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We investigated demographic history and population structuring of Colossoma macropomum sampled
from 14 localities in the Amazon basin and the Bolivian sub-basin; the two basins are separated by a ser-
ies of 16 rapids. Although genetically differentiated, IMa analyses suggest non-zero bi-directional migra-
tion rates, and inter-basin divergence of approximately 17 thousand years ago. Analyses in BEAST
indicated that Bolivian C. macropomum has been demographically stable except for a moderate popula-
tion increase in the last 12 thousand years, while Amazonian C. macropomum has been experiencing
demographic growth over the last 350 thousand years, resulting in approximately one order of magni-
tude increase in coalescent N,.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Most of the large rivers of the Amazon basin are free of major
physical obstructions and barriers that would impede the move-
ment of aquatic animals. A major exception to this pattern exists
in the form of a series of rapids and cataracts on the Madeira River
that separate the Bolivian sub-basin from the main Amazon basin.
The Bolivian sub-basin encompasses the upper portion of the Ma-
deira River drainage, and is separated from the main Amazon basin
by a series of 16 rapids (Goulding et al., 2003). These rapids are
known to form a distributional barrier for a number species of
fishes and aquatic vertebrates (Goulding, 1979), however, for some
species such as the catfishes of the genera Brachyplatystoma and
Pseudoplatystoma, and characids of the genus Prochilodus these rap-
ids apparently pose no barrier to reproductive migrations. Colosso-
ma macropomum is also found in both basins; however, ecological
and fisheries data suggest that C. macropomum only undertake
localized season movements for feeding and reproduction within
lentic floodplain habitats, triggered by annual cycles of flooding
and contraction of the floodplain (AradGjo-Lima and Goulding,
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1998), and therefore the Madeira River rapids are thought to pres-
ent a major barrier to movement for C. macropomum between the
Bolivian sub-basin and main Amazon basin.

Understanding the role that the rapids on the Madeira River
play in disrupting genetic connectivity between aquatic organisms
of the Bolivian Amazon and the main Amazon basins is fundamen-
tal for understanding the evolutionary dynamics that have and are
shaping patterns of distribution of genetic diversity in the greater
Amazon basins. Colossoma macropomum serves well as a model
since it is a typical species associated with large river floodplains
of the Amazon basin, and as most species occurring in this habitat
is also assumed to be largely sedentary. Therefore, we investigate
the role that the Madeira River rapids play in restricting gene flow
between the basins, the strength and the directionality of this gene
flow, and the relative importance of gene flow and genetic drift on
the intra- and inter-basin evolutionary history of C. macropomum.
Because coalescent based estimates of gene flow generally assume
constant population size, we also investigated changes in effective
population sizes over the coalescent history of C. macropomum,
from the present though the Pleistocene. An additional motivation
comes from recent studies suggesting effective population size
expansions for a wide range of Amazonian organisms including
passerine birds (Aleixo, 2004), leafcutter ants (Solomon et al.,
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2008), Amazonian manatees (Cantanhede et al., 2005) and pira-
nhas (Hubert et al., 2007).

2. Material and methods
2.1. Sample and data collection

The sample areas of C. macropomum collected in the main Ama-
zon basin and Bolivian sub-basin on either side of the Madeira Riv-
er rapids are shown in the Fig. 1. Muscle tissue was stored in 95%
ethanol at ambient temperature until being processed in the labo-
ratory. A total of 235 individuals were amplified: 160 samples were
from the central Amazon basin (127 from Brazil, 33 from Peru), and
75 from the Bolivian sub-basin. Total genomic DNA was extracted
using either a phenol-chloroform/proteinase K protocol
(Sambrook et al., 1989) or DNeasy Tissue Kit (Qiagen). The mtDNA
control region (d-loop, 733 bp) was amplified with the primers
designed by Sivasundar et al. (2001) or Agnése et al. (2006). PCR
reactions were carried out in a final volume of 25 pl and contained
11.7 pl of ddH,0, 3 pl of MgCl, (25 mM), 2.5 pl of dNTPs (10 mM),
2.5 pl of 10x buffer (100 mM Tris-HCl, 500 mM KCl), 2 pl of each
primer (2 uM), 0.3 pl of Tag DNA Polymerase (5 U/ul) and 1 pl of
DNA (concentration varied between 50 and 100 ng). For Sivasundar
et al. (2001) primers, PCR conditions were as follows: denaturation
at 92 °C for 35 s, primer annealing at 55 °C for 35 s, and primer
extension at 72 °C for 90s; these three steps were repeated 35
times. PCR conditions for primers from Agnése et al. (2006) were
as follows: 120 s denaturation at 95 °C, 10 cycles starting at 66 °C
with a 1 °C temperature decrement; finally 25 cycles with 60 s at
92 °C, 60 s at 56 °C and 90 s at 72 °C. Post-PCR extension was car-
ried out for 5 min at 72 °C. Purification of products was done using
an ethanol/salt precipitation.

Purified PCR products of Brazilian samples were sequenced di-
rectly using the DYEnamic ET Dye Terminator mix (GE Healthcare)
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following manufacturer’s protocol. Precipitated product were re-
solved on a MegaBACE 1000 automatic DNA analysis system (GE
Healthcare) using the manufacturer’s recommended settings.
Bolivian and Peruvian samples were sequenced by Macrogen
(Seoul, Korea). Sequences were edited and aligned by eye in the
program BioEdit (Hall, 1999).

2.2. Data analysis

First level of analysis consisted of testing of genetic homogene-
ity among all sampled localities using an Analysis of Molecular
Variance (AMOVA) (Excoffier et al., 1992). Since homogeneity
was rejected, the samples were grouped into basin macro-regions
where Peruvian (samples from Iquitos and Pucallpa) and Brazilian
samples (Santarém, Oriximind, Parintins, Coari, Tabatinga and
Humaitd) comprised the Amazon basin macro-region, and the
Madre de Dios, Beni, Yata, Mamoré, and Guapore samples com-
prised the Bolivia sub-basin macro-region. The two macro-regions
are separated by the upper Madeira River rapids. We also esti-
mated pair-wise ®sr values between all pairs of sampling locali-
ties. In all cases of multiple tests, significance levels were
adjusted using the sequential Bonferroni correction (Rice, 1989).
Significance of observed differences was assessed non-parametri-
cally via 10,000 permutations using uncorrected pair-wise differ-
ences between haplotypes. We also tested for a correlation
between genetic and geographical distance of sampling localities.
Significance of correlation was assessed with 10,000 random per-
mutations. All AMOVA, pair-wise ®st, and correlation tests were
performed in Arlequin 3.11 version (Excoffier et al., 2005).

We used the program IMa (Hey and Nielsen, 2007) to simulta-
neously estimate the coalescent effective population sizes (from
the parameter 0) of C. macropomum in the Bolivian sub-basin, the
main Amazon basin and of the ancestral C. macropomum popula-
tion, migration rates between the basins (m) and their significance,
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Fig. 1. Distribution (light purple) and sampling localities of Colossoma collected in the Amazon and Bolivian basins. The Amazon basin is outlined with a dashed line, while the
Bolivian basin is shaded in grey. Localites are (a) Pucallpa, (b) Iquitos, (c) Tabatinga, (d) Tefé, (e) Coari, (f) Parintins, (g) Oriximing, (h) Santarém, (i) Humaitd, (j) Manuripi River,

(k) Beni River, (1) Yata River, (m) Secure River, and (n) Guaporé River.
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and the age of the most recent ancestor of the Bolivian and Amazon
basin C. macropomum (7). After preliminary runs which were neces-
sary to obtain realistic upper and lower bound values for priors for
each of the five parameters estimated, we performed nine indepen-
dent replicates, holding priors identical but starting from different
starting points, to verify convergence. Each run consisted of 1 mil-
lion initial burn-in samples, followed by 10 million samples of the
parameter space with every 1000th sample being recorded. Ten
independent chains were run per replicate, and swap rates between
changes were set to range between 90% and 50%. Trees from the
independent replicates were combined, the posterior probabilities
of parameters 0, m and t were estimated, and then were converted
into demographic parameters: the coalescent effective population
size of C. macropomum in each basin, the number of immigrants
and emigrants to and from each basin, the time of divergence of
the two basins, the ancestral effective population size, and 2Nm
for each basin. To make these conversions, we assumed a genera-
tion time of 3 years; this estimate is based on smallest size at matu-
rity occurring at 50-55 cm (Goulding and Carvalho, 1982; Isaac
et al,, 1996) and length/age relationship estimated from Berta-
lanffy’s model by Isaac and Ruffino (1996). We also assumed a con-
servative estimate of the neutral substitution rate of 2.0 x 1078
mutations per site per year for the control region; this estimate is
an average derived from a wide range of teleost species (Donaldson
and Wilson, 1999; Sato et al., 2003). Sato et al. (2003) estimated
2.2-4.3 x 1078 substitutions per site per year, while Donaldson
and Wilson (1999) estimated 1.8 x 10~8 substitutions per site per
year. As recently pointed out by Ho et al. (2005), substitution rate
estimates tend to be underestimates of the actual mutation rate
due to not taking into account high frequency, short-lived muta-
tions, which in turn would result in estimates of lower effective
population sizes, and earlier demographic events; therefore our
estimates should represent conservative upper bounds.

Using the program IMa we also specifically tested the hypothe-
ses of no gene flow from the Amazon basin to the Bolivian basin
(my =0, my >0), no gene flow from the Bolivian basin to the Ama-
zon basin (m; > 0, m, = 0), and no gene flow between both basins
(mq1 =0, my =0). Selection among these alternate models and the
null model of unconstrained gene flow (m; > 0, m, > 0) was carried
out using Bayes Factors (Kass and Raftery, 1995). The use of Bayes
Factors is justifiable under the assumptions that the marginal pri-
ors for both hypotheses are the same (Pericchi, 2005), and in a case
of nested hypotheses comparisons are analogous to a hierarchical
likelihood ratio test (Hey and Nielsen, 2007).

Genetic connectivity within and between basins were evaluated
further within the maximum-likelihood framework in the program
MIGRATE version 2.4.4 (Beerli and Felsenstein, 2001). To establish
initial # and M parameter values, we ran 10 short chains, sampling
each chain 10,000 times. We then ran six long chains, sampling
each chain 1,100,000 times, and discarding the first 100,000 sam-
ples as burn-in. Search of parameter space was improved though
adaptive swapping among chains. Convergence between chains
was assessed using the Gelman-Rubin criterion (Gelman and
Rubin, 1992). MIGRATE analyses were repeated five times with
different random start seeds (i.e. different random starting condi-
tions) to assess convergence.

We used the program BEAST (Drummond and Rambaut, 2007)
to obtain independent estimates of the diversity parameter 0, the
time of the most recent ancestor of the Bolivian and Amazon basin
C. macropomum (7), and to investigate patterns of changes in effec-
tive population size changes throughout the coalescent history of
C. macropomum in each basin. Changes in effective population sizes
were inferred via Bayesian skyline plots. All analyses were run for
50 million generations with a burn-in of 5 million initial samples,
sampling every thousands topology. To account for differences in
observed rates of transitions and transversions, we used the

HKY85 (Hasegawa et al., 1985) model of molecular evolution with
a portion of sites assumed to be invariant and the mutation rate in
the rest being gamma distributed, and a relaxed molecular clock
(Drummond et al., 2006). Model of molecular evolution was se-
lected in the program MODELTEST (Posada and Crandall, 1998).
For initial analyses, priors were left at default values, and we sam-
pled over 20 time periods (m = 20). Priors were re-adjusted based
on preliminary analyses. Final analyses were repeated three times
to assure convergence of estimated parameters, and the three inde-
pendent runs were combined. The absolute time scale of the Bayes-
ian skyline plot, the estimates of the divergence of the Amazon and
Bolivian basins and the time to the most recent common ancestor
within each basin was based on the mutation rate of 2.0 x 1078
substitutions per site per year (see justification above). The pro-
gram BEAST (Drummond and Rambaut, 2007) also allows the esti-
mation of posterior probabilities of specific demographic scenarios.
We estimated the posterior probabilities of the hypotheses of con-
stant population size, logistic growth and exponential growth for
our data, and selected among alternate hypotheses using Bayes
Factors (Pericchi, 2005; Suchard et al., 2001).

Unrooted phylogenetic relationships among the mtDNA haplo-
types were inferred by maximum-likelihood and Bayesian infer-
ence methods. Both analyses were performed under the HKY85
model of molecular evolution (Hasegawa et al., 1985) with a por-
tion of sites assumed to be invariant and the mutation rate in the
rest being gamma distributed as determined in the program MOD-
ELTEST (Posada and Crandall, 1998). Maximum-likelihood (ML)
topology was inferred in the program Treefinder (Jobb et al.,
2004), and Bayesian inference topology was inferred in the pro-
gram MrBayes 3.1 (Ronquist and Huelsenbeck, 2003).

3. Results

A total of 733 bases were sequenced for 235 C. macropomum
specimens. Uncorrected pair-wise sequence divergence between
C. macropomum haplotypes ranged from 0.13% to 1.5%. Sequences
are available from GenBank (Accession Nos. GQ375614-
GQ375745).

Analysis of Molecular Variance revealed significant allelic dif-
ferences among sampled localities (®st = 0.0755, P < 0.001); how-
ever, based on examination of pair-wise ®sr, significant contrasts
involved between basin comparisons, but not within basin com-
parisons. Exceptions to this pattern were pair-wise comparisons
with the Humaita sampling locality which were significant neither
for Bolivian sub-basin nor the main Amazonian basin comparisons.
A hierarchical analysis testing the effect of the upper Madeira River
rapids on C. macropomum population structure resulted in the
inference of differentiation between the main Amazon basin and
the Bolivian sub-basin drainages (®@cr=0.1209, P <0.001), but no
differentiation among localities within each region (®sc = 0.0755,
P=0.090). In light of these results, we performed AMOVA and
Mantel test analyses for the Amazon basin and the Bolivian sub-ba-
sin only. Results showed no population structuring (®sr = 0.0156,
P=0.094) and no correlation between genetic and geographic dis-
tances (r=0.1711; P=0.196) in the Amazon basin. Likewise, there
was no significant structuring of localities (®@st = 0.0153, P = 0.262),
and no correlation between geographic and genetic distances
(r=-0.3490; P=0.751) within the Bolivian basin.

To investigate the levels and significance of gene flow between
the main Amazon basin and the Bolivian sub-basin, we performed
an analysis in IMa (Hey and Nielsen, 2007). IMa analyses indicated
that gene flow between basins was non-trivial; bi-directional gene
flow was a significantly better hypothesis than any of the
constrained models (Table 1). The rate of migration between the
basins was similar (m;=0.2161 and m,=0.3256; Table 2).
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Table 1
Test of alternate hypotheses in the IMa model.

Model log(P) —2Alog(P) df p

01 03 0p my My -12.7222

01 03 0p My =my —148.922 272.400 1 <0.0001
01 03 0o my my=0 —149.404 273.364 1 <0.0001
01 03 0o my=0m;y —247.123 468.802 1 <0.0001
01 03 0o m;=my=0 —253.095 480.746 2" <0.0001
01 =05 0a My My —215.528 405.612 1 <0.0001
01 =05 0 mq=my —227.621 429.797 2 <0.0001
01=0, 0amy=my=0 -312.292 599.139 3" <0.0001
01=0p 0, mq My —142.449 259.453 1 <0.0001
01=0p 0, mqy=my —153.117 280.790 2 <0.0001
01=0p0,m=my=0 —258.991 492.537 3 <0.0001
01 03 =0s my my —142.092 258.740 1 <0.0001
01 03 =0smy=m, —152.765 280.085 2 <0.0001
01 03=0amy=my=0 —279.789 534.134 3 <0.0001
01=0,=0y my My —228.067 430.690 2 <0.0001
01=0,=0p my =3 —236.555 447.666 3 <0.0001
01=0,=0pm;=my=0 —318.188 610.931 4 <0.0001

" Indicates models that are not fully nested.

However, coalescent effective population sizes differed vastly
between basins (main Amazon basin N, =1.44 x 10%; Bolivian
sub-basin N, =2.25 x 10%), and the estimated coalescent effective
population size of the ancestral population was 1.75 x 10° female
individuals (Table 2). Due to the large differences in coalescent
effective population sizes, gene flow into the main Amazon basin
was much higher (2N.m = 112.79) than gene flow into the Bolivian
sub-basin (2N,m = 2.58). Gene flow between the two basins inferred
in the program MIGRATE version 2.4.4 (Beerli and Felsenstein, 2001)
was 2N.m = 2.78 from the main Amazon basin to the Bolivian sub-
basin, and 2N,m = 129.28 from the Bolivian sub-basin to the main
Amazon basin. The estimated divergence time of C. macropomum
from these two regions was 17.4 thousand years (Table 2).
Although the IMa model assumes Fisher-Wright equilibrium
(Hey and Nielsen, 2007), exponential population grows appears
not to affect migration rate estimates, but may underestimate
effective population sizes (Strasburg and Rieseberg, 2010).

Bayesian skyline plots showed a relatively stable but gradually
decreasing population size of C. macropomum with a very recent
demographic increase (approximately 12,000 years before present)
in the Bolivian basin (Fig. 2a), while in the Amazon basin the pop-
ulation size of C. macropomum has remained constant until approx-
imately 350,000 years ago after which point C. macropomum has
been experiencing demographic growth (Fig. 2b). This demo-
graphic growth accelerated greatly in the last 125,000 years. Since
the beginning of the initial growth phase, the population size of the
Amazon basin appears to have increased by an order of magnitude,
from approximately 0.1 to 2 million individuals.

Alternate demographic hypotheses were also tested via the
comparison of posterior probabilities using Bayes Factors (Pericchi,
2005; Suchard et al., 2001). We concluded that demographic
growth was a significantly better explanation than constant
population size for the Amazon basin C. macropomum (exponential
—In P(model|data) =2904.717 vs. constant —In P(model|data) =
2779.757; BF = 54.270). Neither exponential growth nor constant
population size were better demographic models for C. macropomum
from the Bolivian basin over the coalescent history of this
population (exponential —In P(model|data) = 1277.905 vs. constant
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Fig. 2. Bayesian skyline plot estimated from Bolivian (a) and Amazon (b) samples.
The thick solid line is the median estimate, and the dashed lines represent the 90%
HPD limits. Note: N, is on a log10 scale.

—In P(model|data) = 1277.814; BF = 0.040); and therefore the sim-
pler model of constant population should be chosen.

An unrooted maximum-likelihood tree estimated using
HKY85+I+G model of molecular evolution showed a star-like rela-
tionship among haplotypes with two major haplotype clades com-
prising the majority of the Bolivian samples (Fig. 3); this pattern
was also recovered by the Bayesian inference analysis (results
not shown). These two major haplotype clades are hereafter

Table 2

Maximum-Likelihood Estimates (MLE) and the 90% Highest Posterior Density (HPD) intervals of demographic parameters.
Comparison 04 0, 0a my m T Neq Nep Nea 2Ne1my 2Nepimy t (years)
MLE 1016.1447  15.8542  123.1467 0222 0326 1.0175 1444053.74  22530.41 175003.84  112.792  2.584 17351.64
Lower 90% HPD 668.0893 7.0054 58.2550 0.042 0.002 0.7025 949422.04 9955.38 82786.21 - - 11979.88
Upper 90% HPD ~ 2142.9002  33.6994 211.6354 0490 1.522  3.1075 3045276.55 4789023  300755.17 - - 52992.84
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Fig. 3. Unrooted maximum-likelihood (ML) trees showing the relationship of Colossoma haplotypes estimated using the HKY85 model of molecular evolution. The
geographical origin of haplotypes is identified by sample locality IDs (Brazilian samples: Santarém (SAN), Oriximina (ORI), Parintins (PAR), Coari (COA), Tefé (TEF), Tabatinga
(TAB) and Humaita (HUM); Peru samples: Iquitos (IQU) and Ucayali River at Pucallpa (PUC); Bolivia samples: Madre de Dios basin (Manuripi River (MAN)), Beni Basin (Puerto
Salinas (BNS) and Esperanza from Beni River (BNE)), Mamoré Basin (Secure River (MMS), Ichilo River (MMI), Yata River (YAT) and Guaporé River (GUA)). Localities in black are
from the Amazon basin, in red from the Bolivian basin and in green from Humaita (Amazon basin).

referred to as clades A and B. Clade B is almost entirely restricted to
Bolivia but includes one sample from Santarém and another one
from Oriximind, both localities near the eastern-most distribu-
tional limit of Colossoma, and downstream of the confluence of
the Madeira River with the Amazon River. In addition to these
two major haplotype clades, six additional haplotypes occur in
Bolivia and are nested among the other haplotypes of Peru and
Brazil.

4. Discussion
4.1. Madeira rapids limiting gene flow

The Madeira River basin is the largest sub-basin of the Amazon
River; at 1.4 million km?, its catchment area represents just over
20% of the whole Amazon River basin. The Madeira River contrib-
utes 50% of the total sediment carried by the Amazon, and 15-
16% of the total annual discharge, making it arguably the most
important tributary of the Amazon. The Madeira River basin is di-
vided into two sections by a series of rapids; commencing just up-
stream of the Brazilian city of Porto Velho, there are 16 major
rapids along a 360 km stretch between Porto Velho, Guajara Mirim
and Riberalta. The Bolivian sub-basin upstream of the rapids com-
prises around 60% of the total area drained by the Madeira. The
rapids correspond to regions where the Madeira breaks through
and descends the pre-Cambrian Brazilian Shield. The current Ma-
deira Basin watershed is relatively young, having taken on its pres-
ent limits after the breach of the Purus Arch in the Late Miocene
(~8 mya) (Lundberg et al., 1998). The Early to Mid Pliocene (4-
3 mya) rise of the Fitzcarrald Arch gradually isolated and uplifted

the Bolivian basin (Campbell et al., 2001; Hoorn et al., 1995; Rdsa-
nen et al., 1987). This uplift resulted in the major shifts in drainage
pattern such that all major rivers of the northern Bolivian Basin
started to drain through the rapids region of upper Madeira (Camp-
bell et al., 2001; Hoorn et al., 1995; Rasdnen et al., 1987).

The causal role of the Madeira rapids in differentiating popula-
tions from the Bolivian and Amazon basins has been proposed for
such species as needlefishes Potamorrhaphis eigenmanni (Lovejoy
and Collette, 2001), the pink river dolphin Inia geoffrensis (Bangu-
era-Hinestroza et al., 2002), and the giant Amazon River turtle
Podocnemis expansa (Pearse et al., 2006). The Madeira River rapids
also have been suggested to form a major barrier to migration for a
number of fish species, and they limit the distribution of a number
of other fish species (Goulding, 1979). However, large catfishes of
the genera Brachyplatystoma and Pseudoplatystoma appear to pass
through the rapids without difficulty, as do the migratory characins
Prochilodus nigricans (Goulding, 1979). The effect of the rapids on
Colossoma macropomum and other groups of fishes and vertebrates
that occur upstream and downstream of the rapids is uncertain.
For example, while it is generally assumed that C. macropomum is
a relatively sedentary species occurring in the flooded forest of the
Amazon and Bolivian basin, and only undergoing lateral migrations
associated with feeding and reproduction during the high water sea-
son (Aratjo-Lima and Goulding, 1998), Goulding (1979) reports that
C. macropomum have been observed to pass through Teot6nio, the
largest of the Madeira River rapids. Interviews with local fishermen
also indicate that C. macropomum scale, though not frequently the
Madeira River rapids (IPF and TH pers. obs.).

Our results indicate that the Madeira River rapids do not form
an absolute barrier to genetic exchange for C. macropomum of the
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two basins. Migration rates are bi-directional, but not symmetrical
(—2Alog(P) = 272.400 non-symmetrical vs. symmetrical migration
rate; df = 1; P<0.001); the migration rate from the main Amazon
basin to the Bolivian sub-basin is greater (m =3.26 x 10~%) than
from the Bolivian sub-basin to the main Amazon basin
(m=2.22 x 107%) (Table 2). Both migration rates are also signifi-
cantly greater than zero (Bolivia to Amazon basin m =0 vs. m >0,
—2Alog(P) =273.364; df=1; P<0.001; Amazon to Bolivia basin
m=0vs. m>0, —2Alog(P) = 468.802; df = 1; P <0.001) supporting
the inference that even a major geological feature such as the Ma-
deira River rapids do not impede significant levels of genetic ex-
change between floodplain adapted fishes.

When number of effective migrants exchanged between basin
are estimated, both IMa and MIGRATE analyses suggest very high
rates of downstream gene flow from the Bolivian sub-basin into
the main Amazon basin (2N,m ~ 100), while rates of upstream
gene flow from the main Amazon basin to the Bolivian sub-basin
are nearly two orders of magnitude lower (2N,m ~ 2). This drastic
difference in effective number of migrants results from the nearly
two orders of magnitude difference in coalescent effective popula-
tion sizes of the two basins. The net movement from the Bolivian
basin to the Amazon basin is intuitively satisfying, and directional
movement of C. macropomum has already been proposed. Reinert
and Winter (2002) suggest that the relatively unexploited Bolivian
population of C. macropomum acts as a source for the heavily
exploited Brazilian population via passive transport of larval and
juvenile individuals into downstream nursery areas in the Brazilian
portion of the Amazon basin.

4.2, Intra basin demographic histories

Prior to the demographic expansion in the Amazon basin, the
effective population size of C. macropomum was approximately five
times that of the C. macropomum in the Bolivian sub-basin. This
estimate broadly corresponds to the relative proportion of potential
habitat in the Bolivian and Amazon basins. The Bolivian sub-basin
comprises approximately 10% of the total area of the Amazon basin;
however, with the exception of their mouths C. macropomum does
not occur in Amazonian rivers descending the Brazilian and Guiana
Shields which drain approximately 40% of the Amazon basin. The
Bolivian basin, therefore, comprises slightly less than 20% of the to-
tal area occupied by C. macropomum, and until the middle to late
Pleistocene, the Bolivian basin had a C. macropomum population
approximately 20% smaller than the rest of the Amazon basin.

Bayesian estimators of demographic processes implemented in
the program BEAST suggest that C. macropomum of the Amazon ba-
sin experienced significant population growth in the Pleistocene in
the last 350,000 years, followed by a modest population decrease in
the last 10,000 years. During this time, the female coalescent effec-
tive population size has increased by approximately one order of
magnitude to approximately 2.1 million individuals (Fig. 2b). The
result obtained in BEAST is broadly compatible with the coalescent
effective population size obtained in IMa (1.4 million individuals)
for the Amazon basin. For the Bolivian basin, Bayesian skyline plots
suggest a relatively stable but gradually decreasing population size
with a very recent demographic increase (approximately
12,000 years before present), and a coalescent effective population
size of 34 thousand individuals (Fig. 2a), while analyses in IMa sug-
gest 22 thousand effective individuals. Furthermore, formal
hypothesis testing under the assumption of different demographic
histories rejects constant population size in favor of exponential
growth for the Amazon basin, but not for the Bolivian basin. The
lack of statistical power to detect population growth in the Bolivian
sub-basin is most likely to due to the relatively recent and modest
(threefold) increase in size, and that throughout the recorded coa-

lescent history of C. macropomum in the Bolivian sub-basin, its coa-
lescent effective population size increased less than 50%.

Demographic expansion events in the Amazon basin are inferred
to have begun around 350,000 year ago with a second phase com-
mencing around 125,000 years ago. These times broadly corre-
spond to large climatic shifts, sea level changes, and potential
marine transgressions that have occurred within the Ilast
800,000 years (Hooghiemstraa and Ran, 1994). The Pleistocene
has seen large oscillations in the sea level relative to the present,
most resulting in lower sea levels than the present, but others in
higher sea levels than the present (Siddall et al., 2003, Crowley
etal., 1986). Particularly large oscillations occurred in the last 1 mil-
lion years (Billuops, 2004) and major high sea level rises occurred
around 50,000 and 400,000 years ago (Liu and Herbert, 2004, Billu-
ops, 2004). The observed differences in '80/'0 ratios from present
day ratios are indicative of around 100 m rise in sea level. Such a
rise is sufficient to flood the entire eastern and central Amazon ba-
sin, and the eastern portions of the western Amazon basin (Nores,
1999). A more moderate temperature increase and associated sea
level rise occurred in the last interglacial (ca. 130,000-
115,000 ybp) with sea levels rising between 6 and 9 m above pres-
ent levels (Kopp et al., 2009). A sea level rise could have either of
two effects. It could have resulted in a marine incursion which
would have destroyed freshwater habitat, but upon its retreat, it
would have created new habitat suitable to colonization. Alter-
nately, a sea level rise would have backed up the Amazon River, cre-
ating a massive freshwater lake in the lower and central Amazon
basin which would have provided new areas of lacustrine and
floodplain habitat. The freshwater lake scenario is not unreasonable
as the western Amazon basin was covered by a large freshwater
lake in the Miocene (Marshall and Lundberg, 1996; Wesselingh
et al., 2002), and the backing up of the Amazon occurs twice daily
with incoming tides. There is no saltwater incursion; however, oce-
anic tides can be perceived up to 1000 km inland from the mouth of
the Amazon (Goulding et al., 2003).

Pleistocene refugia and implicitly subsequent population
expansions have been proposed for forest dwelling vertebrates of
the Amazon basin (e.g. Ab’Saber, 1977; Haffer, 1969), and evidence
from birds (Aleixo, 2004) and ants (Solomon et al., 2008) support
these hypotheses, we lack information on the potential and possi-
ble effect of Pleistocene climate changes on aquatic faunas.
Although our data suggest a correlation between demographic
expansions and climate/sea level change, the generality of this pat-
tern in aquatic vertebrates remains to be seen.

5. Conclusions

Contrary to our initial expectations, the Madeira River rapids do
not form a strong barrier to genetic exchange for C. macropopum of
the two basins. Although specialists of lenthic floodplains of large
Amazonian rivers (Aradjo, 1998) C. macropomum actively migrate
upstream into the Bolivian basin. There is large amount of poten-
tially passive gene flow from the Bolivian basin into the Amazon
basin. At the same time gene flow between the two basins is a suf-
ficiently weak evolutionary force to have allowed independent
demographic trajectories to be followed by C. macropomum in
the Amazon basin and the Bolivian sub-basin.

Recent plans by the Brazilian government to construct a dam at
the site of the Santo Antonio rapid near Porto Velho and a second
dam at the Jirdu rapid 130 km upstream of Porto Velho would disrupt
the current population dynamics of C. macropomum and many other
aquatic organisms. These dams are envisioned to create a navigable
waterway for the export of soybeans from the southern Amazonian
agricultural frontier via the Amazon River to international markets,
and to provide hydroelectric power. This project will clearly have



LP. Farias et al./Molecular Phylogenetics and Evolution 56 (2010) 1129-1135 1135

serious consequences for the biodiversity of the Madeira River and
its drainage system, altering and impacting major tracts of habitat,
including habitatimportant for fishes, and disrupting ecological pro-
cesses and population dynamics of many aquatic species.
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