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Seed dispersal is crucial to gene flow among plant populations. Although the effects of
geographic distance and barriers to gene flow are well studied in many systems, it is
unclear how seed dispersal mediates gene flow in conjunction with interacting effects
of geographic distance and barriers. To test whether distinct seed dispersal modes (i.e.,
hydrochory, anemochory, and zoochory) have a consistent effect on the level of genetic
connectivity (i.e., gene flow) among populations of riverine plant species, we used
unlinked single-nucleotide polymorphisms (SNPs) for eight co-distributed plant species
sampled across the Rio Branco, a putative biogeographic barrier in the Amazon basin.
We found that animal-dispersed plant species exhibited higher levels of genetic diversity
and lack of inbreeding as a result of the stronger genetic connectivity than plant species
whose seeds are dispersed by water or wind. Interestingly, our results also indicated that
the Rio Branco facilitates gene dispersal for all plant species analyzed, irrespective of
their mode of dispersal. Even at a small spatial scale, our findings suggest that ecology
rather than geography play a key role in shaping the evolutionary history of plants in the
Amazon basin. These results may help improve conservation and management policies
in Amazonian riparian forests, where degradation and deforestation rates are high.

Keywords: Amazon basin, gene flow, ddRADseq, genetic structure, single-nucleotide polymorphisms (SNPs)

INTRODUCTION

The proportion of total genetic variability that resides among populations (i.e., population
genetic differentiation expressed by FST ; Wright, 1943) provides a measure of the evolutionary
processes acting within species (Holsinger and Weir, 2009). This elemental descriptive statistic
from population and evolutionary genetic theory (Wright, 1943, 1951, 1965; Malécot, 1948; Nei,
1977; Weir and Cockerham, 1984; Holsinger and Weir, 2009) often seems to relate to species’
life-history traits (e.g., Duminil et al., 2007; Fouquet et al., 2015; Lowe et al., 2018; Medina et al.,
2018). As a matter of fact, species-specific traits linked to the spread of genes across space have
been used to explain why the magnitude of genetic divergence among populations varies among
taxa (Duminil et al., 2007; Fouquet et al., 2015; Ballesteros-Mejia et al., 2016; Hodel et al., 2018;
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Medina et al., 2018). For instance, the mode of locomotion in
vertebrates is predictive of the amount of genetic divergence
among populations, with greater genetic differentiation in animal
species that walk compared with those that swim or fly (Medina
et al., 2018). Likewise, in sessile organisms such as plants, the
mode of pollen and seed dispersal (i.e., biotic versus abiotic
mediated dispersal) and life-history traits (i.e., growth form
and mating system), are thought to predict genetic divergence
(Loveless and Hamrick, 1984; Hamrick et al., 1992, 1993;
Hamrick and Godt, 1996; Nybom, 2004; Duminil et al., 2007;
Ballesteros-Mejia et al., 2016; Lowe et al., 2018).

By extension, life-history traits linked to dispersal ability
can also have a direct effect on a species’ response to physical
barriers (Fouquet et al., 2015; Papadopoulou and Knowles,
2016), affecting biogeographical and diversification processes
(Wallace, 1854; Waters et al., 2020). For example, several
studies have shown that large rivers in the Amazon basin are
genetic barriers that contribute to allopatric speciation in a
plethora of taxa including birds (e.g., Ribas et al., 2012; Naka
and Brumfield, 2018), amphibians (e.g., Fouquet et al., 2015),
and primates (e.g., Boubli et al., 2015). Despite the strong
genetic structure in some plant species imposed by rivers, the
river barriers do not appear to be associated with speciation
(Zellmer et al., 2012; Nazareno et al., 2019a). Moreover, the
effectiveness of rivers as a barrier to gene flow in plants depends
on the width of the river separating populations (Moreira and
Fernandes, 2013; Nazareno et al., 2017a, 2019a,b), with narrow
rivers acting as a more permeable barrier to dispersal than
wider ones (Zellmer et al., 2012; Moreira and Fernandes, 2013;
Nazareno et al., 2017a, 2019a; but see Collevatti et al., 2009).
However, because plants differ in their mechanisms of seed
dispersal (Willson and Traveset, 2000), the permeability of a river
barrier may differ across species bearing different seed dispersal
strategies, especially between species bearing biotic and abiotic-
mediated seed dispersal mechanisms. For example, seed dispersal
mediated by animals should prevent population divergence,
reduce inbreeding, and increase the levels of genetic diversity
(e.g., Hamrick et al., 1993; Hamrick and Godt, 1996; Nybom
and Bartish, 2000; Nybom, 2004; Vieira et al., 2010; Giombini
et al., 2017; but see Thiel-Egenter et al., 2008). However, these
general expectations are based on dispersal across a continuous
landscape, and it is unclear how those expectations translate
into dispersal propensities across river barriers. The relative
permeability of a river barrier to gene flow as a function of
species-specific traits is even less clear.

Here we present a riverscape genomics framework in which
to assess whether distinct seed dispersal modes (i.e., hydrochory,
anemochory, and zoochory) have a consistent effect on the
level of historical and contemporary (i.e., past versus present)
genetic connectivity among populations of riverine plant species
(Figure 1). We also address whether trait-mediated dispersal
co-varies among species with shared dispersal modes across a
putative river barrier. Because the drainage system of the Amazon
and its tributaries is dynamic (Latrubesse et al., 2005), rivers that
presently act as dispersal barriers may not have done so in the past
(or vice versa). In this context, we quantify the historical genetic
differentiation associated with restricted gene flow, as well as the

rates of contemporary dispersal. We also tested the Drift Paradox
hypothesis (Ritland, 1989) to assess whether intraspecific genetic
diversity increases downstream genetic diversity, a general trend
observed in several taxa (Blanchet et al., 2020), including riverine
plant species (e.g., Boedeltje et al., 2003; Prots et al., 2011).

An adequate understanding of gene flow patterns and genetic
diversity in the Amazon can help guide effective conservation
and management policies (Van Dyke and Lamb, 2020) of riverine
plant species and the riparian forest areas where these species
occur. Well thought-out and science-based management plans
are urgent considering the rising rates of Amazonian riparian
forest degradation and deforestation (Biggs et al., 2019; Nunes
et al., 2019). The Brazilian Government plans to build 200
hydroelectric dams through the Amazon basin during the next
decades; this represents an additional threat to the Amazon
basin (Fearnside, 2015; Naka et al., 2020). To improve our
understanding of patterns of genetic diversity and gene flow in
this region, we quantified these genetic parameters in eight co-
distributed plant species across the Rio Branco (Figure 1) using
thousands of unlinked single-nucleotide polymorphisms (SNPs)
obtained from a modified high-throughput DNA sequencing
methodology (i.e., double-digest Restriction-site associated DNA
sequencing – ddRADseq; Peterson et al., 2012).

The Rio Branco is a medium-sized river that has been
used as a model system in various studies due to its size.
This is due to the fact that narrow and wide rivers tend to
affect gene flow in various taxa in the same way, regardless
of their dispersal modes. The Rio Branco in particular has
been shown to represent an important barrier to gene flow for
birds (e.g., Naka et al., 2012) and primates (e.g., Boubli et al.,
2015). Because seed dispersal mechanisms impact historical and
contemporary gene flow (Duminil et al., 2007; Lowe et al.,
2018), we expect a lack of congruence among plant species
with distinct dispersal modes. Likewise, because dispersal mode
is directly related to genetic connectivity among populations
over time, we expect higher levels of genetic diversity and
weaker genetic structure for biotically dispersed plant species
than abiotically dispersed taxa. Although the dispersal ability (i.e.,
distinct animal foraging behavior and post-feeding movement)
can vary in biotically dispersed species, three of the eight
species studied here were placed in the same category because
their seed dispersal was mediated by species with foraging
behavior that can result in long seed dispersal distances (e.g.,
fishes; see Table 1). Indeed, previous results have indicated
that long-distance dispersal modes, mediated by animals, are
responsible for lower levels of genetic differentiation for plant
species in forests (e.g., Howe and Smallwood, 1982; Loveless
and Hamrick, 1984; Hamrick et al., 1992; Hamrick and Godt,
1996; Duminil et al., 2007), including those in riparian forest
areas (e.g., Collevatti et al., 2009; Moreira and Fernandes,
2013). Since the locomotion of animals does not necessarily
follow the flow of rivers, a lack of a downstream increase in
intraspecific genetic diversity in animal dispersed-plant species
is also expected. Comparative population genomics approaches
allow us to empirically evaluate the links between dispersal
mode and genetic connectivity for riverine plant species in the
extremely biodiverse Amazon basin.
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FIGURE 1 | Sampling locations along the banks of the Rio Branco in the Amazon basin, Brazil. Locations labeled 1L-7L and 1R-7R denote the “Left” and “Right”
river banks, respectively, of the following species (1) Tanaecium pyramidatum, (2) Bignonia aequinoctialis, (3) Adenocalymma schomburgkii, (4) Pachyptera kerere, (5)
Anemopaegma paraense, (6) Psychotria lupulina, (7) Passiflora spinosa, and (8) Amphirrhox longifolia.

MATERIALS AND METHODS

Species Studied
Eight Amazonian plant species were selected for this
study: Adenocalymma schomburgkii (DC.) L.G. Lohmann
(Bignoniaceae), Amphirrhox longifolia (A. St.-Hil.) Spreng.
(Violaceae), Anemopaegma paraense Bureau & K. Schum
(Bignoniaceae), Bignonia aequinoctialis L. (Bignoniaceae),
Pachyptera kerere (Aubl.) Sandwith (Bignoniaceae), Passiflora
spinosa (Poepp. & Endl.) Mast. (Passifloraceae), Psychotria
lupulina Benth. (Rubiaceae), and Tanaecium pyramidatum
(Rich.) L.G. Lohmann (Bignoniaceae). These species were chosen
due to their varied dispersal modes (Table 1) and high abundance
on both banks of the Rio Branco, an ecologically important river
barrier for the Amazonian biota (Naka et al., 2012; Boubli et al.,
2015; Nazareno et al., 2019a). Assignment to the categories of
primary seed dispersal modes, which encompasses all species
studied here, was based either on specific morphological features
that suggest particular modes of dispersal or on published field
observations (Table 1). Although life-history traits such as
growth form (Hamrick and Godt, 1996) and pollination mode
(Ballesteros-Mejia et al., 2016) may also impact genetic structure,
we had insufficient variation in these traits across species,

preventing us from including pollination as a variable in our
comparative analyses (Table 1). While mating system might also
affect the levels of intra- and inter-population genetic diversity,
no information about the mating system of the eight focal taxa is
available to date.

We tested the effect of riverscape features (i.e., geographic
distance along and between river banks) on population structure,
while considering distinct dispersal modes. Toward this end,
we collected new genomic data for five plant species (i.e.,
A. schomburgkii, A. paraense, B. aequinoctialis, P. kerere, and
T. pyramidatum) and combined this information with data
available from the same location for A. longifolia, P. spinosa, and
P. lupulina (Nazareno et al., 2019a). This strategy enabled us to
consider multiple dispersal modes in our analyses, allowing us
to address the unexplored question of the effects of dispersal
mode on the historical and contemporary genetic structure of
riverine plants.

Study Area and Sampling Design
At 750 km long, the Rio Branco (whose drainage basin spans
235,073 km2) is the largest tributary of the Rio Negro; it is located
on the Guiana Shield, within a sediment-rich “white-water” river
ecoregion, and flows southward into the Negro-Amazon Rivers
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(Figure 1). The Rio Branco is one of several rivers in the Amazon
basin threatened by the Brazilian Government’s plan to build
hydroelectric dams and associated hydro-ways along its course
(Naka et al., 2020). Our sampling of plant populations was
restricted to the lower Rio Branco, where vegetation structure
is directly related to the hydro-edaphic features, supporting a
different type of vegetation and plant community structure than
that found along the shores of the clear and nutrient poor black-
water rivers (Worbes, 1997).

We sampled seven locations on each river bank of the lower
Rio Branco, spanning a distance of 90 km (Figure 1). For
each sampling location, we identified a corresponding sampling
location on the opposite river bank with distances varying with
the width of the river from 1.0 km (7R – 7L, Figure 1) to 3.8 km
(3R – 3L, Figure 1). On the same side of the river, distances
between pairs of sampling locations varied from 16.2 (1R – 2R,
Figure 1) to 89.2 km (1R – 7R, Figure 1) for the right bank,
and 8.3 (3L – 4L, Figure 1) to 86.8 km (1L – 7L, Figure 1)
for the left bank. To avoid sampling close relatives, reproductive
individuals were sampled at intervals of at least 50 m. In total, we
collected 622 flowering individuals of A. schomburgkii (n = 64),
A. longifolia (n = 78), A. paraense (n = 84), B. aequinoctialis
(n = 78), P. kerere (n = 84), P. spinosa (n = 78), P. lupulina
(n = 78), and T. pyramidatum (n = 78). Those individuals were
distributed among 14 sampling locations situated on both banks
(left and right) of the Rio Branco during the wet seasons of
2015 and 2016 (Supplementary Table 1). Although we sampled
14 locations for five plant species, one location was left out in
the final analyses due to the very small number of individuals
collected there (Supplementary Table 1). Vouchers for all species
(Supplementary Table 1) were deposited at the Herbarium of the
University of São Paulo (SPF), São Paulo, Brazil.

For each sampling location, sample sizes ranged from two
to six individuals (Supplementary Table 1). The common
limitations of reduced sample sizes are offset by large sets of
SNPs (Willing et al., 2012; Nazareno et al., 2017b), allowing
for high-resolution identification of genetic structure (Trucchi
et al., 2016; Kotsakiozi et al., 2017; Nazareno et al., 2017b),
even when just two individuals are sampled per population
(Nazareno et al., 2017b). The assumption that small sample
sizes are adequate to estimate population genetics parameters
has previously been validated for A. longifolia (Nazareno et al.,
2017b), P. spinosa, and P. lupulina (Nazareno et al., 2019a). To
ensure that this assumption also applied to A. schomburgkii,
A. paraense, B. aequinoctialis, P. kerere, and T. pyramidatum,
we performed genetic structure analyses (e.g., pairwise genetic
differentiation) while reducing the number of samples randomly,
from six to two using a custom script in R (described by Nazareno
et al., 2017b). When we compared the mean of the pairwise
genetic differentiation between different sample sizes, the results
confirmed the robustness of the results to different sample sizes.
More specifically, for A. schomburgkii an FST (n = 6) = 0.014, 95%
CI (0.010, 0.018) compared with an FST (n = 2) = 0.013, 95% CI
(0.009, 0.017), for A. paraense an FST (n = 6) = 0.015, 95% CI
(0.008, 0.022) compared with an FST (n = 2) = 0.022, 95% CI
(0.014, 0.300), for B. aequinoctialis an FST (n = 6) = 0.052, 95%
CI (0.029, 0.075) compared with an FST (n = 2) = 0.051, 95%
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CI (0.034, 0.067), for P. kerere an FST (n = 6) = 0.022, 95% CI
(0.012, 0.032) compared with an FST (n = 2) = 0.010, 95% CI
(0.003, 0.017), and for T. pyramidatum an FST (n = 6) = 0.032,
95% CI (0.029, 0.035) compared with an FST (n = 2) = 0.033, 95%
CI (0.026, 0.040).

Library Preparation and Sequencing
A total of five new genomic libraries were prepared for
A. schomburgkii, A. paraense, B. aequinoctialis, P. kerere, and
T. pyramidatum. The genomic libraries were created using a
double digest RADseq (ddRAD) protocol (Peterson et al., 2012),
following modifications proposed by Nazareno et al. (2017a)
to minimize variance in the number of reads per individual
within each pool. Briefly, genomic DNA was extracted using
the Macherey-Nagel kit (Macherey-Nagel GmbH & Co. KG).
The restriction enzymes EcoRI and MseI were used to digest
genomic DNA, and the DNA fragments obtained were ligated to
adaptors with unique barcodes. After that, PCRs were performed
on each individual sample and amplicons were pooled for
automatic size selection using Pippin Prep (Sage Science, Beverly,
MA, United States). The genomic libraries were sequenced on
Illumina HiSeq 2500 flow cell (Illumina Inc., San Diego, CA,
United States) to generate single-end 100 bp reads at The
Centre for Applied Genomics, Toronto, Canada. More details
of the protocol can be found in Supplementary Appendix 1
(Supporting information). Raw sequence data from previously
published work on A. longifolia, P. spinosa, and P. lupulina
(Nazareno et al., 2019a) were analyzed with the same protocols
used on the five new genomic libraries generated in this study.

Identifying and Genotyping SNPs
Files containing the raw sequence reads were analyzed separately
for each plant species in Stacks 1.35 (Catchen et al., 2011,
2013; Rochette et al., 2019) using de novo assembly. Initially,
we used the process_radtags program in Stacks to assign reads
to individuals and eliminate poor quality reads (i.e., Phred
quality score < 33) and reads missing the expected EcoRI
cut site (options –barcode_dist 2 -q -e ecoRI). All sequences
were processed in ustacks to produce consensus sequences
of RAD tags. The program ustacks takes a set of short-read
sequences from a single sample as input and aligns them into
exactly matching stacks. For each species, a maximum-likelihood
framework (Hohenlohe et al., 2010) was applied to estimate
the diploid genotype for each individual at each nucleotide
position. The optimum minimum depth of coverage (m) to
create a stack was set at three sequences, the maximum distance
allowed between stacks was two nucleotides, and the maximum
number of stacks allowed per de novo locus was three. The stacks
assembly enabled the Deleveraging algorithm (-d), which resolves
overmerged tags, and the Removal algorithm (-r), which drops
highly repetitive stacks and nearby errors from the algorithm.
The alpha value for the SNP model was set at 0.05. As reported
by Catchen et al. (2013), low alpha values (i.e., <0.10) avoid
underestimating true heterozygous genotypes. Cstacks was used
to build a catalog of consensus loci containing all the loci from all
the individuals and merging all alleles together. After processing
the consensus loci in cstacks, stacks generated from all samples

of each plant species were searched against the catalog. The
SNPs were called using the software sstacks, tsv2bam, and gstacks
(Rochette et al., 2019), with default settings. We ran the software
POPULATIONS (Catchen et al., 2011, 2013; Rochette et al., 2019)
to obtain the loci that were present in at least 85% of individuals,
with ddRAD tags present in all sampling locations. In addition,
we used a Minor Allele Frequency (MAF) of 1% (–min_maf
0.01) to filter out allelic types – with a count of one – that may
mask population genetic structure (e.g., Rodríguez-Ezpeleta et al.,
2016). Only one SNP per locus was included in the final dataset.

Quality Control of Genomic Data
For each plant species, the numbers of raw sequence reads
and unlinked SNPs were characterized for all populations.
We used BayeScan 2.1 (Foll and Gaggiotti, 2008) to remove
the SNPs potentially under balancing and divergent selection;
this software was run with 20 pilot runs of 10,000 iterations,
a burn-in of 50,000 iterations, and a final run of 100,000
iterations. In order to minimize false-positives, prior odds of
the neutral model were set to 10,000 (i.e., the neutral model
is 10,000 times more likely than the model with selection;
Foll and Gaggiotti, 2008). Furthermore, deviation from Hardy–
Weinberg (H-W) equilibrium was assessed using the exact test
based on Monte Carlo permutations of alleles – the most
appropriate test when small sample sizes are used (Barnholtz-
Sloan, 2003). The H-W equilibrium tests were done using the
adegenet package (Jombart, 2008; Jombart and Ahmed, 2011)
implemented in R. We tested for linkage disequilibrium (LD)
between loci using Arlequin 3.5.2 (Excoffier and Lischer, 2010).
Type I error rates for tests of departure from H-W expectations
and linkage disequilibrium were corrected for multiple k tests
using the sequential Bonferroni procedure (Rice, 1989). After the
adjustment of the p-value, SNPs that failed the H-W equilibrium
test and the SNP pairs in LD in at least 50% of the sampling
locations were excluded from further analyses.

We used the final dataset to calculate minor allele frequencies
for each plant species using the package adegenet (Jombart, 2008;
Jombart and Ahmed, 2011) in R 3.3.1 (R Core Team, 2018).
We further estimated unbiased expected genetic diversity (uHE;
Nei and Roychoudhury, 1974), observed heterozygosity (HO) and
the inbreeding coefficient (Wright’s Fixation Index F) for each
population. Population genetic statistics were averaged across
loci using the R package diveRsity (Keenan et al., 2013). For
uHE, HO, and F, the 95% confidence intervals were obtained
to help evaluate differences between means estimated for all
plant species. To test the Drift Paradox hypothesis (i.e., if there
is a downstream increase of genetic diversity), we performed
Pearson product-moment correlation test of uHE and HO with
the geographic distance along the river course using the package
ggpubr implemented in R 3.3.1 (R Core Team, 2018).

Population Structure Analyses
In order to investigate how the river affects the population
structure of plant species with different seed dispersal modes
(e.g., anemochory, hydrochory, and zoochory), we assessed the
historical and contemporary genetic structure and connectivity
of A. schomburgkii, A. paraense, B. aequinoctialis, P. kerere, and
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T. pyramidatum. To allow for comparison with the animal-
dispersed plant species (A. longifolia, P. spinosa, and P. lupulina),
we analyzed the five abiotically dispersed plant species for which
new data was obtained using the methods described in Nazareno
et al. (2019a), with minor adjustments.

We assessed the genetic structure and the connectivity
patterns between sampling locations along and across the river
using complementary genetic analyses. For all plant species,
we investigated the historical relationships among sampling
locations using RAxML 8.2 (GTRGAMMA model; Stamatakis,
2014). The trees based in pairwise nucleotide sequence distances
were visualized in FigTree 1.4.41.

We calculated genetic distances among sampling locations
(DA: Nei et al., 1983) and visualized the results by applying
multidimensional scaling (MDS) in XL-STAT (Addinsoft), using
the SMACOF method (Scaling by MAjorizing a COnvex
Function). This method minimizes the “Normalized Stress” (De
Leeuw, 1977), a measure that determines how well a particular
configuration reproduces the observed distance matrix. As an
ordination technique, MDS plot locations with similar genetic
structure are grouped within the ordination space according to
a given stress factor. No assumptions associated with the cause of
structure such as HWE and gametic equilibrium are required.

To more precisely characterize the geographic distribution
of genetic variation, we applied a Bayesian model that uses a
Markov Chain Monte Carlo (MCMC), as implemented in the R
package GENELAND 4.0.6 (Guillot, 2012). Bayesian clustering
analyses based on Hardy–Weinberg and linkage equilibrium, as
implemented in GENELAND, have been broadly used for this
purpose. Although other statistical approaches can be employed
to identify genetic groups of populations or individuals, we chose
to use GENELAND because spatial information increases the
power of correctly detecting the underlying population structure
(e.g., Bonin et al., 2007). The statistical model implemented in
GENELAND can also help to identify genetic discontinuities such
as physical barriers among populations. We applied the spatial
model with correlated allele frequencies proposed by Guillot
et al. (2008), which enables inferences of differentiation even
when there is limited gene flow caused by physical barriers.
We conducted ten independent runs of 1.0 × 106 in length,
discarding the first 5.0 × 105 iterations (burn-in) in post-
processing. As the most likely number of k populations was
unknown, it was treated as a simulated variable along with
the MCMC simulations (1 ≤ k ≤ N), where N represents
the number of sampling locations for each plant species,
which ranged from 13 (B. aequinoctialis and T. pyramidatum)
to 14 (A. schomburgkii, A. paraense, and P. kerere). The
modal number of genetic groups of the best run (based on
posterior density values) was considered as the number of
genetic clusters (K).

To investigate whether species with different dispersal modes
displayed congruent patterns of genetic structure, we estimated
pairwise genetic differentiation (FST ; Weir and Cockerham, 1984)
using the package hierfstat (Goudet, 2005) implemented in R
3.3.1 (R Core Team, 2018). We applied the non-parametric

1http://tree.bio.ed.ac.uk/software/figtree/

Wilcoxon–Mann–Whitney test to compare the estimates of
pairwise genetic differentiation among plant species that are
dispersed by animal, wind, or water. Wilcoxon–Mann–Whitney
tests were performed using R (R Core Team, 2018), and
considering three datasets: (i) all pairs of sampling locations,
(ii) pairs of sampling locations across banks, and (iii) pairs of
sampling locations along banks of the Rio Branco.

In order to investigate the similarity between genetic and
geographic distance, we conducted a test for isolation by distance
(IBD) (Mantel, 1967) between a matrix of pairwise genetic
distances [FST/(1 – FST); Rousset, 1997] and a matrix of Euclidian
distances using the package vegan implemented in R (R Core
Team, 2018). For this test, we employed a 1.0 × 104 permutation
test of significance for the coefficient of correlation. A Mantel test
was also applied to pairs of sampling locations situated (1) across
river banks and (2) along each bank of the Rio Branco.

Finally, to examine the effect of the Rio Branco on the
partitioning of genetic variation among sampling locations, we
performed a Molecular Analysis of Variance (AMOVA; Excoffier
et al., 1992). We defined two hierarchical levels at which
we characterized population differentiation: between sampling
locations from opposite river banks, and between sampling
locations along the right and left banks. We used Arlequin
3.5.2 (Excoffier and Lischer, 2010) to calculate population
differentiation estimates and their statistical significance based on
2.0 × 104 random permutations.

Contemporary Gene Flow
We obtained estimates of contemporary bidirectional migration
rates (m) using a Bayesian inference framework implemented
in BayesAss3-SNPs 1.1 (Wilson and Rannala, 2003; Mussmann
et al., 2019). This program employs a Bayesian approach with
MCMC sampling to estimate recent migration rates over the
last five to seven generations. This method does not assume
that populations are in migration-drift equilibrium or Hardy–
Weinberg equilibrium. We conducted the Bayesian analysis
with a sample size (n) of six individuals per sampling location
(except for A. schomburgkii, n = 4.0 ± 1.3 SD; Supplementary
Table 1) using 2.0 × 107 interactions with a burn-in of
1.0 × 107 generations and a sampling frequency of 5.0 × 103.
All migration rates whose 95% confidence intervals did not
include zero were reported as significant. Estimates of migration
rates are accurately obtained even when reduced sample sizes
are employed (Nazareno et al., 2019a). To ensure that estimates
of migration rates can be accurately obtained when small
sample sizes are employed, we performed a preliminary analysis
with a subset of A. schomburgkii individuals and compared
migration rates obtained from sample sizes (n) of six, four,
and two individuals in two populations. The results indicated
that there are no differences in the migration rates (m) even
when a small number of individuals (i.e., two individuals per
sampling location) are used in the analysis [e.g., migration rates
for A. schomburgkii, from population 1R to population 2R:
m(n = 2) = 0.048, 95% CI (−0.044, 0.139), m(n = 4) = 0.059,
95% CI (−0.033, 0.151), and m(n = 6) = 0.080, 95% CI
(−0.012, 0.172)].
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To verify if contemporary migration rates are congruent
among plant species displaying different dispersal modes,
we applied the non-parametric Wilcoxon–Mann–Whitney test
considering either all pairs of sampling locations, or pairs
of sampling locations across banks, or pairs of sampling
locations along banks of the Rio Branco. To investigate
whether migration rates decrease with the increase of geographic
distance between sampling locations, we performed Pearson
product-moment correlation tests using the package ggpubr
implemented in R 3.3.1 (R Core Team, 2018) using the
following datasets: (i) all sampling locations, (ii) sampling
locations located across banks, (iii) sampling locations located
along each river bank, and (iv) sampling locations located
along both river banks. To investigate if there is a directional
pattern of contemporary gene flow along the river course
(i.e., from downstream to upstream, or contrariwise), we
also performed Pearson product-moment correlation tests, but
considered the following datasets: (i) all sampling locations,
(ii) sampling locations along both banks from downstream to
upstream and contrariwise, (iii) sampling locations along each
river bank from downstream to upstream and contrariwise,
(iv) sampling locations across banks from downstream to
upstream and contrariwise, and (v) sampling locations along
both banks plus across banks from downstream to upstream
and contrariwise.

RESULTS

The numbers of single-end raw reads produced for each
lane of HiSeq 2500 Illumina and the mean number of
retained reads that passed the default quality filters and
which contained an identifiable barcode, are presented in
Supplementary Appendix 2 (Supporting information). After
additional quality filtering (see Supplementary Appendix 2),
the total numbers of unlinked SNPs used in the genomic
analyses were 36,768 for A. schomburgkii, 39,747 for A. paraense,
10,595 for B. aequinoctialis, 34,265 for P. kerere, and 28,121 for
T. pyramidatum.

Genetic Diversity for Biotically and
Abiotically Dispersed Plant Species
At the population level, genetic diversity estimates (i.e., uHE and
HO) did not vary much among populations of A. schomburgkii,
A. longifolia, A. paraense, B. aequinoctialis, P. kerere, P. spinosa,
P. lupulina, and T. pyramidatum (Supplementary Table 2). At
the species level, the mean unbiased expected genetic diversity
ranged from 0.104 (B. aequinoctialis) to 0.376 (P. lupulina),
while the mean observed heterozygosity ranged from 0.113
(B. aequinoctialis) to 0.410 (P. lupulina; Supplementary Table 2).
The genetic diversity estimates for animal-dispersed plant species
were significantly higher than those estimated for water- or
wind-dispersed plant species (Supplementary Table 2 and
Figure 2). For wind-dispersed plant species, no significant
differences among the genetic diversity estimates were observed,
whereas among the water-dispersed plant species, those estimates
were significantly higher for A. paraense than for P. kerere;

among the animal-dispersed plant species, the estimates were
significantly lower for A. longifolia than for P. spinosa and
P. lupulina (Figure 2).

Very low levels of inbreeding were observed for wind-
or water-dispersed plant species (Supplementary Table 2).
For these species, the mean fixation index (i.e., inbreeding
coefficient) ranged from 0.004 ± 0.007 95% CI (A. paraense) to
0.025 ± 0.007 95% CI (A. schomburgkii). Due to the excess of
observed heterozygotes, the mean fixation index was negative
for all animal-dispersed plant species (Supplementary Table 2
and Figure 2).

Genetic diversity estimates were not correlated with the
distance along the river (Supplementary Table 3), except
in P. kerere, where values of uHE and HO were higher in
downstream than upstream sampling locations (r = 0.53, p = 0.05
for uHE; r = 0.55, p = 0.04 for HO; Supplementary Figure 2).
These data do not find a directional pattern of genetic diversity
along the Rio Branco for wind- or animal-dispersed plant species.

Population Genetic Structure for Plant
Species With Distinct Dispersal Mode
Samples did not cluster by river bank or by sampling locations
for any of the eight species studied in the RAxML trees
(Supplementary Figure 3). In general, geographically close
sampling locations are not more closely related (Supplementary
Figure 3). We also did not identify any potential barrier to
gene flow by the Rio Branco for the abiotically dispersed
species (Supplementary Figure 4), when the MDS and Bayesian
clustering methods were employed. Using Kruskal’s stress values
(i.e., a measure of how well a particular configuration reproduces
the observed distance matrix), we inferred that two dimensions
were sufficient to explain the genetic patterns estimated by MDS
in each species. The sampling locations from each bank of the
Rio Branco do not group together in the genetic pattern that
emerged from the MDS plots (Supplementary Figure 4). These
results closely match those obtained using Bayesian clustering
analyses. For example, GENELAND clearly delineated a single
group with minimal variance in the posterior probabilities over
multiple runs in all water- or wind-dispersed plant species
(Supplementary Figure 4). These results agree with those
observed for the three animal-dispersed species (Supplementary
Figure 4), despite the differences in dispersal mode among
taxa (Table 1).

In general, pairwise genetic differentiation among populations
was low (Supplementary Table 4). The average pairwise estimate
of FST was 0.016 (95% CI 0.009, 0.023) for A. schomburgkii,
0.015 (95% CI 0.008, 0.022) for A. paraense, 0.052 (95%
CI 0.029, 0.075) for B. aequinoctialis, 0.025 (95% CI 0.015,
0.034) for P. kerere, and 0.033 (95% CI 0.026, 0.039)
T. pyramidatum. For the three animal-dispersed plant species
the average pairwise estimate of FST was 0.021 (95% CI
0.019, 0.023) for A. longifolia, 0.031 (95% CI 0.026, 0.036) for
P. spinosa, and 0.031 (95% CI 0.025, 0.037) for P. lupulina (see
Nazareno et al., 2019a). Wilcoxon–Mann–Whitney tests showed
incongruent patterns of genetic differentiation among animal-,
water-, and wind-dispersed species (Table 2); animal-dispersed
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FIGURE 2 | Boxplots comparing the genetic diversity (i.e., unbiased expected genetic diversity and observed heterozygosity) and inbreeding coefficient across
species. Center lines show the medians; box limits indicate the 25th and 75th percentiles as determined by R software; whiskers extend 1.5 times the interquartile
range from the 25th and 75th percentiles, with outliers represented by dots; crosses represent sample means with bars making the 95% confidence intervals of the
means. Species 1–8 are ordered top to bottom as follows: (1) T. pyramidatum, (2) B. aequinoctialis, (3) A. schomburgkii, (4) P. kerere, (5) A. paraense, (6) P. lupulina,
(7) P. spinosa, and (8) A. longifolia.
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TABLE 2 | Wilcoxon–Mann–Whitney tests for congruence of historical gene flow (i.e., pairwise genetic differentiation; lower diagonal) and contemporary migration rates
(above diagonal) among animal- (Amphirrhox longifolia, Passiflora spinosa, and Psychotria lupulina), water- (Pachyptera kerere and Anemopaegma paraense), and
wind-dispersed plant species (Adenocalymma schomburgkii, Bignonia aequinoctialis, and Tanaecium pyramidatum) considering all pairs of sampling locations, pairs of
sampling locations across and along banks of Rio Branco (Amazon basin, Brazil).

Dispersal mode All pairs of sampling locations Pairs of sampling locations across banks Pairs of sampling locations along banks

−
13880 19497

−
3328 4750

−
3605 4999

Animal p = 0.040 p = 0.003 p = 0.032 p = 0.018 p = 0.004 p = 0.001

3074
−

16052 637
−

3656 865
−

3932

Water p = 0.017 p = 0.605 p = 0.006 p = 0.499 p = 0.032 p = 0.609

1932 1439
−

272 1667
−

706 1508
−

Wind p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001

Lack of congruence is indicated by boldface values (p < 0.05).

species showed an average of pairwise differentiation that was
1.2 to 1.4 times lower than the water- or wind-dispersed
species, indicating that animal-dispersed species along the
Rio Branco were more connected historically. These results
are consistent when different datasets are considered in the
analyses (i.e., pairs of sampling locations across river banks,
and pairs of sampling locations along the banks of Rio
Branco) (Table 2).

No significant IBD pattern was found in any of the five
abiotically-dispersed plant species (r = −0.032, p = 0.623
in A. schomburgkii; r = −0.002, p = 0.496 in A. paraense;
r = −0.092, p = 0.802 in B. aequinoctialis; r = 0.102, p = 0.148
in P. kerere, and r = 0.179, p = 0.060 in T. pyramidatum).
Results were also not significant when applied between pairs
of sampling locations across river banks (r = 0.075, p = 0.349
in A. schomburgkii; r = −0.061, p = 0.649 in A. paraense;
r = −0.006, p = 0.505 in B. aequinoctialis; r = 0.062,
p = 0.393 in P. kerere, and r = −0.034, p = 0.568 in
T. pyramidatum). Likewise, results of simple matrix correlation
between genetic and geographic distance were insignificant
when applied separately along each bank of the Rio Branco
(Supplementary Table 5).

For the abiotically and biotically dispersed species, the
hierarchical multi-locus AMOVA revealed that most of the
genetic differentiation was attributable to differences observed
among sampling locations along each river bank rather than
among sampling locations between river banks (Figure 3 and
Supplementary Table 6). Taken together, these results indicate
that the Rio Branco, a medium-sized river in the Amazon basin,
is not a barrier to gene flow for the studied species.

Contemporary Gene Flow for Plant
Species With Distinct Dispersal Mode
When species displaying the same dispersal mode were
considered, the average of contemporary gene flow was
1.4 to 1.5 times greater for animal-dispersed plant species
than water- or wind-dispersed plant species. In addition,
Wilcoxon–Mann–Whitney tests revealed a lack of congruence
of contemporary migration rates between biotically and
abiotically dispersed species (W = 19.497, p = 0.003 in

animal versus wind; W = 13.880, p = 0.042 in animal
versus water), but significant congruence between water-
and wind-dispersed plant species (W = 16.052, p = 0.610).
These results indicated that the biotically dispersed plant
species are more connected in the Rio Branco. All these
findings were consistent when different datasets (i.e., pairs
of sampling locations across river banks, and pairs of
sampling locations along the banks of Rio Branco) were
considered (Table 2).

For abiotically dispersed plant species, estimates of
contemporary gene flow for all species were symmetric
among all pairs of sampling locations along Rio Branco
(Supplementary Table 7), except from B. aequinoctialis, in
which asymmetrical migration rates were detected in two
pairs of sampling locations (Supplementary Table 7). These
estimates were observed from downstream to upstream
direction (i.e., from 2L and 3L to 4L). Our data also suggest
a source-sink relationship in B. aequinoctialis at the sample
location 4L, which received a substantial proportion of
migrants from the sample locations 2L (m = 0.1165, 95%
CI 0.0538, 0.1792) and 3L (m = 0.1181, 95% CI 0.0507,
0.1855), while the expected proportion of migrants from
4L into 2L (m = 0.0162, 95% CI −0.0099, 0.0423), and
3L (m = 0.0137, 95% CI −0.0092, 0.0366) were much
smaller. Asymmetrical migration rates were also detected
among some pairs of sampling locations for the animal-
dispersed plant species A. longifolia, P. spinosa, and P. lupulina
(Supplementary Table 7).

We found no significant decrease in contemporary gene
flow estimates associated with increasing geographic distance
for any of the eight species sampled (r = −0.034, p = 0.642
in A. schomburgkii, r = −0.036, p = 0.623 in A. paraense,
r = −0.112, p = 0.164 in A. longifolia, r = −0.115,
p = 0.151 in B. aequinoctialis, r = −0.121, p = 0.132 in
P. spinosa, r = −0.141, p = 0.079 in P. lupulina, r = 0.025,
p = 0.740 in P. kerere, and r = −0.131, p = 0.104 in
T. pyramidatum). For P. kerere, exclusively, we found a significant
and positive association between contemporary migration rates
and geographic distance, although this association was restricted
to the right river bank of the Rio Branco (r = 0.44, p = 0.003;
Supplementary Table 8).
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FIGURE 3 | Comparison of the partitioning of genetic structure across plant species dispersed by wind (1-T. pyramidatum, 2-B. aequinoctialis, and
3-A. schomburgkii), water (4-P. kerere and 5-A. paraense) and animals (6-P. lupulina, 7-P. spinosa, and 8-A. longifolia), as revealed by the Analysis of Molecular
Variance (AMOVA), where FST , FSC, and FCT represent the genetic structure between river banks, among sampling locations within banks, and within sampling
locations, respectively.
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Furthermore, no directional patterns of the contemporary
migration rates (i.e., from upstream to downstream or
downstream to upstream) were observed for all but one
plant species (Supplementary Table 9). However, directional
migration from upstream to downstream was observed
just for P. kerere along the banks of the Rio Branco
(Supplementary Table 9). This result is in line with the
highest genetic diversity levels observed downstream for this
plant species.

DISCUSSION

Life-history traits, such as dispersal mode/ability can have an
effect on the species’ response to geographical and evolutionary
processes (e.g., Waters et al., 2020), with contrasting effects
on genetic structure (e.g., Bonada et al., 2017). In sessile
organisms such as plants, distinct mechanisms of seed dispersal
have evolved. Animal-mediated seed dispersal is thought to
represent the most important dispersal mode in most tropical
forests, in which ca. 50–90% of the plant species are vertebrate-
dispersed (e.g., Howe and Smallwood, 1982; Jordano, 2000).
In tropical riparian forest, an unknown but large proportion
of fruits and seeds is dispersed by animals (e.g., Horn et al.,
2011; Parolin et al., 2013; Correa et al., 2016). Although
the correlation of dispersal mode with the level of genetic
structure is dependent on the geographic scale (e.g., Nazareno
et al., 2017a), riverine plant species that are animal-dispersed
tend to have lower levels of genetic structure than species
dispersed by other modes (e.g., Fér and Hroudová, 2008, 2009;
Collevatti et al., 2009; Moreira and Fernandes, 2013; Nazareno
et al., 2019a). Indeed, our findings support this expectation,
with animal-dispersed plant species exhibiting lower levels of
genetic differentiation than abiotically dispersed (i.e., by water
or wind) species. It should be noted, however, that the data
used to classify the primary seed dispersal mode were based
on specific morphological features reported in the scientific
literature – a common and relatively straightforward method
used to study the influence of seed dispersal on population
genetic structure (e.g., Muller-Landau and Hardesty, 2005;
Duminil et al., 2007; Lowe et al., 2018; Gamba and Muchhala,
2020). Nonetheless, the categorization of dispersal mode using
this approach did not change the outcome; regardless of
dispersal mode, connectivity patterns in the eight riverine
plant species studied revealed that the Rio Branco, a medium-
sized river in the Amazon basin, is permeable, possibly even
facilitating gene flow in water- and wind-dispersed plant
species. These connectivity patterns seem to have changed
historically, suggesting that the dynamic geological history
of the Rio Branco may have impacted gene flow mainly in
water- and wind-dispersed plant species – a result based on
the difference between contemporary and historical dispersal
estimates (Table 2). The methods employed here to understand
how seed dispersal mode mediates gene flow in conjunction
with the expected effects of geographic distance and barriers
can be applied to other plant species to assess the impact
of genetic connectivity on temporal and spatial patterns of

divergence. Below, we discuss the implications of our results
for understanding the impact of seed dispersal modes and
riverscape on genetic variation within and among riverine plant
populations and species.

The Role of Dispersal Mode and
Riverscape to Population Genetic
Structure
The population structure observed for the five abiotically
dispersed plant species studied here (i.e., A. schomburgkii,
A. paraense, B. aequinoctialis, P. kerere, and T. pyramidatum)
and those reported for three animal-dispersed plant species
(i.e., A. longifolia, P. spinosa, and P. lupulina; Nazareno
et al., 2019a) consistently showed a lack of genetic structure
throughout the Rio Branco. This population genetic pattern
is consistent with the island model proposed by Tero et al.
(2003) to explain how dispersal shapes population differentiation
in riverine plant populations. Indeed, multiple sources of
evidence supported the island model of population structure (i.e.,
subpopulations exhibiting a genetic uniformity over the space;
Tero et al., 2003) for the eight Amazonian riverine plants species
studied. For example, the phylogenetic relationships among
individual samples (Supplementary Figure 3), and the Bayesian
and genetic distance-based clustering analyses (Supplementary
Figure 4), grouped sampling locations separated by the river.
Furthermore, when we tested for the presence of hierarchical
population genetic structure, the low and non-significant
proportion of the total variance that was attributed to the
variance across river banks (Figure 3 and Supplementary
Table 6) reinforces that the Rio Branco has facilitated dispersal
even for riverine plant species that are not adapted to
hydrochory. Furthermore, we also did not find evidence of
isolation by distance (Supplementary Table 8), indicating
fairly extensive historical and contemporary gene flow via
seeds and/or pollen along and across banks of the Rio
Branco. Although the population genetic studies in riverscapes
differ from each other in landscape-scale sampling design,
our results mirror the observed pattern of river systems
promoting genetic similarity among subpopulations in other
riverine plant species (e.g., Kitamoto et al., 2005; Collevatti
et al., 2009; Moreira and Fernandes, 2013; Hopley and Byrne,
2018; Lee et al., 2018; Murray et al., 2019). This genetic
pattern can vary among taxa though (e.g., Tero et al., 2003;
Prentis et al., 2004; Liu et al., 2006; Honnay et al., 2010;
Wei et al., 2015; Hopley and Byrne, 2018; Hernández-Leal
et al., 2019). For example, in a river in the southwest
of Australia, Hopley and Byrne (2018) reported distinct
patterns of genetic differentiation and gene flow in Callistachys
lanceolata and Astartea leptophylla, showing how abiotic factors
(e.g., geographic distance and distribution range) shape the
genetic structure of shrub plant species with different seed
dispersal modes.

The link between dispersal mode and degree of genetic
structure for riverine plant species (e.g., Fér and Hroudová,
2008; Wei et al., 2015; Nazareno et al., 2017a, 2019a) is still less
clear than those observed for plant species across continuous
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landscapes (e.g., Hamrick et al., 1993; Duminil et al., 2007;
Lowe et al., 2018; Gamba and Muchhala, 2020). Despite that,
riverine plant species that are animal-dispersed tend to show
lower levels of genetic structure than species dispersed by other
modes (e.g., Fér and Hroudová, 2008, 2009; Collevatti et al.,
2009; Moreira and Fernandes, 2013; Nazareno et al., 2019a;
but see Nazareno et al., 2019b), slowing down population
genetic differentiation (e.g., Collevatti et al., 2009; Moreira and
Fernandes, 2013). While few plant studies employed a sampling
scheme to test the effect of geographic distance across river
banks on genetic structure (e.g., Collevatti et al., 2009; Moreira
and Fernandes, 2013; Nazareno et al., 2017a, 2019a,b), patterns
of genetic differentiation have been assessed along river banks
(e.g., Tero et al., 2003; Prentis et al., 2004; Liu et al., 2006;
Honnay et al., 2010; Rogalski et al., 2017), as well as among
different river systems or basins (e.g., Kitamoto et al., 2005;
Fér and Hroudová, 2008; Love et al., 2013; Hevroy et al.,
2018; Hopley and Byrne, 2018; Lee et al., 2018; Hernández-
Leal et al., 2019; Murray et al., 2019). However, riverscape
features such as the geographic distance across river banks
may also contribute to shaping the spatial distribution of the
genetic diversity, shedding light on the role of physical barriers
to dispersal of riverine plant species. For example, Nazareno
et al. (2019b) reported a strong genetic differentiation among
populations of the primate-dispersed and bee-pollinated tree
species Buchenavia oxycarpa on opposite banks of the Rio Negro
in the Amazon basin. This trend is not consistent with what
has been documented in two animal-dispersed tree species (e.g.,
Caryocar villosum and C. microcarpum) in this large-sized river
(Collevatti et al., 2009). The long-distance of pollen gene flow
mediated by bat species, coupled with the seed dispersal by
strong swimming tapirs and fish (Collevatti et al., 2009), helps to
explain those findings in the Caryocar species. While geographic
distances up to 12.0 km seem to prevent gene flow between
B. oxycarpa populations across river banks, Nazareno et al.
(2019b) reported that pollen and seeds of B. oxycarpa were
dispersed at long-distances along river banks, with gene flow
occurring up to 84 km along banks of the Rio Negro. This
lack of isolation by distance and extensive gene flow within a
river bank was also documented for A. longifolia in the Rio
Negro (Nazareno et al., 2017a), as well as for a few other
riverine plant species growing along different river systems (e.g.,
Kitamoto et al., 2005; Honnay et al., 2010; Hopley and Byrne,
2018). However, in the Rio Branco, a medium-sized Amazon
river, A. longifolia appears to constitute a panmictic population
(Nazareno et al., 2017a, 2019a). These findings suggest that
large-sized Amazon rivers can contribute to structuring plant
populations, while small- to medium-sized rivers can contribute
to the maintenance of the levels of genetic diversity in riverine
plant species. Pollination mode has been shown to represent
another important factor shaping genetic structure for different
plant populations (Gamba and Muchhala, 2020), indicating that
other life-history traits such as pollination mode should also
be considered in studies of this nature (Collevatti et al., 2009).
Despite the importance of pollination mode, seed dispersal mode
did not unequivocally determine genetic structure within our
study system. The link between gene dispersal by pollen and

seeds and the genetic structure of riverine plant species remains
to be documented.

The Role of Dispersal Mode to
Intrapopulation Genetic Diversity
Although the population genetic structure observed for the
eight plant species was similar in the Rio Branco, the levels
of intrapopulation genetic diversity differed significantly among
animal-, wind-, and water-dispersed plant species (Figure 2).
This result corroborates the intra-population genetic diversity
patterns reported for other Neotropical plant species with distinct
seed dispersal modes (e.g., Lowe et al., 2018).

Because the levels of genetic diversity are species-specific,
comparisons across species need to be interpreted with care. As
far as within-population genetic diversity is concerned, higher
levels of unbiased HE were observed for animal-dispersed than
for water- and wind-dispersed species. Although water-dispersed
plant species have been neglected in studies investigating links
between seed dispersal mode and the levels of genetic diversity
(e.g., Duminil et al., 2007; Gamba and Muchhala, 2020), our
results are in line with the findings reported by animal-dispersed
plant species in continuous landscapes (e.g., Hamrick et al., 1992,
1993; Hamrick and Godt, 1996; Vieira et al., 2010; Bustamante
et al., 2016; but see Thiel-Egenter et al., 2008), and riverscapes
(e.g., Collevatti et al., 2009; Moreira and Fernandes, 2013). These
trends imply that plant-animal interactions can help to keep
high levels of intrapopulation diversity and to prevent the loss
of genetic diversity (e.g., Nazareno and Carvalho, 2009; Vieira
et al., 2010; Bustamante et al., 2016), mainly for outcrossed plant
species (e.g., Ellegren and Galtier, 2016). Besides the high levels
of genetic diversity observed, the three animal-dispersed plant
species showed a lack of (biparental) inbreeding. These results
contrast with those observed for abiotically dispersed riverine
plant species (e.g., Lundqvist and Andersson, 2001; Liu et al.,
2006; Hmeljevski et al., 2011; Hopley and Byrne, 2018), and the
findings documented for the five inbreeding abiotically dispersed
liana species, all of which showed low levels of genetic diversity
(Figure 2), suggesting that the plant species studied here likely
share similar mating systems. However, our understanding of
how genes are recombined and maintained by these plant species
would greatly benefit from future mating system studies (e.g.,
estimating the multilocus and single-locus outcrossing rates,
selfing rates, and biparental inbreeding rates).

Two of the animal-dispersed plant species studied, P. spinosa
(i.e., a liana likely pollinated by hummingbirds and potentially
dispersed by fishes and mammals) and P. lupulina (i.e., a shrub
pollinated by small bees and dispersed by fishes and birds)
showed higher levels of genetic variation (i.e., HE and HO) than
A. longifolia. The effectiveness of seed dispersion in A. longifolia –
a plant species with a mixed seed dispersal mode (i.e., animal
and ballistic dispersal) – can be influenced by flood dynamics
throughout the year, which may be more restricted in periods
of non-flooding, especially if the plant is located far from the
river banks. Thus, the contribution of ballistic dispersal may
have a negative effect on the levels of intrapopulation genetic
diversity in A. longifolia. Indeed, animal-dispersed plant species
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tend to have higher levels of genetic diversity than ballistic-
dispersed plant species (e.g., Hamrick and Godt, 1996). However,
based on genetic data generated for 23 Neotropical tree species
(Lowe et al., 2018), no differences of the average intrapopulation
genetic diversity were observed between animal- and ballistic-
dispersed plant species neither between animal-dispersed plant
species and plant species with a mixed mode of seed dispersal
(e.g., animal and ballistic). While these results were obtained in
plant species sampled across continuous landscapes (Lowe et al.,
2018), a multispecies-scale study is still needed to better elucidate
the intrapopulation genetic diversity in riverine plant species.

Contrary to what is expected for species closely-related
phylogenetically (e.g., Carvalho et al., 2019), the levels of genetic
diversity for the five riverine plant species of the Bignoniaceae
were different between water- and wind-dispersed plant species,
indicating that the mode of seed dispersal seems to impact
the patterns of intrapopulation genetic diversity. For the three
wind-dispersed plant species studied here, A. schomburgkii,
B. aequinoctialis, and T. pyramidatum, no significant differences
among the levels of genetic diversity were detected (Figure 2).
All these species share the same growth form (i.e., climbing
habitat) and pollination mode (i.e., melittophily). However, for
the two water-dispersed plant species studied (i.e., A. paraense
and P. kerere), life-history traits such as pollination mode and
growth form (Table 1) do not explain the differences observed in
their levels of genetic diversity, suggesting that other factors (e.g.,
population size, plant density, phenological pattern, successional
stage, and range size) or a combination of these factors might
impact the intrapopulation genetic diversity levels. Considering
the range size of the two water-dispersed plant species studied,
P. kerere which has a more restricted range size than A. paraense
(Meyer et al., 2018), presented lower levels of genetic diversity
than A. paraense – a pattern reported in other plant species
with contrasting range sizes (e.g., Loveless and Hamrick, 1984;
Lowe et al., 2018).

Spatial Patterns of Genetic Diversity in
Riverine Plant Species
Finally, we explored the Drift Paradox hypothesis (Ritland,
1989) in order to understand how riverscape features (e.g.,
the unidirectional river water flow) can affect the distribution
of the genetic diversity in riverine plant species with distinct
dispersal modes. This hypothesis predicts that intraspecific
genetic diversity increases downward in a river system, with less
diverse upstream populations. This pattern can be expected even
for plant species that are not adapted to hydrochory as these taxa
can be dispersed secondarily by water (Boedeltje et al., 2003; Prots
et al., 2011). Paradoxically to what has been observed in other taxa
(e.g., fish, arthropods, mollusks, and amphibians; Blanchet et al.,
2020), our results indicate that all but one riverine plant species
studied, including the water-dispersed plant species A. paraense,
do not fit with the Drift Paradox expectation, an outcome also
reported for a plethora of plant species (e.g., Ritland, 1989; Tero
et al., 2003; Honnay et al., 2010; Hmeljevski et al., 2011; Wei
et al., 2015; Hevroy et al., 2018; Nazareno et al., 2019a; Murray
et al., 2019; Blanchet et al., 2020). This might be due to the

fact that gene flow in riverine plant species is not exclusively
dependent on water (Blanchet et al., 2020), with contributions
of dispersal by seeds and pollen varying among plant species
(Dick et al., 2008). However, the water-dispersed plant species
P. kerere has provided evidence of downstream accumulation
of genetic diversity (Supplementary Figure 2), mirroring the
pattern found in a few other plant species (e.g., Gornall et al.,
1998; Lundqvist and Andersson, 2001; Liu et al., 2006; Fér and
Hroudová, 2008; Love et al., 2013; Rogalski et al., 2017), including
an annual grass species in the Amazon basin (Akimoto et al.,
1998). The result observed for P. kerere is in line with their
directional pattern of contemporary migration from upstream
to downstream (Supplementary Table 9), suggesting that seed
dispersal and not pollen-mediated gene flow is shaping the
pattern of gene flow and genetic diversity in P. kerere. However,
the contrasting results observed for the two water-dispersed plant
species suggests that the seeds of A. paraense might be dispersed
upstream by secondary dispersal through animals, a diplochory
seed dispersal process also reported for other water-dispersed
plant species (e.g., Honnay et al., 2010; Horn et al., 2011; Murray
et al., 2019). These distinct patterns of seed dispersal in P. kerere
and A. paraense can also explain the differences observed in their
intrapopulation genetic diversity estimates (Figure 2).

On the other hand, since the locomotion of animals and wind
currents do not necessarily follow the river water flow, the lack
of downstream accumulation of genetic diversity for the other six
riverine plant species suggests that water can play a secondary
role in the dispersal process for animal- and wind-dispersed
plant species. Yet, the lack of accumulation of genetic diversity
in downstream sampling locations can be due to the higher
seed recruitment opportunities in upstream habitats due to
the density dependence of recruitment, although this ecological
pattern remains to be tested. Nonetheless, most estimates of
contemporary gene flow were symmetrical between pairs of
sampling locations, even for one water-dispersed plant species
(Supplementary Table 4), suggesting that pollen-mediated gene
flow across and along the river banks may have homogenized
genetic diversity in these riverine plant species. Indeed, it is
important to take into account the fact that the distribution of the
genetic variation in plant populations might also be determined
by distinct factors, especially pollen-mediated gene flow (e.g.,
Ghazoul, 2007; Dick et al., 2008). Although pollen-mediated
gene flow across continuous landscapes seems to be effective
only within hundreds of meters decreasing with an increase of
geographical distance (e.g., Richards et al., 1999; Tero et al., 2003;
but see Bain et al., 2016), additional studies using molecular
markers with different modes of inheritance are still needed for an
improved understanding of the role of seed dispersal and pollen-
mediated gene flow on genetic patterns in riverine plant species.

Concluding Remarks
Even at a small spatial scale, the results of our intraspecific
population genomic structure study in plant species displaying
distinct dispersal modes corroborates previous findings that
ecology rather than geography play a key role in shaping the
evolutionary history of plants in the Amazon basin (e.g., Lavin,
2006; Pennington and Dick, 2010; Dexter et al., 2017). A clear lack
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of geographic phylogenetic structure due to dispersal throughout
the Amazonian rainforest was reported in large trees belonging
to different plant clades (Dexter et al., 2017; but see Monro,
2006). Taking into account that all the eight plant species studied
here have ranges extending far beyond the Rio Branco (Taylor,
2007; Braun et al., 2012; Lohmann and Taylor, 2014), putative
dispersal barriers such as rivers do not seem to have prevented
the successful dispersion of these taxa across the Amazon basin.
We argue, however, that wide geographic distribution patterns do
not necessarily imply a lack of population structure or a lack of
phylogeographic breaks (e.g., Dexter et al., 2012; Nazareno et al.,
2017a; Honorio Coronado et al., 2019; Nazareno et al., 2019b) in
Amazonian plant species.

As noticed before, we showed that medium-sized rivers in the
Amazon basin, such as the Rio Branco, can act as permeable
barriers facilitating – rather than preventing – gene flow in
riverine plant species with distinct seed dispersal modes. This
pattern may have arisen due to trade-offs between extinction and
recolonization. However, further studies based on data derived
from multiple taxa sampled at the community level throughout
the Amazon river system are needed to further understand how
macroevolutionary processes influence the population structure
of riverine plant species. The findings reported here can help
establish better management plans to safeguard riparian forest
areas. Considering the relevance of such areas for the provision
of essential ecosystem services (e.g., conservation of biological
diversity, protection of hydrological flows and soils, maintenance
of water quality) these results can help guide conservation and
restoration policies in Amazonian riparian forests areas, where
degradation and deforestation rates are rising (Biggs et al., 2019;
Nunes et al., 2019). Yet, since the Rio Branco does not actually
act as a barrier, local adaptation is less likely and seed sources
may not correspond to areas defined by rivers (e.g., Leimu
and Fischer, 2008; De Kort et al., 2014; Hopley and Byrne,
2018). Further comparative population genomic approaches that
take different geographic scales into account, including Amazon
waterways with distinct environmental conditions, are needed to
consolidate our knowledge on the degree to which seed dispersal
and pollination mode mediate gene flow in conjunction with
the generalized expected effects of spatial distance and barriers.
Such studies would allow us to better understand how biotic
and abiotic factors mediate gene flow in riparian forests in the
Amazon basin and, other riverscapes worldwide.
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