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Abstract
The Mauritia flexuosa L.f. palm is known as the “tree of life” given its importance as 
fundamental food and construction resources for humans. The species is broadly 
distributed in wet habitats of Amazonia and dry habitats of the Amazon and Orinoco 
river basins and in the Cerrado savanna. We collected 179 individuals from eight dif-
ferent localities throughout these habitats and used microsatellites to characterize 
their population structure and patterns of gene flow. Overall, we found high genetic 
variation, except in one savanna locality. Gene flow between populations is largely 
congruent with river basins and the direction of water flow within and among them, 
suggesting their importance for seed dispersal. Further, rivers have had a higher  
frequency of human settlements than forested sites, contributing to population  
diversity and structure through increased human use and consumption of M. flexuosa 
along rivers. Gene flow patterns revealed that migrants are sourced primarily from 
within the same river basin, such as those from Madeira and Tapajós basins. Our work 
suggests that rivers and their inhabitants are a critical element of the landscape in 
Amazonia and have impacted the dispersal and subsequent distribution of tropical 
palm species, as shown by the patterns of genetic variation in M. flexuosa.
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During my residence in the Amazon district I took every 
opportunity of determining the limits of species, and 
I soon found that the Amazon, the Rio Negro and the 
Madeira formed the limits beyond which certain spe-
cies never passed. The native hunters are perfectly ac-
quainted with this fact, and always cross over the river 
when they want to procure particular animals, which are 
found even on the river’s bank on one side, but never by 
any chance on the other. On approaching the sources of 
the rivers they cease to be a boundary, and most of the 
species are found on both sides of them.
� (Alfred .R. Wallace, 1852)

1  | INTRODUC TION

Environmental and geographic features of the landscape are crucial in 
shaping the population genetic structure and demography of plants. 
The impact of rivers on population structure in the Amazonia has 
been documented in birds, small mammals, invertebrates (e.g., Aleixo, 
2006; Colwell, 2000; Pellegrino et al., 2005; Ribas, Aleixo, Nogueira, 
Miyaki, & Cracraft, 2012; Vallinoto et al., 2006), and in trees and un-
derstory plant species (Huaman & Matthies, 2008; Nazareno, Dick, 
& Lohmann, 2017; Schleuning et al., 2011; Stevenson, 2007; Zhang, 
Zheng, & Song, 2007). Nonetheless, the extent to which rivers impact 
fine-scale population genetic patterns and in particular, how factors 
such as the direction of river flow structure populations, are unknown.

Mauritia flexuosa is a conspicuous, widespread plant distributed 
most of South America. This species is long-lived and dioecious, 
and its stems can reach up to 40 m in height (Delgado, Coutourier, 
& Mejia, 2007). The species is likely pollinated by beetles (Barfod, 
Hagen, & Borchsenius, 2011) and wind (Rosa & Koptur, 2013). Seeds 
are dispersed by a variety of mammals (Acevedo-Quintero & Zamora-
Abrego, 2016) and fruits are capable of floating (Moegenburg, 
2002). Mauritia flexuosa generally occurs below 1,000 m over sea 
level throughout Bolivia, Brazil, Colombia, Ecuador, French Guiana, 
Guyana, Peru, Surinam, and Venezuela. Its ample distribution com-
prises populations of thousands of individuals forming oligarchic 
forests (Peters, Balick, Kahn, & Anderson, 1989) and palm swamps, 
known as Aguajes (Peru), Buritizais (Brazil), or Morichales (Colombia, 
Venezuela), and are found in both rainforest and savanna biomes.

It is increasingly evident that pre-Columbian and modern peoples 
that live along rivers have impacted the genetic patterns of forests 
within and among basins (Piperno et al., 2015; Stahl, 2015). Although 
there is no evidence of domestication of M. flexuosa, it is widely used 
by indigenous groups and local communities along rivers, who refer 
to it as the “tree of life” because it provides a variety of resources 
and it is consumed daily as a food staple (Barros & Da Silva, 2013). 
This palm is also used for raw material for construction and for dif-
ferent handicrafts (Santos & Coelho-Ferreira, 2011) and its fruits, 
leaves, and seeds are sold widely in markets (Gilmore, Endress, & 
Horn, 2013). Mauritia flexuosa has been termed a “hyperdominant” 
species (Steege et al., 2013), in which population densities are five 

times higher than expected by chance, and that has recently been 
attributed to human use and tending practices associated to its use 
(Levis et al., 2017; Rull & Montoya, 2014).

Previous genetic studies of M. flexuosa using ISSR markers show 
high genetic diversity compared to other plants with similar life history 
traits (Gomes et al., 2011; Rossi et al., 2014). Chloroplast markers used 
to characterize M. flexuosa in different river basins revealed low nucle-
otide diversity within populations from the Brazilian savannas, which 
was interpreted as range retraction followed by population subdivision 
during the cold and dry periods of the Quaternary glacial periods (de 
Lima, Lima-Ribeiro, Tinoco, Terribile, & Collevatti, 2014). These stud-
ies begin to provide information on the genetic structure of M. flexu-
osa, yet the genetic variation and population structure of M. flexuosa 
across different river basins remain to be tested more explicitly.

Our main research questions are whether rivers in Amazonian 
forests are facilitators or barriers to gene flow, whether population 
genetic structure is maintained in populations throughout river ba-
sins, and if recruitment is associated with river flow. We address 
these questions using microsatellite markers across different river 
basins in tropical forests and savanna sites, and we also discuss the 
impact of human river inhabitants in the generation of recent popu-
lation structure of this palm species.

2  | MATERIAL S AND METHODS

2.1 | Collection sites and sampling

Plants were sampled from two of the major river basins in Amazonia—
the Madeira and the Tapajós (Figure 1). The Madeira basin includes the 
Guaporé (GUA), Madeira (MAD), and Mamore (MAM) rivers; and the 
Tapajós basin includes the Juruena (JUR), Tapajós (TAP), and Teles Pires 
(TPI) rivers (Figure 1). Additional collections were also made from the 
Brazilian savanna (hereafter Cerrado) sites: Boa Vista (BVI; Roraima 
State) and Chapada dos Guimarães (XAP; Mato Grosso State), although 
these are limited in their representation of this wide geographic distri-
bution. Sampling different environments (moist tropical forest, Cerrado) 
allows for contrasting levels of population diversity and structure. 
Given the broad distribution of this species (Brazil, Bolivia, Colombia, 
Ecuador, French Guiana, Guiana, Peru, Surinam, and Venezuela) we 
collected from sites that were at least 300 km away from each other 
in places that we considered representative of the region (Figure 1). 
Leaves were collected from an average of 22 reproductive individuals 
per site and sampled at least 100 m within the same location to avoid 
spatial autocorrelation and to increase the amount of information per 
population in microsatellite amplification, for a total of 179 samples dis-
tributed across eight sites in Amazonia (Figure 1; Table 1).

2.2 | Microsatellite amplification

Leaves were collected in the field and stored in silica gel. DNA 
was extracted following the manufacturer’s protocol of the 
Wizard Genomic DNA Purification kit (Promega, Madison, WI, 
USA). We selected 10 microsatellites previously designed for 
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M. flexuosa (Federman, Hyseni, Clement, & Caccone, 2012; 
Menezes et al., 2012; Table S1) based on consistency of amplifi-
cation. PCR conditions for all primers in individual reactions were 
94°C for 5 min; 35 cycles of 94°C for 1 min, 62°C for 1 min, and 
72°C for 1 min; then 72°C for 2 min. Amplification products were 
genotyped using capillary electrophoresis system (7.5 kW for 
120 min; Advanced Analytical, Ankeny, IA, USA), together with 
standardized markers containing fragments of 35 and 500 bp and 
75–400 bp DNA ladder in a single well to determine the size of 
the amplified fragments.

2.3 | Genetic diversity and population 
genetic structure

MICRO-CHECKER v 2.2.3 was used to correct genotypes for null al-
leles, scoring errors, and allelic dropout (van Oosterhout, Hutchinson, 
Wills, & Shipley, 2003). LOSITAN was used to test for neutrality in 

each locus with 1,000,000 simulations and a 99.5% confidence inter-
val using both stepwise and infinite mutation models (Antao, Lopes, 
Lopes, Beja-Pereira, & Luikart, 2008). To test for biases in the sam-
ple sizes and large distribution of this species, we estimated allelic 
richness by rarefaction for all populations using the Vegan v 2.4-6 
package (Oksanen, Kindt, Legendre, O’Hara, & Stevens, 2011) in the 
R statistical platform (R Core Team, 2014). Genetic diversity was 
calculated by assessing the number of alleles per locus, observed 
heterozygosity (Ho), expected heterozygosity (He), and the inbreed-
ing coefficient (F) using Arlequin v 3.5 (Excoffier, Laval, & Schneider, 
2005). We measured pairwise population genetic structure with FST 
(Wright, 1949) and RST (Slatkin, 1995), also using Arlequin. RST was 
used to complement FST as it is less sensitive to the fast mutation 
rate reported in microsatellites (Holsinger & Weir, 2009). We visu-
alized pairwise FST and RST in a heat map using the R package lat-
tice v 0.20 (Sarkar, 2015). Finally, given the large geographic scale 
of our samples and potentially confounding signals from isolation by 

F IGURE  1 Map of the locations sampled in this study: the orange circles are the sites of the sampled populations. In purple, the Tapajós 
basin that includes the Juruena (JUR), Tapajós (TAP), and Teles Pires (TPI) rivers; in green the Madeira basin which include the Guaporé 
(GUA), Madeira (MAD) and Mamore (MAM) rivers; in solid blue we mark the closest river to the Boa Vista (BVI) population. In dashed 
lines are other rivers of the Amazonia. The arrows show the direction of the water flow. Chapada dos Guimarães (XAP) population is 
approximately 25 km to any other river

TABLE  1 Levels of genetic variation per sampling locality

Locality (population code) N

Na He Ho F

Mean (SE)

Rio Teles Pires, Alta Floresta, Mato Grosso (TPI) 24 6.5 (0.52) 0.70 (0.03) 0.63 (0.07) 0.08 (0.10)

Rio Juruena, Juruena, Mato Grosso (JUR) 22 5.7 (0.33) 0.70 (0.04) 0.59 (0.07) 0.13 (0.10)

Rio Tapajós, Santarém, Pará (TAP) 23 6.7 (0.58) 0.70 (0.03) 0.60 (0.06) 0.13 (0.09)

Rio Guaporé, Vila Bela da Santissima Trindade, Mato 
Grosso (GUA)

22 5.8 (0.39) 0.73 (0.02) 0.56 (0.09) 0.24 (0.12)

Rio Mamoré, Guajará-Mirin, Rondônia (MAM) 22 7 (0.73) 0.74 (0.02) 0.62 (0.07) 0.17 (0.08)

Rio Madeira, Porto Velho, Rondônia (MAD) 21 5.9 (0.43) 0.69 (0.02) 0.59 (0.07) 0.15 (0.10)

Boa Vista, Roraima (BVI) 24 6.2 (0.47) 0.72 (0.02) 0.55 (0.08) 0.22 (0.12)

Chapada dos Guimarães, Mato Grosso (XAP) 21 4.6 (0.54) 0.63 (0.05) 0.60 (0.09) 0.05 (0.13)

N = number of samples evaluated; Na = number of alleles; He = expected heterozygosity; Ho = observed heterozygosity, F = fixation index.
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distance (IBD; Meirmans, 2012), we estimated IBD between all sam-
pling sites and within Basins, using the adegenet v 2.0.0. R package 
(Jombart, 2008).

To calculate regional and within-population genetic diversity from 
different river basins and different regions, a Molecular Analysis of 
Variance (AMOVA) was conducted using the sum of squares size dif-
ference (RST). The eight collection sites (GUA, MAD, MAM, JUR, TAP, 
TPI, BVI, and XAP) were divided into four groups based on major geo-
graphic areas: Madeira basin (GUA, MAD, and MAM), Tapajos basin 
(JUR, TAP, and TPI) and BVI and XAP. Significance was tested using 
1,000 permutations with a 95% confidence interval. Population genetic 
structure was also measured using the Bayesian assignment method 
STRUCTURE v 2.3.4, which uses genotypes to assign individuals to a 
genetic group without a priori assumptions of populations (Pritchard, 
Stephens, & Donnelly, 2000). We used the admixture model and a cor-
related model with a burn-in length of 100,000 steps with 2,000,000 
replicates. We tested the number of distinct genetic clusters (popula-
tions; K) present in the data set from 1 to 10 using 20 iterations per 
K. We used a maximum of ten populations to allow for the possibility 
that a sampled location is substructured into more than one population. 
We used the ΔK method of Evanno, Regnaut, and Goudet (2005), im-
plemented in STRUCTURE Harvester v 0.6.94, to determine the most 
likely number of genetic clusters K given our data (Earl & Von Holdt, 
2011).

We also employed a graph theoretical framework to estimate 
population genetic summary statistics and to visualize the network 
of gene flow among populations that presumably results from both 
historical and contemporary history (Dyer & Nason, 2004). We de-
fined each original sampling locality as a node and an alpha of .01 
as the significance level to test edge retention, in the R package 
popgraph v 1.4 (Dyer & Nason, 2004). Additionally, to evaluate the 
direction of river water flow and its impact on gene flow patterns, 
we calculated migration rates among all sampled localities using 
BayesAss+ (Wilson & Rannala, 2003), which is a method that es-
timates immigration rates of a population with respect to all other 
populations, based on the analysis of genotypes using coalescent 
theory. Values closer to one indicate that individuals in that popula-
tion are a result of self-recruitment, while values closer to zero sug-
gest that a population comprises migrants from other populations.

Finally, given the possibility of one or several founder events 
as a result of long-distance seed dispersal by river water cur-
rents or by human use, we tested for reduction in population size 
using Wilcoxon sign-rank test implemented in Bottleneck v 1.2.02 
(Cornuet & Luikart, 1996). Under a model of mutation-drift equilib-
rium, populations that have experienced a recent reduction in ef-
fective population sizes may present higher observed than expected 
heterozygosity (Maruyama & Fuerst, 1985). Although various mod-
els exist for microsatellites (Putman & Carbone, 2014), the SMM mu-
tation model can implement equal probability of gaining or losing 
repeats, therefore accounting for homoplasy. We used the SMM 
model at 100%; the two-phase mutation model allows for mutations 
of a larger magnitude than SMM but retains the mutation model and 
was used at 70% (Di Rienzo et al., 1994).

3  | RESULTS

3.1 | High genetic variation in Mauritia flexuosa

No genotyping errors or null alleles were inferred using MICRO-
CHECKER. Eight pairs of loci were in linkage disequilibrium (Table 
S2), all populations deviated from Hardy–Weinberg Equilibrium 
with the exception of XAP (Table S2). Rarefaction estimates of 
allele richness in all populations showed that 70% of all pos-
sible alleles were sampled for all populations except for XAP 
(Table S2). A total of 67 alleles were identified from the 10 loci 
sampled, ranging from six (MF28) to 16 alleles per locus (MF14 
locus). The mean of number of alleles for each population ranged 
from to 4.6 (XAP) to 7.0 (MAM; Table 1, Tables S2 and S3). Only 
one locus (MF13) showed signatures of positive selection using 
both mutation models (stepwise and infinite allele models) with 
a p = .999, although a comparison of genetic structure results 
with and without it were similar, and the locus was maintained in 
the analysis. Expected heterozygosity ranged from 0.63 in XAP 
to 0.74 in MAM. The observed heterozygosity ranged from 0.55 
(BVI) to 0.63 (TPI; Table 1, Table S2). The fixation index ranged 
from 0.05 in XAP to 0.24 in BVI (Table 1). Overall, most sampled 
localities shared alleles, shown by the number and distribution 
of allele frequencies (Table S3), where the MAM population had 
the highest number of private alleles, and GUA and XAP had no 
private alleles (Table S3). We found IBD with marginally signifi-
cant values of r = .42 (p = .02) among all populations, but none 
within basins (Table S2). Low values of pairwise FST (mean 0.08) 
and RST (mean 0.09) suggested low population structure, and 
even lower within river basins (Figure 2; Table S4), showing more 
connectivity within them than between them. The XAP site from 
the Cerrado was inferred as the most distinct and genetically dif-
ferentiated from all other sites (Figure 2). Congruent with FST, 
our AMOVA results showed that 78% of the variation is found 
within individuals and 4.3% of the variation among populations 
(Table S5). Also congruent with high levels of gene flow among 
populations, the most likely number of populations inferred from 
our data was three (ΔK = 3; Figure 3). In K = 3, the Madeira basin 
(GUA, MAM, and MAD) and the Tapajós basin (TPI, JUR, and TAP) 
individuals from Amazonia are assigned into two clusters. The 
XAP Cerrado population was inferred as an independent genetic 
cluster, together confirming the results obtained by FST and RST. 
BVI individuals had either admixed genotypes or shared ancestry 
within the Tapajós basin cluster. The population graph analysis 
showed that populations from the same river basin are highly 
connected, as in the case of JUR and TPI rivers that flow into the 
TAP (Figure S1) and the GUA, MAD, and MAM rivers that are part 
of the same basin. Our results showed some genetic connectivity 
between XAP and BVI, and it is clear that its genetic diversity is 
lower than the rest of the populations sampled (Figure S1), al-
though its smaller sample size may affect this result (rarefaction; 
Table S2). We did not recover evidence of genetic bottlenecks in 
any site except for TAP (SMM 0.01).
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We explored the exchange of migrants in finer detail to test if 
direction of river flow was a factor in M. flexuosa’s genetic struc-
ture. BayesAss+ results (Figure S1, Table 2) showed that populations 
with the lowest proportion of self-recruitment were GUA (0.79) and 
MAM (0.67) and thus more open to outside immigrants. The MAD 
population received the largest proportion of migrants from MAM in 
the direction of river flow (0.24). However, most populations show 
high levels of self-recruitment, with XAP and JUR being the highest 
(both 0.91) and thus directionality of rivers was harder to test.

Overall, our population genetic structure and admixture analyses 
showed that there is considerable gene flow within the Amazonia 
resulting in admixed populations, and that the Cerrado populations 
are separate genetic entities.

4  | DISCUSSION

4.1 | Genetic variation is structured within 
populations of Amazonia

Our results show high genetic variation in Amazonian M. flexuosa, 
seen in the high number of alleles present within populations and no 
evidence of heterozygote deficiency. This result is consistent with a 
high degree of polymorphism found in other Amazonian populations 
of M. flexuosa where loci from ISSRs (Rossi et al., 2014) and AFLPs 
(Gomes et al., 2011) were highly polymorphic. Other outcrossing 
tropical species such as Inga (Fabaceae) species of the Peruvian 
Amazon (Rollo et al., 2016) and other widespread and abundant 
palms like Euterpe precatoria (Santos et al., 2015) also have high ge-
netic variation.

The finding of high genetic diversity concentrated in Amazonia 
is congruent with previous hypotheses that parts of this region 
served as historical refugia for populations of M. flexuosa (de Lima 
et al., 2014). Palaeodistribution models show that M. flexuosa pop-
ulations expanded and contracted during glacial cycling throughout 
the Neotropics (de Lima et al., 2014; Lima-Ribeiro, Barberi, & Rubin, 
2004), with its fossil pollen record persisting in central Amazonia 
throughout the Quaternary (Hermanowski, Costa, & Behling, 2012; 
Hermanowski, Costa, Carvalho, & Behling, 2012).

In the Cerrado, the two populations we sampled have distinct 
genetic patterns between them (BVI and XAP). The BVI popula-
tion is the least inbred of these two according to the fixation index 
(F). The area surrounding BVI (Roraima State) is thought to be the 
“center of origin” for many plant species (Pielou, 1979), including 
M. flexuosa and other palms (Rull, 1998; van der Hammen, 1957). 
This region is a transition area between dense forests and open 
areas (de Carvalho & Mustin, 2017), located at the center of the 
Pleistocene Intertropical Convergence Zone (ITCZ), which is con-
sidered an important source area of establishment of different 

F IGURE  2 Population genetic structure of Mauritia flexuosa as 
measured by FST and RST

F IGURE  3  Inferred population structure for K = 2 and K = 3. Continuous lines represent divisions between basins and dashed lines 
divisions within the basin
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plant species that expanded their ranges during that geological 
time period (de Lima et al., 2014).

In contrast, the XAP Cerrado population is less diverse and more 
inbred, which is consistent with previously observed low genetic di-
versity within populations of M. flexuosa in the Cerrado (e.g., de Lima 
et al., 2014). This is partially explained by our relative smaller sample 
size as shown by our rarefaction results but may also be due to pop-
ulation decline or incomplete lineage sorting during shifts in forest 
expanse during glacial cycling. The absence of private alleles in XAP 
suggests recent population establishment and/or assortative mat-
ing. Furthermore, the XAP population is higher in elevation (800 m), 
with the nearest population at least 300 km away as per our field 
observations, which suggests high differentiation and lower levels 
of genetic diversity among populations increased due to high geo-
graphic isolation.

4.2 | Rivers are determinants of Mauritia flexuosa 
population structure

Our population genetic structure and migration analyses suggest 
that the distribution of rivers is an important factor in the popula-
tion structure of Amazonian M. flexuosa. Populations within basins 
are connected, while populations among the river basins Tapajós 
(JUR, TPI, and TAP localities) and Madeira (GUA, MAD, and MAM) 
have less gene flow. Pairwise immigration estimates show that the 
MAD population receives immigrants consistent with river flow 
that moves from the GUA to MAM then MAD localities along the 
Madeira basin. Overall there is a strong contribution of migrants 
mostly within basins, supporting the role of exchange within basins 
as part of the seed dispersal agents in the population diversity and 
structure of M. flexuosa.

We do not discount other means of dispersal including humans 
(see last section), yet our population genetic structure results 
are congruent with the fact that rivers are a key element of the 
landscape in Amazonia. Rivers influence animal distributions such 
as birds (e.g., Fernandes, Wink, & Aleixo, 2012), frogs (Gascon, 

Lougheed, & Bogart, 1998), and mammals (e.g., Patton, Da Silva, & 
Malcolm, 2000) that disperse the seeds of palms and other plants. 
The impact of rivers on the genetic structure of other plants such 
as Myricaria laxiflora (Tamaricaceae; Liu, Wang, & Huang, 2006) 
has shown that water flow is a major driver of seed and propa-
gule dispersal, and that migration patterns among populations can 
form along rivers, similar to what we found here in M. flexuosa. 
Other Amazonian studies have shown that the fruiting of tropical 
wetland plants occurs in the rainy season when rivers and other 
bodies of water are overflowed, enabling long-distance fruit dis-
persal (De Campos, De Cedro, Tejerina-Garro, Bayer, & Carneiro, 
2013). Rollo et al. (2016) found strong influence of water dispersal 
in the genetic diversity and structure of Inga species in Amazonia. 
In palms, Oliveira et al. (2014) found that the genetic structure of 
Astrocaryum jauari among different river sites within a river basin 
with high levels of gene flow within them, likely due to transport 
of fruits following the direction of the water currents. Mauritia 
swamps are a permanent or temporary shelter for many species 
of animals that maintain gene flow via seed dispersal (Mendieta-
Aguilar, Pacheco, & Roldán, 2015), and fruits have the ability to 
undergo long-distance dispersal and float down rivers, traveling 
thousands of kilometers, connecting populations at large dis-
tances along the water (Moegenburg, 2002).

4.3 | Insights of influence of human management on 
genetic diversity and gene flow

Our results are also consistent with the hypothesis suggested 
that hyperdominant plants in Amazonia, such as M. flexuosa, cor-
relate with their proximity to pre-Columbian archeological sites, 
and that plant populations of economically important species are 
maintained preferentially along river margins (Levis et al., 2017). 
Furthermore, as humans increasingly hunted large vertebrates 
in forests typically far from the water (Peres, Emilio, Schietti, 
Desmoulière, & Levi, 2016), animal-dependent seed dispersal of 
M. flexuosa decreased in those areas, resulting in lower gene flow, 

TABLE  2 Bayesian assessment of migration within and among sampling localities implemented in BayesAss+. For each sampling locality, 
numbers are the mean proportion of individuals for each source locality. Boldface terms along the diagonal are proportion of non-migrants 
(self-recruitment). Above and below the diagonal are the estimated immigrants. Values closer to one mean that individuals in that population 
are mostly a result of self-recruitment; values closer to zero are closer to all migrants arriving from other populations. In light gray are 
populations from the Tapajós basin, in dark gray are populations from the Madeira basin. BVI and XAP are from the Cerrado

TPI JUR TAP GUA MAM MAD BVI XAP

TPI 0.85 0.029 0.013 0.011 0.010 0.016 0.019 0.012

JUR 0.012 0.911 0.015 0.011 0.011 0.023 0.013 0.011

TAP 0.013 0.023 0.871 0.011 0.011 0.012 0.022 0.011

GUA 0.013 0.020 0.023 0.791 0.011 0.183 0.011 0.011

MAM 0.016 0.012 0.013 0.018 0.677 0.242 0.011 0.011

MAD 0.017 0.014 0.011 0.011 0.012 0.814 0.012 0.011

BVI 0.021 0.035 0.011 0.011 0.01 0.035 0.845 0.029

XAP 0.011 0.011 0.012 0.011 0.011 0.011 0.012 0.917

BVI, Boa Vista; GUA, Guaporé; JUR, Juruena; MAD, Madeira; MAM, Mamore; TAP, Tapajós; TPI, Teles Pires; XAP, Chapada dos Guimarães.
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all the while maintained closer to rivers. Although these observa-
tions remain to be tested explicitly, our patterns of high diversity 
are also consistent with the hypothesis that large population sizes 
of this species have been maintained by continuous activities of 
human cultivation, likely for thousands of years (Levis et al., 2017). 
As a result, outcrossing would be favored by human tending and a 
high number of reproductive individuals would be maintained, re-
sulting in a higher effective population size and thus higher genetic 
variation (Frankham, 1996).

Our data on recent genetic migration among populations also 
show that the Juruena river (JUR) population, despite being located 
on the riverbank and having several other populations of M. flexu-
osa nearby, is mostly a result of self-recruitment (0.91). Unlike other 
populations in our sampling, this high value could be explained by 
this area being within an indigenous community, who have used 
and managed this palm intensively for human consumption and for 
making handcrafts for hundreds of years (Albernaz-Silveira, 2016), 
although this remains to be tested explicitly.

The argument that the distribution of many species, or even the 
composition of Amazonia, is the result of domestication from pre-
Columbian peoples who altered landscapes for thousands of years 
has been repeatedly raised by archeologists and anthropologists. 
Barlow, Gardner, Lees, Parry, and Peres (2012) found a relationship 
between sites of Amazonian Dark Earth (ancient, anthropogenic fer-
tile soils) and greater plant species diversity and geographic distribu-
tion of some species in comparison with sites without anthropogenic 
effects. Clement (1999), Rull and Montoya (2014), and Thomas, 
Alcázar Caicedo, McMichael, Corvera, and Loo (2015) have shown 
that human populations in the Amazon have transformed its physical 
landscape and transported plant species large distances. The genetic 
and spatial distribution of Bertholletia excelsa (Brazil nut), for exam-
ple, is strongly linked to areas populated by indigenous groups in 
Amazonia (Thomas et al., 2015). Rull and Montoya (2014) found the 
distribution of pollen of M. flexuosa linked to millenarian charcoal, 
suggesting that these came from fires made by local communities for 
hunting and food preparation.

In the Gran Sabana of Venezuela and likely in the contiguous 
Roraima savannas of Brazil (e.g., BVI), the gallery forest was more 
dominant than the savannas 3,100–1,800 Cal yr BP (Leal et al., 
2016). The forest was open and disturbed and Mauritia pollen 
was present. From 1,800 Cal yr BP up to the present, savannas 
ecosystems have been dominant. The synergistic effect between 
anthropic fires and climate change could have promoted the dom-
inance of savannas. Our results suggest that the BVI population is 
relatively isolated from the savanna (0.845), and we open the possi-
bility that it has adapted to re-colonizing habitats disrupted by fire.

The study sites from this work are currently undergoing increas-
ing deforestation and other modifications of forest landscapes. 
Hydrological connectivity in Amazonia is increasingly disrupted 
by dynamic and multifaceted drivers (Ritter et al., 2017), includ-
ing mining, and land-use changes that have modified at least 20% 
of Amazonia, with over 150 hydroelectric dams currently in oper-
ation and hundreds more planned (Castello & Macedo, 2016). The 

understanding of the processes related to the maintenance the gene 
flow throughout different environments, such as that in M. flexuosa, 
could aid conservation and management strategies. Also, the impor-
tance of rivers in maintaining population connectivity that are geo-
graphically distant is here shown for M. flexuosa, which can act as an 
umbrella for associated species and the environmental that thrive 
with it. Our results from M. flexuosa may be used as a first step to-
ward building a model for other studies of plants whose dispersal is 
heavily influenced by rivers.

ACKNOWLEDG MENTS

This work was supported by the Bionorte Network (MCTI/CNPq/
FAPEMAT 554330/2010-5; 205983/2011), FAPEMAT, and CAPES 
to N.L.S. F.B.Z. was supported by CONACyT #.396097. C.D.B. 
was supported by funds from the European Research Council 
(FP/2007-2013, ERC Grant Agreement n. 331024). A.C.J. would like 
to acknowledge CONACyT FOINS #901.

CONFLIC T OF INTERE S T

None declared.

AUTHORS CONTRIBUTIONS

M.T.P., A.B.R., C.J.D.S., and A.C.J. conceived the research. N.L.S., 
J.C.A., and M.A.A.B. conducted the fieldwork. N.L.S., A.P.V., and 
M.S.B.B. conducted the lab work. N.L.S. and F.P.Z. did the analyses. 
C.D.B. and A.C.J. wrote the manuscript with all authors contributing 
and approving the final manuscript.

ORCID

Angélica Cibrián-Jaramillo   http://orcid.
org/0000-0002-7974-455X 

R E FE R E N C E S

Acevedo-Quintero, J. F., & Zamora-Abrego, J. G. (2016). Role of mam-
mals on seed dispersal and predation processes of Mauritia flexuosa 
(Arecaceae) in the Colombian Amazon. Revista de Biología Tropical, 
64, 5–15. https://doi.org/10.15517/rbt.v64i1.18157

Albernaz-Silveira, R. (2016). Saberes e fazeres tradicionais da Etnia 
Rikbaktsa: conexões com cultura e biodiversidade da Amazônia 
Brasileira. Tese de Doutorado Programa de pós Graduação em 
Biodiversidade e Biotecnologia da Amazônia Legal – Rede Bionorte. 
Cáceres, Mato Grosso, Brasil. 200 pp.

Aleixo, A. (2006). Historical diversification of floodplain forest spe-
cialist species in the Amazon: A case study with two species of 
the avian genus Xiphorhynchus (Aves: Dendrocolaptidae). Biological 
Journal of the Linnean Society, 89, 383–395. https://doi.org/10.1111/
(ISSN)1095-8312

Antao, T., Lopes, A., Lopes, R. J., Beja-Pereira, A., & Luikart, G. (2008). 
LOSITAN: A workbench to detect molecular adaptation based 
on a FST-outlier method. BMC Bioinformatics, 9, 323. https://doi.
org/10.1186/1471-2105-9-323

http://orcid.org/0000-0002-7974-455X
http://orcid.org/0000-0002-7974-455X
http://orcid.org/0000-0002-7974-455X
https://doi.org/10.15517/rbt.v64i1.18157
https://doi.org/10.1111/(ISSN)1095-8312
https://doi.org/10.1111/(ISSN)1095-8312
https://doi.org/10.1186/1471-2105-9-323
https://doi.org/10.1186/1471-2105-9-323


6596  |     SANDER et al.

Barfod, A. S., Hagen, M., & Borchsenius, F. (2011). Twenty-five years 
of progress in understanding pollination mechanisms in palms 
(Arecaceae). Annals of Botany, 108, 1503–1516. https://doi.
org/10.1093/aob/mcr192

Barlow, J., Gardner, T. A., Lees, A. C., Parry, L., & Peres, C. A. (2012). How 
pristine are tropical forests? An ecological perspective on the pre-
Columbian human footprint in Amazonia and implications for con-
temporary conservation. Biological Conservation, 151, 45–49. https://
doi.org/10.1016/j.biocon.2011.10.013

Barros, F. B., & Da Silva, D. (2013). Os mingauleiros de miriti: Trabalho, 
sociabilidade e consumo na beira de Abaetetuba, Pará. Revista FSA, 
10, 44–66. https://doi.org/10.12819/rfsa

Castello, L., & Macedo, M. (2016). Large-scale degradation of Amazonian 
freshwater ecosystems. Global Change Biology, 22, 990–1007. https://
doi.org/10.1111/gcb.13173

Clement, C. R. (1999). 1492 and the loss of Amazonian crop genetic re-
sources. I: The relation between domestication and human popula-
tion decline. Economic Botany, 53, 188–202. https://doi.org/10.1007/
BF02866498

Colwell, R. K. (2000). A barrier runs through it… or maybe just a river. 
Proceedings of the National Academy of Sciences of the United 
States of America, 97, 13470–13472. https://doi.org/10.1073/
pnas.250497697

Cornuet, J. M., & Luikart, G. (1996). Description and power analysis of 
two tests for detecting recent population bottlenecks from allele fre-
quency data. Genetics, 144, 2001–2014.

De Campos, A. B., De Cedro, D. A. B., Tejerina-Garro, F. L., Bayer, M., 
& Carneiro, G. T. (2013). Spatial distribution of tropical wetlands in 
Central Brazil as influenced by geological and geomorphological set-
tings. Journal of South American Earth Sciences, 46, 161–191. https://
doi.org/10.1016/j.jsames.2011.12.001

de Carvalho, W. D., & Mustin, K. (2017). The highly threatened and little 
known Amazonian savannahs. Nature Ecology and Evolution, 1, 100. 
https://doi.org/10.1038/s41559-017-0100

de Lima, N. E., Lima-Ribeiro, M. S., Tinoco, C. F., Terribile, L. C., & 
Collevatti, R. G. (2014). Phylogeography and ecological niche 
modelling, coupled with the fossil pollen record, unravel the de-
mographic history of a Neotropical swamp palm through the 
Quaternary. Journal of Biogeography, 41, 673–686. https://doi.
org/10.1111/jbi.12269

Delgado, C., Coutourier, G., & Mejia, K. (2007). Mauritia flexuosa 
(Arecaceae: Calamoideae), an Amazonian palm with cultivation 
purposes in Peru. Fruits, 62, 157–169. https://doi.org/10.1051/
fruits:2007011

Di Rienzo, A., Peterson, A. C., Garza, J. C., Valdes, A. M., Slatkin, M., & 
Freimer, N. B. (1994). Mutational processes of simple-sequence re-
peat loci in human populations. Proceedings of the National Academy 
of Sciences of the United States of America, 91, 3166–3170. https://doi.
org/10.1073/pnas.91.8.3166

Dyer, R. J., & Nason, J. D. (2004). Population graphs: The graph theoretic 
shape of genetic structure. Molecular Ecology, 13, 1713–1727. https://
doi.org/10.1111/j.1365-294X.2004.02177.x

Earl, D. A., & Von Holdt, B. M. (2011). STRUCTURE HARVESTER: A web-
site and program for visualizing STRUCTURE output and implement-
ing the Evanno method. Conservation Genetics Resources, 4, 359–361.

Evanno, G., Regnaut, S., & Goudet, J. (2005). Detecting the num-
ber of clusters of individuals using the software STRUCTURE: A 
simulation study. Molecular Ecology, 14, 2611–2620. https://doi.
org/10.1111/j.1365-294X.2005.02553.x

Excoffier, L., Laval, G., & Schneider, S. (2005). Arlequin: An integrated 
software package for population genetics data analysis, version 3.0. 
Evolutionary Bioinformatics Online, 1, 47–50.

Federman, S., Hyseni, C., Clement, W., & Caccone, A. (2012). 
Isolation of 13 novel highly polymorphic microsatellite loci for the 
Amazonian Palm Mauritia flexuosa L.f. (Arecaceae). Conservation 

Genetics Resources, 4, 355–357. https://doi.org/10.1007/
s12686-011-9547-8

Fernandes, A. M., Wink, M., & Aleixo, A. (2012). Phylogeography 
of the chestnut-tailed antbird (Myrmeciza hemime-
laena) clarifies the role of rivers in Amazonian biogeogra-
phy. Journal of Biogeography, 39, 1524–1535. https://doi.
org/10.1111/j.1365-2699.2012.02712.x

Frankham, J. (1996). Relationship of genetic variation to population 
size in wildlife. Conservation Biology, 10, 1500–1508. https://doi.
org/10.1046/j.1523-1739.1996.10061500.x

Gascon, C., Lougheed, S. C., & Bogart, J. P. (1998). Patterns of genetic 
population differentiation in four species of Amazonian frogs: A test 
of the riverine barrier hypothesis. Biotropica, 30, 104–119. https://
doi.org/10.1111/j.1744-7429.1998.tb00373.x

Gilmore, M. P., Endress, B. A., & Horn, C. M. (2013). The socio-cultural 
importance of Mauritia flexuosa palm swamps (aguajales) and implica-
tions for multi-use management in two Maijuna communities of the 
Peruvian Amazon. Journal of Ethnobiology and Ethnomedicine, 9, 29. 
https://doi.org/10.1186/1746-4269-9-29

Gomes, L. R. P., Lopes, M. T. G., Bentes, J. L. D. S., Barros, W. S., Neto, 
C., de Queiroz, P., & Contim, L. A. S. (2011). Genetic diversity in 
natural populations of Buriti (Mauritia flexuosa L.f.). Crop Breeding 
and Applied Biotechnology, 11, 216–223. https://doi.org/10.1590/
S1984-70332011000300003

Hermanowski, B., Costa, M. L., & Behling, H. (2012). Environmental 
changes in southeastern Amazonia during the last 25,000 yr revealed 
from a paleoecological record. Quaternary Research, 77, 138–148. 
https://doi.org/10.1016/j.yqres.2011.10.009

Hermanowski, B., Costa, M. L., Carvalho, A. T., & Behling, H. (2012). 
Palaeoenvironmental dynamics and underlying climatic changes 
in southeast Amazonia (Serra Sul dos Carajás, Brazil) during the 
late Pleistocene and Holocene. Palaeogeography, Palaeoclimatology, 
Palaeoecology, 365–366, 227–246. https://doi.org/10.1016/j.
palaeo.2012.09.030

Holsinger, K. E., & Weir, B. S. (2009). Genetics in geographically struc-
tured populations: Defining, estimating and interpreting FST. Nature 
Reviews Genetics, 10, 639–650. https://doi.org/10.1038/nrg2611

Jombart, T. (2008). adegenet: A R package for the multivariate analy-
sis of genetic markers. Bioinformatics, 24, 1403–1405. https://doi.
org/10.1093/bioinformatics/btn129

Leal, A., Bilbao, B., Berrio, J. C., Behling, H., Montoya, J. V., & Méndez, C. 
(2016). Late-Holocene gallery forest retrogression in the Venezuelan 
Guayana: New data and implications for the conservation of a 
cultural landscape. The Holocene, 26, 1049–1063. https://doi.
org/10.1177/0959683616632892

Levis, C., Costa, F. R. C., Bongers, F., Peña-Claros, M., Clement, C. R., 
Junqueira, A. B., … Ter Steege, H. (2017). Persistent effects of pre-
Columbian plant domestication on Amazonian forest composition. 
Science, 355, 925–931. https://doi.org/10.1126/science.aal0157

Lima-Ribeiro, M. S., Barberi, M., & Rubin, J. C. R. (2004). Mudanças na 
vegetação na região do Rio Meia Ponte, Goiás, durante o Quaternário 
Tardio. Estudos/UCG, 31, 89–105.

Liu, Y., Wang, Y., & Huang, H. (2006). Hight interpopulation genetic di-
versity and unidirectional linear migration patterns in Mycaria laxi-
flora (Tamaricaceae), an endemic riparian plant in the three Gorges, 
Valley of the Yangtze River. American Journal of Botany, 93, 206–215. 
https://doi.org/10.3732/ajb.93.2.206

Maruyama, T., & Fuerst, P. A. (1985). Population bottlenecks and non-
equilibrium models in population genetics. II. Number of alleles in a 
small population that was formed by a recent bottleneck. Genetics, 
111, 675–689.

Meirmans, P. G. (2012). The trouble with isolation by distance. Molecular Ecology, 
21, 2839–2846. https://doi.org/10.1111/j.1365-294X.2012.05578.x

Mendieta-Aguilar, G., Pacheco, L. F., & Roldán, A. I. (2015). Seed dis-
persal of Mauritia flexuosa (Arecaceae) by terrestrial frugivores in 

https://doi.org/10.1093/aob/mcr192
https://doi.org/10.1093/aob/mcr192
https://doi.org/10.1016/j.biocon.2011.10.013
https://doi.org/10.1016/j.biocon.2011.10.013
https://doi.org/10.12819/rfsa
https://doi.org/10.1111/gcb.13173
https://doi.org/10.1111/gcb.13173
https://doi.org/10.1007/BF02866498
https://doi.org/10.1007/BF02866498
https://doi.org/10.1073/pnas.250497697
https://doi.org/10.1073/pnas.250497697
https://doi.org/10.1016/j.jsames.2011.12.001
https://doi.org/10.1016/j.jsames.2011.12.001
https://doi.org/10.1038/s41559-017-0100
https://doi.org/10.1111/jbi.12269
https://doi.org/10.1111/jbi.12269
https://doi.org/10.1051/fruits:2007011
https://doi.org/10.1051/fruits:2007011
https://doi.org/10.1073/pnas.91.8.3166
https://doi.org/10.1073/pnas.91.8.3166
https://doi.org/10.1111/j.1365-294X.2004.02177.x
https://doi.org/10.1111/j.1365-294X.2004.02177.x
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1007/s12686-011-9547-8
https://doi.org/10.1007/s12686-011-9547-8
https://doi.org/10.1111/j.1365-2699.2012.02712.x
https://doi.org/10.1111/j.1365-2699.2012.02712.x
https://doi.org/10.1046/j.1523-1739.1996.10061500.x
https://doi.org/10.1046/j.1523-1739.1996.10061500.x
https://doi.org/10.1111/j.1744-7429.1998.tb00373.x
https://doi.org/10.1111/j.1744-7429.1998.tb00373.x
https://doi.org/10.1186/1746-4269-9-29
https://doi.org/10.1590/S1984-70332011000300003
https://doi.org/10.1590/S1984-70332011000300003
https://doi.org/10.1016/j.yqres.2011.10.009
https://doi.org/10.1016/j.palaeo.2012.09.030
https://doi.org/10.1016/j.palaeo.2012.09.030
https://doi.org/10.1038/nrg2611
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1177/0959683616632892
https://doi.org/10.1177/0959683616632892
https://doi.org/10.1126/science.aal0157
https://doi.org/10.3732/ajb.93.2.206
https://doi.org/10.1111/j.1365-294X.2012.05578.x


     |  6597SANDER et al.

Laguna Azul, Beni, Bolivia. Acta Amazonica, 45, 45–56. https://doi.
org/10.1590/1809-4392201400283

Menezes, E. V., Souto, W. F., Ciampi, A. Y., Azevedo, V. C., Valério, H. 
M., & Pimenta, M. A. (2012). Development and characterization of 
DNA microsatellite primers for buriti (Mauritia flexuosa L.f.). Genetic 
Molecular Research, 11, 4058–4062. https://doi.org/10.4238/2012.
September.17.6

Moegenburg, S. M. (2002). Spatial and temporal variation in hydrochory 
in Amazonian floodplain forest. Biotropica, 34, 602–612.

Nazareno, A. G., Dick, C. W., & Lohmann, L. G. (2017). Wide but not im-
permeable: Testing the riverine barrier hypothesis for an Amazonian 
plant species. Molecular Ecology, 14, 3636–3648. https://doi.
org/10.1111/mec.14142

Oksanen, J., Kindt, R., Legendre, P., O’Hara, B., & Stevens, M. H. H. 
(2011).Vegan: Community Ecology Package, R Package Version 2.0-
2, Community ecology package 10, 631-637. Retrieved from http://
cran.r-project.org/web//packages/vegan/index.html

Oliveira, L. D. S., Ramos, S. L. F., Lopes, M. T. G., Dequigiovanni, G., 
Veasey, E. A., Macêdo, J. L., … Lopes, R. (2014). Genetic diversity and 
structure of Astrocaryum jauari (Mart.) palm in two Amazon River ba-
sins. Crop Breeding and Applied Biotechnology, 14, 166–173. https://
doi.org/10.1590/1984-70332014v14n3a25

Patton, J. L., Da Silva, M. N. F., & Malcolm, J. R. (2000). Mammals of 
the Rio Juruá and the evolutionary and ecological diversification of 
Amazonia. Bulletin of the American Museum of Natural History, 1, 306.

Pellegrino, K., Rodrigues, M. T., Waite, A. N., Morando, M., Yassuda, Y. 
Y., & Sites, J. W. (2005). Phylogeography and species limits in the 
Gymnodactylus darwinii complex (Gekkonidae, Squamata): Genetic 
structure coincides with river systems in the Brazilian Atlantic 
Forest. Biological Journal of the Linnean Society, 85, 13–26. https://
doi.org/10.1111/j.1095-8312.2005.00472.x

Peres, C. A., Emilio, T., Schietti, J., Desmoulière, S. J., & Levi, T. (2016). 
Dispersal limitation induces long-term biomass collapse in over-
hunted Amazonian forests. Proceedings of the National Academy of 
Sciences of the United States of America, 113, 892–897. https://doi.
org/10.1073/pnas.1516525113

Peters, C. M., Balick, M. J., Kahn, F., & Anderson, A. B. (1989). Oligarchic 
forests of economic plants in Amazonia: Utilization and conservation 
of an important tropical resource. Conservation Biology, 3, 341–349. 
https://doi.org/10.1111/j.1523-1739.1989.tb00240.x

Pielou, E. C. (1979). Biogeography (p. 351). New York, NY: Wiley.
Piperno, D. R., McMichael, C., & Bush, B. M. (2015). Amazonia and 

the Anthropocene: What was the spatial extent and intensity 
of human landscape modification in the Amazon Basin at the 
end of prehistory? The Holocene, 25(10), 1588–1597. https://doi.
org/10.1177/0959683615588374

Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference of pop-
ulation structure using multilocus genotype data. Genetics, 155, 
945–959.

Putman, A. I., & Carbone, I. (2014). Challenges in analysis and interpreta-
tion of microsatellite data for population genetic studies. Ecology and 
Evolution, 4, 4399–4428.

R Core Team (2014). R: A language and environment for statistical com-
puting. Vienna, Austria: R Foundation for Statistical Computing. 
Retrieved from http://www.R-project.org/

Ribas, C. C., Aleixo, A., Nogueira, A. C., Miyaki, C. Y., & Cracraft, J. 
(2012). A palaeobiogeographic model for biotic diversification within 
Amazonia over the past three million years. Proceedings of the Royal 
Society of London B: Biological Sciences, 279, 681–689. https://doi.
org/10.1098/rspb.2011.1120

Ritter, C. D., McCrate, G., Nilsson, R. H., Fearnside, P. M., Palme, U., & 
Antonelli, A. (2017). Environmental impact assessment in Brazilian 
Amazonia: Challenges and prospects to assess biodiversity. 
Biological Conservation, 206, 161–168. https://doi.org/10.1016/j.
biocon.2016.12.031

Rollo, A., Lojka, B., Honys, D., Mandák, B., Wong, J. A. C., Santos, C., 
… Ribeiro, M. M. (2016). Genetic diversity and hybridization in the 
two species Inga ingoides and Inga edulis: Potential applications for 
agroforestry in the Peruvian Amazon. Annals of Forest Science, 73, 
425–435. https://doi.org/10.1007/s13595-015-0535-0

Rosa, R. K., & Koptur, S. (2013). New findings on the pollination biol-
ogy of Mauritia flexuosa (Arecaceae) in Roraima, Brazil: Linking dio-
ecy, wind, and habitat. American Journal of Botany, 100(3), 613–621. 
https://doi.org/10.3732/ajb.1200446

Rossi, F. S., Rossi, A. A. B., Dardengo, J. D. F. E., Brauwers, L. R., Silva, M. 
L. D., & Sebbenn, A. M. (2014). Diversidade genética em populações 
naturais de Mauritia flexuosa L. f. (Arecaceae) com uso de marcadores 
ISSR. Scientia Florestalis, 42, 631–693.

Rull, V. (1998). Biogeographical and evolutionary considerations of 
Mauritia (Arecaceae), based on palynological evidence. Review of 
Palaeobotany and Palynology, 100, 109–122. https://doi.org/10.1016/
S0034-6667(97)00060-2

Rull, V., & Montoya, E. (2014). Mauritia flexuosa palm swamp commu-
nities: Natural or human-made? A palynological study of the Gran 
Sabana region (northern South America) within a neotropical context. 
Quaternary Science Reviews, 99, 17–33. https://doi.org/10.1016/j.
quascirev.2014.06.007

Santos, A. S., Cazetta, E., Morante Filho, J. C., Baumgarten, J., Faria, D., 
& Gaiotto, F. A. (2015). Lessons from a palm: Genetic diversity and 
structure in anthropogenic landscapes from Atlantic Forest, Brazil. 
Conservation Genetics, 16, 1295–1302. https://doi.org/10.1007/
s10592-015-0740-2

Santos, R. S., & Coelho-Ferreira, M. (2011). Artefatos de miriti (Mauritia 
flexuosa Lf) em Abaetetuba, Pará: Da produção à comercialização. 
Boletim do Museu Paraense Emílio Goeldi. Ciências Humanas, Belém, 6, 
559–571. https://doi.org/10.1590/S1981-81222011000300006

Sarkar, D. (2015). Lattice: Lattice graphics. R package version 0.20. 
Retrieved from https://cran.r-project.org/web/packages/ lattice/
lattice.pdf

Schleuning, M., Becker, T., Vadillo, G. P., Hahn, T., Matthies, D., & Durka, 
W. (2011). River dynamics shape clonal diversity and genetic struc-
ture of an Amazonian understorey herb. Journal of Ecology, 99, 
373–382.

Schleuning, M., Huaman, V., & Matthies, D. (2008). Flooding and can-
opy dynamics shape the demography of a clonal Amazon un-
derstorey herb. Journal of Ecology, 96, 1045–1055. https://doi.
org/10.1111/j.1365-2745.2008.01416.x

Slatkin, M. (1995). A measure of population subdivision based on micro-
satellite allele frequencies. Genetics, 139, 457–462.

Stahl, P. W. (2015). Interpreting interfluvial landscape transformations in 
the pre-Columbian Amazon. Holocene, 25, 1598–1603. https://doi.
org/10.1177/0959683615588372

Steege, H. T., Pitman, N. C., Sabatier, D., Baraloto, C., Salomão, R. 
P., Guevara, J. E., … Silman, M. R.. (2013). Hyperdominance in 
the Amazonian tree flora. Science, 342, 1243092. https://doi.
org/10.1126/science.1243092

Stevenson, P. R. (2007). A test of the escape and colonization hypotheses 
for zoochorous tree species in a Western Amazonian forest. Plant 
Ecology, 190, 245–258. https://doi.org/10.1007/s11258-006-9205-5

Thomas, E., Alcázar Caicedo, C., McMichael, C. H., Corvera, R., & Loo, J. 
(2015). Uncovering spatial patterns in the natural and human history 
of Brazil nut (Bertholletia excelsa) across the Amazon Basin. Journal 
of Biogeography, 42, 1367–1382. https://doi.org/10.1111/jbi.12540

Vallinoto, M., Araripe, J., Rego, P. S. D., Tagliaro, C. H., Sampaio, I., & 
Schneider, H. (2006). Tocantins river as an effective barrier to gene 
flow in Saguinus niger populations. Genetics and Molecular Biology, 29, 
215–219. https://doi.org/10.1590/S1415-47572006000200005

van der Hammen, T. (1957). Climatic periodicity and evolution of South 
American Maestrichtian and Tertiary floras. Boletín Geológico, 5, 
49–91.

https://doi.org/10.1590/1809-4392201400283
https://doi.org/10.1590/1809-4392201400283
https://doi.org/10.4238/2012.September.17.6
https://doi.org/10.4238/2012.September.17.6
https://doi.org/10.1111/mec.14142
https://doi.org/10.1111/mec.14142
http://cran.r-project.org/web//packages/vegan/index.html
http://cran.r-project.org/web//packages/vegan/index.html
https://doi.org/10.1590/1984-70332014v14n3a25
https://doi.org/10.1590/1984-70332014v14n3a25
https://doi.org/10.1111/j.1095-8312.2005.00472.x
https://doi.org/10.1111/j.1095-8312.2005.00472.x
https://doi.org/10.1073/pnas.1516525113
https://doi.org/10.1073/pnas.1516525113
https://doi.org/10.1111/j.1523-1739.1989.tb00240.x
https://doi.org/10.1177/0959683615588374
https://doi.org/10.1177/0959683615588374
http://www.R-project.org/
https://doi.org/10.1098/rspb.2011.1120
https://doi.org/10.1098/rspb.2011.1120
https://doi.org/10.1016/j.biocon.2016.12.031
https://doi.org/10.1016/j.biocon.2016.12.031
https://doi.org/10.1007/s13595-015-0535-0
https://doi.org/10.3732/ajb.1200446
https://doi.org/10.1016/S0034-6667(97)00060-2
https://doi.org/10.1016/S0034-6667(97)00060-2
https://doi.org/10.1016/j.quascirev.2014.06.007
https://doi.org/10.1016/j.quascirev.2014.06.007
https://doi.org/10.1007/s10592-015-0740-2
https://doi.org/10.1007/s10592-015-0740-2
https://doi.org/10.1590/S1981-81222011000300006
https://cran.r-project.org/web/packages/
https://doi.org/10.1111/j.1365-2745.2008.01416.x
https://doi.org/10.1111/j.1365-2745.2008.01416.x
https://doi.org/10.1177/0959683615588372
https://doi.org/10.1177/0959683615588372
https://doi.org/10.1126/science.1243092
https://doi.org/10.1126/science.1243092
https://doi.org/10.1007/s11258-006-9205-5
https://doi.org/10.1111/jbi.12540
https://doi.org/10.1590/S1415-47572006000200005


6598  |     SANDER et al.

van Oosterhout, C., Hutchinson, W. F., Wills, D. P. M., & Shipley, P. (2003). 
Micro-Checker, version 2.2. 3. Hull, UK: University of Hull.

Wallace, A. R. (1852). On the monkeys of the Amazon. Proceedings of the 
Zoological Society of London, 20, 107–110.

Wilson, G. A., & Rannala, B. (2003). Bayesian inference of recent migra-
tion rates using multilocus genotypes. Genetics, 163, 1177–1191.

Wright, S. (1949). The genetical structure of populations. Annals of Eugenics, 
15, 323–354. https://doi.org/10.1111/j.1469-1809.1949.tb02451.x

Zhang, Z. Y., Zheng, X. M., & Song, G. (2007). Population genetic structure of 
Vitex negundo (Verbenaceae) in Three-Gorge Area of the Yangtze River: 
The riverine barrier to seed dispersal in plants. Biochemical Systematics 
and Ecology, 35, 506–516. https://doi.org/10.1016/j.bse.2007.01.014

SUPPORTING INFORMATION

Additional supporting information may be found online in the 
Supporting Information section at the end of the article.      

How to cite this article: Sander NL, Pérez-Zavala F, Da Silva CJ, 
et al. Rivers shape population genetic structure in Mauritia 
flexuosa (Arecaceae). Ecol Evol. 2018;8:6589–6598. https://doi.
org/10.1002/ece3.4142

https://doi.org/10.1111/j.1469-1809.1949.tb02451.x
https://doi.org/10.1016/j.bse.2007.01.014
https://doi.org/10.1002/ece3.4142
https://doi.org/10.1002/ece3.4142

