highlighted in
a red square) in South America. Grey lines indicate country borders, and areas in different colours indicate different basins
(blue, Southern; coral, Merin; green, Uruguay; grey, Negro). Haplotypes found in each sampling site (dots) are indicated.
B, median-joining network for ND2 haplotypes. The size of the circles is proportional to haplotype frequency. Ticks on
haplotype connections indicate the number of mutational steps. Original artwork based on the data from Ramos-Fregonezi

et al. 2017.

(because of the closer relationship of haplotypes H21
and H30 to Uruguay than Southern populations; see
Fig. 1). Ramos-Fregonezi et al. (2017) also provided
DNA sequence data for the nuclear gene Myh6;
however, as their discussion about river capture was
entirely motivated by the patterns of genetic diversity
presented by the mtDNA data, we did not use the
Myh6 sequences in our tests.

The dataset consisted of 99 sequences from the
ND2 gene, consisting of 62 samples from Uruguay,
11 from Negro, 15 from Merin and 11 from Southern
(GenBank accession numbers: KU214332-KU214430).
After downloading the sequences from GenBank, we
inspected the alignment visually in MEGA X (Kumar
et al., 2018) and grouped them by sampling basins in
DNASP 6 (Rozas et al., 2017). To enhance confidence
in haplotype identity at each basin, we excluded from
the dataset sample KU214333 because it contained
gaps. From DNASP 6, we exported the sequences in
four ARLSUMSTAT (Excoffier et al., 2010) format
files, with each file containing grouped sequences from
basin pairs corresponding to each of the four cases
(see above). The file for U-N, for instance, contained
the sequences from Uruguay and Negro. We used a
median-joining network (Bandelt et al., 1999) in the

program POPART (Leigh & Bryant, 2015) to represent
the evolutionary relationships among haplotypes.

APPROXIMATE BAYESIAN COMPUTATION PROCEDURE
Summary statistics and simulated data

In short, the ABC procedure compares summary
statistics derived from observed and simulated
datasets. We used ARLSUMSTAT to calculate the
observed summary statistics for each of the four cases.
The choice of summary statistics is an important step
in the ABC procedure (Csilléry et al., 2010). Based on
preliminary tests, we narrowed our analyses to eight
summary statistics, which were the most informative
to distinguish between scenarios: number of private
polymorphic sites per population (2), number of
haplotypes per population (2), Tajima’s D for each
population (2), total number of polymorphic sites over
all populations (1) and genetic differentiation between
populations measured by the fixation index F, (1).
For all scenarios (see next subsection, ‘Demographic
scenarios and prior distributions’), we simulated the
evolution of a sample of ND2-like haplotypes with the
same characteristics (e.g. sequence length, the sample
size of each population) of the observed data and
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estimated, after each simulation, the same set of eight
summary statistics described above.

Demographic scenarios and prior distributions

In the DIVISO scenario (Fig. 2A), an ancestral
population originates two daughter populations N
generations ago (T'd), which remain isolated until
the present. According to this scenario, any genetic
similarity between them (e.g. sharing of lineages
and haplotypes) is attributable to the retention of
polymorphisms present in the ancestral population. In
the SECCON scenario (Fig. 2B), after the split (7d) and
a period of isolation between daughter populations,
gene flow occurs from one population to the other (Mig1)
during the period of one generation (T'sc). In this event,
a proportion of the number of genetic lineages present
in the source population can migrate to the other
population, which, on top of ancestral polymorphism,
might explain the genetic similarities between

Pop 1 Pop 2

@ Anc Pop

© Anc Pop

populations. Specifically, for the cases N-M (Negro—
Merin), N-S (Negro—Southern) and U-S (Uruguay—
Southern), we tested only one direction of migration
(Fig. 2B), as indicated by the relationship between
haplotypes from these basins (Fig. 1) and suggested by
Ramos-Fregonezi et al. (2017). For the U-N (Uruguay—
Negro) case, the distribution of haplotypes suggested
the movement of migrants in both directions (i.e.
from Uruguay to Negro and from Negro to Uruguay);
therefore, we tested two additional scenarios for this
case, which are variations of the SECCON scenario. In
the third scenario of U-N (Fig. 2C), the source and the
receiver populations of migrating lineages are inverted
(SECCONinv). The fourth scenario (Fig. 2D) includes
bidirectional gene flow, i.e. both populations give and
receive migrants from the other population (Migl and
Mig2) at the same time point (SECCONrgf).

Prior distributions for demographic parameters,
such as divergence time and effective population size,
were based on the estimates from the empirical data
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Figure 2. Coalescent demographic scenarios. A, DIVISO (divergence and isolation). B, SECCON (secondary contact). C,
SECCONinv (secondary contact with inverted direction of gene flow). D, SECCONrgf (secondary contact with reciprocal gene
flow). Abbreviations: Anc Pop, ancestral population; Migl and Mig2, migration parameters; Pop 1 and Pop 2, populations 1
and 2 (U-N: Pop 1, Uruguay and Pop 2, Negro; N-M: Pop 1, Merin and Pop 2, Negro; N-S: Pop 1, Negro and Pop 2, Southern;
U-S: Pop 1, Southern and Pop 2, Uruguay); 70, present time; 7d, time since divergence; Tsc, time since secondary contact.
Migration parameters are represented backwards in time (e.g. MigI in scenario B represents the proportion of genetic

lineages in Pop 1 that return to Pop 2 in Tsc).
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(Ramos-Fregonezi et al., 2017) and are detailed in
the Supporting Information (Table S1). Although the
effective population sizes were estimated using a method
that does not allow migration between populations, these
estimates were used in SECCON scenarios because we
did not expect secondary contact through river capture
to have a significant impact on population sizes. We also
assumed a generation time of 1 year and an mtDNA
mutation rate with a normal distribution and mean of
8.6 x 107 substitutions per site per generation (Hrbek &
Meyer, 2003), as in the study by Ramos-Fregonezi et al.
(2017). For parameters that have not been estimated
previously [i.e. the time since secondary contact (T'sc)
and the proportion of migrant lineages (MigI and Mig2);
Supporting Information, Table S1], we used broad and
uniform distributions for the priors. Note that our focus
was not on refining the estimates for demographic
parameters, but on the power to discriminate between
DIVISO and SECCON hypotheses.

Simulations and model choice

The simulation procedure was performed in
ABCTOOLBOX v.2.0 (Wegmann et al., 2010) integrated
with the coalescent simulator FASTSIMCOAL v.2.6
(Excoffier et al., 2013) and ARLSUMSTAT (Excoffier
et al., 2010) for the computation of summary statistics.
For each scenario, we performed 10° simulations.

All simulated and empirical datasets were analysed
in R (R Core Team, 2019) using the abc package
(Csilléry et al., 2012). The PP of each scenario was
estimated by applying the multinomial logistic
regression approach (Fagundes et al., 2007; Beaumont,
2008) based on a 1% threshold (i.e. retaining the 1%
of simulations whose summary statistics were closest
to the observed summary statistics). Following the
approach proposed by Fagundes et al. (2007), the PP of
the selected scenario obtained during cross-validation
(see next subsection, ‘Quality control’) were used to
compute the probability that a given scenario is the
correct one conditioned on the original PP estimate
in the multinomial logistic regression step. The
reasoning for this correction is that a high support for
a given scenario might be misleading if this scenario
has a high PP irrespective of the correct model (i.e. it
is highly supported even if it is the wrong model). This
idea is expressed in the following equation:

pr(pSS = ppss | SS)
pr(pSS = ppss | SS)
+ pr(pSS = ppss | AS1)
+ ... + pr(pSS = ppss | ASN)

pr(SS | pSS = ppss) =

where SS is the selected scenario, pSS the probability of
the selected scenario obtained during cross-validations,
ppss the PP of the selected scenario estimated through
multinomial logistic regression, AS the alternative or

not selected scenario and N the number of alternative
scenarios. Note that U-N has three alternative scenarios,
whereas the other cases have only one.

Quality control

To evaluate the fit of scenarios to the empirical dataset,
we calculated the goodness-of-fit D-statistic using the
gfit function of the abc package (Csilléry et al., 2012).
The D-statistic is the mean distance between summary
statistics from the observed dataset and summary
statistics from the 1% of simulations nearest to the
observed dataset. We calculated the null distribution
of D using 100 pseudo-observed datasets (PODs) and
the P-value of the goodness-of-fit test as the proportion
of D from the PODs that are larger than the empirical
D. High P-values indicate a good fit between simulated
and observed data.

We also have carried out posterior predictive checks
(Csilléry et al., 2010) to evaluate the fit of each selected
scenario. For this, 10* additional simulations were
performed for each scenario with parameters sampled
from the posterior distribution obtained through
local linear regression (Beaumont et al., 2002) based
on a threshold of 1% (Supporting Information, Table
S2). Summary statistics point estimates from the
empirical datasets were plotted against the histogram
of summary statistics from these simulations.

The quality of each model selection procedure was
assessed by leave-one-out cross-validation. For each
scenario of each case, 1000 PODs were randomly
selected from the 1% of the simulations nearest to
the empirical dataset. The estimate of the PP for each
scenario followed the same procedure used for the
empirical dataset (see above). By doing this, we were
able to evaluate the rate of false-positive and false-
negative inferences for each case and to calculate the
average PP of the correct scenario in each case.

RESULTS

Scenarios including secondary contact (SECCON)
presented the higher posterior probabilities for
U-N, N-M and N-S. In contrast, the divergence with
isolation model (DIVISO) was more probable for U-S
(Table 1). The PP for the most likely scenario across
the different cases ranged from > 0.95 (SECCON for
N-M and N-S) to 0.525 (DIVISO for U-S), with an
intermediate value of 0.626 (SECCONrgf for U-N). The
goodness-of-fit tests based on the D-statistic showed
a good fit (P-value > 0.05) to the empirical data for
most of the scenarios, except DIVISO (N-M and N-S)
and SECCON (N-S) (Supporting Information, Table
S3). However, the posterior predictive checks showed
that all selected (i.e. most likely) scenarios were able to
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Table 1. Posterior probabilities of scenarios

Case Posterior probability Pr. selected scenario
DIVISO SECCON SECCONinv SECCONTrgf

U-N 0.002 0.067 0.365 0.566 0.626

N-M 0.001 0.999 — — 0.953

N-S 0.219 0.781 - — 0.955

U-S 0.669 0.331 - — 0.525

Selected scenarios are highlighted in bold. ‘Pr. selected scenario’ indicates the probability that the selected scenario is the correct one given its pos-
terior probability (PP) and the PP distributions obtained through cross-validations (see ‘Simulations and model choice’ in the ‘Material and Methods’

and Supporting Information, Fig. S2).

Abbreviations: DIVISO, Divergence and isolation; N-M, Negro vs. Merin; N-S, Negro vs. Southern; SECCON, Secondary contact; SECCONinv, Sec-
ondary contact with inverted direction of gene flow; SECCONrgf, Secondary contact with reciprocal gene flow; U-N, Uruguay vs. Negro; U-S, Uruguay

vs. Southern.

reproduce the observed summary statistics, indicating
a good fit between the most likely scenario and the
empirical data (Supporting Information, Fig. S1).

Cross-validation checks based on ‘pseudo-observed’
summary statistics taken from a known scenario
revealed an overall poor capacity for recovering it as
the most likely scenario. For N-S, the overall error
rate in the identification of the correct scenario was
relatively low, at 29.9%. However, for U-N, N-M and
U-S, the correct scenario was misidentified in 72.2,
43.4 and 48.8% of the tests, respectively (Supporting
Information, Table S4). In N-M and U-S, the most
probable scenario (i.e. the selected scenario in Table 1)
was recovered with high frequency when it was
either the correct scenario or not, although with an
overall lower PP on average in the latter case. In U-N,
SECCON was selected in most of the cross-validation
tests, with a mean PP similar to the most probable
scenario (SECCONrgf). Indeed, despite the poor
performance of scenario selection indicated by cross-
validation checks, the corrected PP estimate for the
most likely scenario (conditioned on its PP during the
model choice procedure) showed that, at least for cases
N-M and N-S, there was a high confidence in scenario
selection (Table 1; for a graphical explanation, see
Supporting Information, Fig. S2).

In contrast, for U-S, the selected scenario had
approximately the same PP as the alternative scenario
(0.525 vs. 0.475, respectively), indicating no power to
distinguish between them. For case U-N, the corrected
PP of the best-favoured scenario (SECCONrgf) was
0.626. This is the only scenario including bidirectional
migration, and we performed further tests to
investigate whether there was power to discriminate
between a single pulse of bidirectional migration vs.
two temporally independent events of unidirectional
migration (Supporting Information, Fig. S3). However,
our results clearly showed that it was not possible to
discriminate between these alternatives, which received
almost equal support for this dataset (0.498 vs. 0.502,

respectively; Supporting Information, Fig. S3). Overall,
although it is possible to infer with confidence for U-N a
scenario including secondary contact (vs. DIVISO), our
data do not have enough power to discriminate among
alternative scenarios of secondary contact.

DISCUSSION

In this study, we explored the use of an ABC framework
for confronting two alternative demographic
hypotheses that could generate the lack of reciprocal
monophyly in genetic lineages between river basins; a
challenge that arises frequently in phylogeographical
studies of freshwater fish species. Based on genetic data
from the literature and by comparing genetic diversity
indices observed in empirical and simulated mtDNA
datasets, we estimated the relative probability that
the shared polymorphism between current isolated
river basins had been originated by the maintenance of
ancestral polymorphism [i.e. divergence and isolation
(DIVISO)] or by recent river capture [i.e. secondary
contact (SECCON)]. Our results show that it is
possible to assign, with reasonable confidence in most
of the cases evaluated, the genetic diversity observed
in the mtDNA of C. decemmaculatus to one of these
competing scenarios.

Besides C. decemmaculatus, other species of
freshwater fish might have been affected by the river
captures addressed in this study. The presence of four
species of Austrolebias (Rivulidae; Loureiro et al., 2011)
and three species of Brachyhypopomus (Hypopomidae;
Loureiro & Silva, 2006; Giora et al., 2008; Giora &
Malabarba, 2009; Serra et al., 2014) in the Negro
and the Patos-Merin basins is in agreement with the
connection inferred in this study. It remains to be
tested whether the same geological event allowed the
dispersal of Austrolebias spp., Brachyhypopomus spp.
and C. decemmaculatus between basins or whether
river capture between these drainages has been a
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recurrent phenomenon. Also, elucidating the timing of
the single or multiple connections and the extension
of these events might explain the large number of
endemics in the Patos-Merin system (Loureiro et al.,
2011) and provide insights about the directionality of
the dispersal events that can help to infer geologically
which basin is eroding and being captured. For
example, in the case of C. decemmaculatus our results
support the movement of migrants from Negro to
Patos-Merin, in agreement with the general view that
coastal drainages usually capture upland drainages
(Ribeiro, 2006). However, from a spatial perspective,
Loureiro et al. (2011) proposed two independent river
capture sites that could explain the distribution of
Austrolebias spp. in these drainages, possibly allowing
the interchange of fauna in both directions owing to
the opposite directionality of each capture. In addition,
this unidirectional upland to coastal trend might not be
absolute, because upland portions of coastal rivers (the
Southern basin in our study) seem to have contributed
to the Negro fish fauna, as suggested by our tests,
and could be the case for other species present in both
Southern and Negro, such as Australoheros scitulus
(Ri¢an & Kullander, 2003) (Ri¢an & Kullander, 2008),
Gymnotus omarorum Richer-de-Forges, Crampton
& Albert, 2009 (Richer-de-Forges et al., 2009) and
Corydoras paleatus (Jenyns, 1842) (Tencatt et al.,2016).

Interestingly, Australoheros scitulus is also
distributed in the tributaries from the left bank of
the Uruguay river, which is in agreement with the
river connections between the Negro and Uruguay
populations suggested by Ramos-Fregonezi et al.
(2017) and corroborated in the present study. Unlike
any other pair of drainages, Negro and Uruguay have
a freshwater connection at present. However, the
habitat preference of C. decemmaculatus is restricted
to small rivers, and the distance between sampling
sites in which closely related haplotypes occur makes
gene flow along the current watercourse unlikely
(Ramos-Fregonezi et al., 2017), in agreement with
the result from the ABC model choice procedure.
Gymnotus omarorum and Corydoras paleatus, which
have similar distributions to C. decemmaculatus,
might be other particularly interesting model species
to test the spatial and temporal coincidence of genetic
populations and the river capture events associated
with species dispersal across drainages in this region.

It is important to keep in mind that the ability to
discriminate between alternative phylogeographical
hypotheses depends crucially on the power of genetic
data. In the case of the ABC procedure, this will depend
on the ability to obtain different sets of summary
statistics under the alternative models (Csilléry et al.,
2010; Beaumont, 2019). In turn, how different the set
of expected summary statistics will be under each
hypothesis depends on evolutionary and demographic

features, such as effective population sizes and how
long ago divergence and secondary contact occurred.
A recent divergence between large populations, for
example, is likely to be a very difficult test, because
one would expect a large fraction of shared ancestral
polymorphism irrespective of the occurrence of
secondary contact. This might be related to the lack
of power associated with case U-S, which has the
most recent divergence time among all cases tested
(Ramos-Fregonezi et al., 2017; Supporting Information,
Table S1). We were not able to discriminate between
simultaneous (one-step) vs. sequential (two-step) events
to account for the river capture between Uruguay and
Negro (Supporting Information, Fig. S3). This was
attributable to a very similar set of summary statistics
produced by either model considering mtDNA alone.
It is likely that improving genealogical information by
the inclusion of a larger number of loci will be essential
for performing model choice in these more difficult
cases (Felsenstein 2006; Adrion et al., 2014).

Other important caveats are related to the fact that
population genetic models are simplifications of the
real biological world and, as such, there should be a
compromise between biological realism and statistical
power (Bertorelle et al., 2010). In our study, we made
several simplifying assumptions. For example, we
regarded samples from different rivers and regions
within a hydrographic basin (or even from small
isolated basins, as in Southern) as members of a
single panmictic population. This is a somewhat
unrealistic assumption, because connectivity
between different locations of a basin is constrained
by the structure of the river network itself (Hughes
et al.,2009; Thomaz et al., 2016) and by the ecological
preference of the species. We also set the period in
which all gene flow between basins must occur to a
single generation, assuming a short-term connection
between neighbouring drainages during river
captures, and allowed its intensity, the proportion
of migrant lineages, to vary along a broad interval
(Mig1/Mig2 parameter: 0.001-0.999; Supporting
Information, Table S1). In cases in which there is any
evidence of prolonged periods of connection between
drainages (such as basins prone to recurrent flooding
connectivity), it will be interesting to increase the
duration of the gene flow. Concerning intensity, a weak
gene flow [i.e. migration parameter(s) sampled close
to the inferior limit of the prior] is likely to reproduce
a situation in which migrant lineages are lost or
become very rare in the receiver population, erasing
the signature of a secondary contact (Burridge et al.,
2006) and making a SECCON simulation similar
to a DIVISO simulation. An intense gene flow [i.e.
migration parameter(s) sampled around the superior
limit], in contrast, is likely to result in migrant
lineages replacing other lineages already present in
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the receiver basin or making them very rare. In this
case, a SECCON simulation might also be similar
to a DIVISO simulation, but the secondary contact
will have the genetic signature of a divergence event.
Although these difficulties appear at the extremes
of our prior distribution for gene flow intensity, the
posterior distribution of migration parameter in
cases in which SECCON scenarios were selected
(U-N, N-M and N-S) shows that simulations that best
fit the empirical data are most intensely sampled
around intermediate values of the prior distribution
(Supporting Information, Table S2). In this context,
tests for assessing the fit of selected scenarios to
empirical data are fundamental to show that the
most favoured scenarios were able to reproduce the
set of summary statistics observed from real data.

Likewise, we performed cross-validation tests for
assessing the performance of the model selection
procedure, in which PODs from a known scenario
replaced the observed data in the model selection
procedure. We found an overall elevated error rate during
cross-validation, which could undermine the confidence
in model selection (Table 1). However, in three out of four
cases, and after conditioning on the PP obtained during
cross-validation (Fagundes et al., 2007), we were able to
select one scenario with relatively high confidence. On
the contrary, in the U-S case, our results suggest that
even when a secondary contact happened as the result
of a river capture, mtDNA would not have the power
to discriminate between alternative scenarios with
confidence (Table 1). Thus, using C. decemmaculatus
as a model species, our results provided statistical
support for the inferences made by Ramos-Fregonezi
et al. (2017) about past connections between Negro and
its adjacent basins, although the relationship between
Southern drainages and the Uruguay basin could not be
solved with the present data. In summary, we showed
that mtDNA data might be a useful genetic marker for
testing hypotheses of river capture in freshwater fishes
under a statistically rigorous framework.
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