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Abstract

Evolutionary success, as demonstrated by high abundance and a wide geographical range, is related to genetic variation and
historical demography. Here we assess how climatic change during the Quaternary influenced the demography and
distribution of the Neotropical swamp palm Mauritia flexuosa. Using microsatellite loci and coalescent analyses we
examined how demographical dynamics affected genetic diversity, effective population size and connectivity through time
and space. Mauritia flexuosa presents significant genetic differentiation between the Amazonian and Cerrado biomes and
among different river basins. Amazonian lineages are ancient compared to lineages from the Cerrado, a pattern corroborated
using the fossil pollen record, where the species was absent from the Cerrado during the cold and dry periods of the last
glacial cycles, then returned during the wet, interglacial phases. Coalescent simulations show that the pattern of observed
genetic diversity for M. flexuosa is most likely due to a range retraction during the Last Glacial Maximum, leading to
multiple refugia and resulting in high differentiation between Amazonian and Cerrado biomes. Isolation-by-distance and by-
environment also shaped the distribution and evolutionary success of M. flexuosa. Our study provides new insights into the
historical factors that affected geographical distribution and structure genetic diversity, contributing to long-term
evolutionary success.

Introduction success on geological timescales (Holt 2003). Following

this, the contribution to the gene pool and thus evolutionary

Evolutionary success and fitness are often treated as syno-
nyms, where evolutionary success is measured by the
average contribution of an individual to the gene pool.
Haldane (1924) first described the population genetics
related to fitness, but it was the expansion to include time
and space that allows for the understanding of evolutionary

Electronic supplementary material The online version of this article
(https://doi.org/10.1038/s41437-018-0074-1) contains supplementary
material, which is available to authorized users.

< Rosane G. Collevatti
rosanegc68 @hotmail.com

Laboratério de Genética & Biodiversidade, Instituto de Ciéncias
Bioldgicas, Universidade Federal de Goids, Goidnia, GO 74690-
900, Brazil

Department of Biological and Environmental Sciences, University
of Gothenburg, Box 461, 405 30 Géteborg, Sweden

3 Gothenburg Global Biodiversity Centre, Box 461, 405 30
Goteborg, Sweden

success, may be increased through three primary avenues:
species radiation, species abundance or population size and
geographic range (Jablonski 2008).

Radiations lead to lineages with a high number of spe-
cies, which ensures evolutionary success (Schluter 2000).
Fascinating examples of evolutionary radiations abound in
the literature, for instance the formation of the African rift
lakes has led to the evolution of over 800 cichlid fish spe-
cies (Joyce et al. 2005), and colonisation of the Andes
mountains by Lupinus spurred 81 species (Hughes and
Eastwood 2006) to fill geographic space along the cordil-
leras. Rift lakes and Andean peaks have primarily con-
tributed to species radiation only over the last ca. 2 Ma,
since the onset of their current conditions. In contrast,
evolutionary success may also be measured by species
enduring over a long geological time period, particularly if
they have high local abundance. Horseshoe crabs have
remained largely morphologically unchanged and abundant
for 150 Ma (Avise et al. 1994), similarly for ammonites, yet
on a much larger time scale (400 Ma; Knoll and Nowak
2017). Some groups are described as highly successful due
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River basin

CAR: Caribbean

ORI: Orinoco

NAT: North Atlantic
AMA: Amazon

ART: Araguaia-Tocantins
SFR: Sao Francisco
PPR: Parana-Paraguay
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Fig. 1 Geographical distribution of the 46 Mauritia flexuosa popula-
tions sampled and Bayesian clustering of individuals. Different colours
were assigned to different clusters following the figure legends. The
lower bar plot (all populations) shows the two clusters (K =2) when
Bayesian analysis was performed considering the 46 populations. The
upper bar shows the three clusters for the Amazonia biome (K = 3) and

to the wide geographical distribution and the variety of
environmental conditions they inhabit, such as the African
Tilapia (Fryer and Iles 1969).

Evolutionary success has been explored in diverse
biogeographical regions, and a landmark study in the most
species-rich of all, Amazonia (Myers et al. 2000),
has shown that few species dominate Amazonian land-
scapes (ter Steege et al. 2013). These hyperdominant spe-
cies consist of a few lineages across the angiosperm
tree of life, but the bulk of them are in the palm family
(Arecaceae; ter Steege et al. 2013). Among them, Mauritia
flexuosa is one of the most common species in Amazonia
(Rull 1998; Rull and Montoya 2014), and is likely to be
one of the most highly distributed at a global scale
(Dransfield et al. 2008), meaning that it is not only highly
abundant but has a large geographic range across different
biomes, like in Amazonia (Brazil, Colombia, Ecuador,
French Guiana, Guyana, Peru, Suriname and Venezuela),
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the two clusters for the Cerrado biome (K = 2). For population codes
see Supporting Information Table S1. The inset map shows the geo-
graphic distribution of M. flexuosa based on the occurrence records
(black dots) of GBIF (https://www.gbif.org). The shape file of river
basins was obtained from HydroBASINS v. Ic (Lehner and Grill
2013)

in the Llanos (Colombia and Venezuela), and in the
Cerrado, the savanna of Central Brazil (Fig. 1). How
a species reaches such level of evolutionary success and
what factors have contributed to it are still unanswered
questions.

Evolutionary success demonstrated by high abundance
and a wide geographic range is related to genetic variation
and historical demography (Eckert et al. 2008; Parmesan
2006). Stable environments (e.g. the museum model of
diversification; Wallace 1878; Fisher 1960) or resilience in
the face of climate change can also ensure evolutionary
success. Stable environments may have higher carrying
capacities and thus support larger effective population sizes
(Excoffier et al. 2009; Whitlock and Barton 1997). Widely
distributed species that have undergone demographic and
range expansion through time, or maintained a wide his-
torical refugium through glacial cycles, have high effective
populations sizes, high genetic diversity and historical
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connectivity (e.g. Collevatti et al. 2012, 2014, 2015a;
Vitorino et al. 2016).

During the Last Glacial Maximum (LGM) the climate
was generally drier in most of South America, leading to the
range retraction of many savanna taxa and the expansion of
grasslands in southeast Brazil (Behling 2003; Salgado-
Laboriau et al. 1997). However, climate change has driven a
diversity of responses across different vegetation types (see
Mayle et al. 2004; Van Der Hammen and Hooghiemstra
2000). Western Amazonia was wet during glacial times and
dominated by tropical rain forest (e.g. Colinvaux and De
Oliveira 2000; Colinvaux et al. 1996), whereas sites in
eastern Amazonia were drier and replaced by savanna
vegetation during glacial periods (e.g. van der Hammen and
Absy 1994). Because glaciations were recurrent throughout
the Quaternary, the cycles of range retraction and expansion
during glacial and interglacial phases may have caused
displacements in species distributions and left genetic sig-
natures (Davis and Shaw 2001). Range expansion, for
instance, may lead to a spatial pattern in genome assort-
ment, decreasing genetic diversity in new areas due to
leading-edge colonisation (Hewitt 1996). Allele surfing, i.e.
the spread and increase of a low-frequency allele or new
mutations that migrate on the wave of advance of an

expanding population, may also decrease genetic diversity
(Arenas et al. 2012; Excoffier and Ray 2008). In addition,
due to rapid colonisation and founder effect, density-
dependent processes may cause patchy spatial distributions
and structuring of genetic diversity, which also decreases
genetic diversity in new areas (Excoffier et al. 2009; Waters
et al. 2013). Thus, palaeodistribution dynamics may be a
key contributor to evolutionary success, affecting geo-
graphic range, effective population size and thus long-term
population persistence.

Mauritia flexuosa was highly affected by climatic change
during the Quaternary in terms of both the species dis-
tribution and genetic diversity. Using non-coding chlor-
oplast regions (a single coalescent unit), Lima et al. (2014)
found that the geographic range became restricted during
glacial times into refugia in the Brazilian savanna. Depart-
ing from these results, which were based on populations
from only the southeastern portion of the species range
(Lima et al. 2014), a synthesis by Rull (1998) suggested that
the northern and eastern portions of the M. flexuosa range
have been subject to more geological and environmental
change than the rest. Species resilience is therefore an
important component of the evolutionary success of M.
flexuosa as it has persisted throughout drastic changes in
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climate resulting from glacial cycling, and robust sampling
is key for detecting these patterns.

Here we address the role of demographical history in
evolutionary success, i.e. high abundance and broad geo-
graphic range, studying the hyperdominant species M.
flexuosa. Using range-wide sampling, we reconstruct the
demographical history of M. flexuosa using coalescent
analyses and simulations based on microsatellite loci. The
Mauritia lineage originated in Amazonia near the Cretac-
eous/Tertiary boundary (Rull 1998), and previous work
shows a wide historical climatic refugium in Amazonia for
M. flexuosa (Lima et al. 2014) that corroborates the history
as inferred from pollen fossil records. Moreover, many
Cerrado plant lineages evolved from Amazonian lineages
(e.g. Simon et al. 2009; Terra-Aratjo et al. 2015). Thus, we
hypothesise that lineages from Amazonia are older than
those from Cerrado and also show high genetic differ-
entiation between the two biomes. Owing to the fact that M.
flexuosa inhabits vastly different environmental conditions
due to its wide geographical distribution, we also hypo-
thesise that isolation-by-environment (Wang and Bradburd
2014), i.e. a correlation between genetic differentiation
among populations and environmental variables, is more
important than isolation-by-distance in shaping the genetic
differentiation. Lastly, we hypothesise that populations
from Amazonia will show high historical connectivity
among them, in contrast with Cerrado populations, where
pollen fossil records show the disappearance of M. flexuosa
during glacial times (see Lima et al. 2014 and references
therein). Alternatively, if M. flexuosa persisted in multiple
refugia during glaciations, we then expect asymmetrical
migration from source populations into sink populations.

Material and methods
Population sampling

We sampled 712 individuals from 46 populations of M.
flexuosa throughout its geographic range (Figs. 1 and 2;
Table S1). Populations were sampled in Amazonia (24
populations) and the Cerrado (22) biomes across different
river basins: 20 populations from the Amazon basin, three
in the Caribbean, two in the North Atlantic, three in the
Orinoco, 6 in the Parani-Paraguay, 1 in the Sdo Francisco
and 11 in the Araguaia-Tocantins (Fig. 1; Tables S1 and
S2). A shape file of river basins was obtained from
HydroBASINS v. lc (Lehner and Grill 2013). Leaves of
adults were collected and geographic coordinates were
taken for each individual. Because of differences in plant
density and population size, the number of individuals
sampled differed among localities and ranged from four to
30 (Table S2).
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Genetic data

Individuals were genotyped using 10 nuclear microsatellite
loci (Federman et al. 2012). Primers were marked with
fluorescent dyes (6-FAM, HEX and NED, Applied Bio-
systems, CA) and microsatellite loci amplifications were
performed, for each locus separately, in a 10 uL volume
containing 0.90 uM of each primer, 1 U Taq DNA poly-
merase (Phoneutria, BR), 250 uM of each dNTP, 1xreaction
buffer (10 mM Tris-HCI, pH 8.3, 50mM KCIl, 1.5mM
MgCL,), 250 yg of BSA and 7.5 ng of template DNA.
Amplifications were performed using a PE9700 thermal
controller (Applied Biosystems, CA) under the following
conditions: 94°C for 5min (one cycle); 94°C for 1 min,
annealing temperature for 1min, 72°C for 1min (35
cycles); and 72°C for 30 min (one cycle). The PCR products
were subjected to electrophoresis on a GS3500 Genetic
Analyzer (Applied Biosystems, CA) and were sized by
comparison to a ROX 500 internal lane standard (Applied
Biosystems, CA) using Geneious v. 6.1.6 software (Kearse
et al. 2012). We used the Micro-Checker software to detect
potential errors due to stutter bands, allele dropout and null
alleles (Van Oosterhout et al. 2004), and found evidence of
null alleles only for a few loci in a few populations (Table
S3), which may also be do to inbreeding. We also tested for
null alleles using the software INEST (Chybicki and
Burczyk 2009) and for most populations we found no dif-
ference in inbreeding coefficient estimated with raw data
and accounting for null alleles (Table S4). Only two
populations, ROY and PNP, showed higher inbreeding
when inbreeding was corrected for null alleles (Table S4).

Demography and historical connectivity
Demographic parameters and population structure

We estimated the genetic structure of modern populations of
M. flexuosa and determined the number of demes to cali-
brate coalescent simulations and test the hypothesis of high
differentiation between lineages from Amazonia and the
Cerrado biomes. We used Bayesian clustering simulations
to assess the number of discrete genetic clusters (K) using
the software Structure v. 2.3.4 (Pritchard et al. 2000). To
minimise the effect of the starting configuration, simulations
were performed with a burn-in period of 100,000 repeti-
tions, followed by 1,000,000 Markov-Chain Monte Carlo
(MCMC) repetitions of data collection. Four independent
runs for each K were performed to evaluate consistency of
the results using the admixture model of ancestry and cor-
related allele frequencies. We used the AK method (Evanno
et al. 2005) implemented in Structure Harvester v. 0.6.94
(Earl and von Holdt 2012) to detect the number of K that
best fits the data.
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Fig. 3 Demographical scenarios simulated for Mauritia flexuosa using
the software DIYABC 2.1.0 and their geographic representation. The
simulations were performed for six demes. Demes 1, 2 and 3 represent
the lineages from the Amazonia biome and demes 4 and 5, and 6 from
the Cerrado biome. LGM last glacial maximum, Pres present-day, NO
effective population size at time tO (present), N1 effective population

We performed hierarchical AMOVA implemented in
Arlequin v. 3.11 (Excoffier et al. 2005) to test the differ-
entiation between biomes, among river basins and among
distinct populations as determined by Structure (see above),
partitioning the total variance among groups (Fct), among
populations within groups (Fsc), among individuals in the
total population (Fir), and within individuals (Fig). Statis-
tical significance was tested with a non-parametric test
using 10,000 random permutations. Slatkin’s Rgr (Slatkin
1995) was estimated from the variance in allele sizes to
verify the contribution of stepwise-like mutations to genetic
differentiation and test the hypothesis that Fsr = Rgr based
on Hardy et al. (2003) using the software SPAGeDi v. 1.4
(Hardy and Vekemans 2002).

We then performed coalescent analyses (Kingman 1982)
implemented in the software Lamarc v. 2.1.8 (Kuhner 2006)
to obtain demographic parameters for M. flexuosa. We
performed the analyses over all populations to obtain the
coalescence time of all M. flexuosa lineages, for each biome
and for each river basin, based on results of structure and
hierarchical AMOVA (see results below). We estimated
theta (6 =4uN,; coalescent or mutation parameter for a
diploid genome, where N, is effective population size) using
an MCMC approach (Beerli and Felsenstein 2001), to
estimate coalescence time. To assess historical genetic
connectivity, we estimated the number of migrants per
generation from a scaled migration rate, M = 4N.m/6, where
m is migration rate. The analyses were run with 20 initial
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size at time t1750 (1750 generations ago corresponding to the LGM,
21 ka). The scenarios with admixture test the hypothesis of genetic
admixture between populations of the southeastern Amazon basin
(deme 6) and populations of Araguaia-Tocantins basin in the Cerrado
biome (deme 4) during the LGM

chains of 10,000 steps and three final chains of
100,000 steps that were sampled every 100 steps following
a burn-in of 10,000 steps. The analyses were performed four
times under the stepwise mutation model and convergence
was verified using Tracer v. 1.5 (Drummond and Rambaut
2007) and combined using Log Combiner v. 1.7.1 (Drum-
mond and Rambaut 2007). The results were considered
reliable only when effective sample size >200.

Time to most recent common ancestor (TMRCA) and
effective population size were estimated from the mutation
parameter 6 (Kingman 1982, see also Hein et al. 2005)
using a generation time of 40 years. Generation time was
estimated using 12 years as the average time to the first
flowering based on data of permanent plots for demography
analysis (RG Collevatti, unpublished data) and 50-70 years
as a typical life span for palms and that reproductive success
is independent of age (Dransfield et al. 2008). We used the
microsatellite mutation rate reported for a closely related
lineage, Zea mays (Poaceae), of 7.7 x 1074 (95% CI =52 x
107* to 1.1 x107%) mutations per allele per generation
(Vigouroux et al. 2002). We also chose this fairly low
microsatellite mutation rate that generally ranges from 102
to 10~* mutations per allele per generation (Udupa and
Baun 2001; Thuillet et al. 2002; Marriage et al. 2009),
based on non-significant difference between Fgr and Rgr
(see results below).

Finally, we obtained parameters of population diversity
to compare genetic diversity between biomes and among
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Table 1 Demographic parameters for Mauritia flexuosa based on coalescent analyses for 10 microsatellite loci

Biome Basin 0 6 95% CI Ne Ne 95% CI
Amazonia Overall 4.825 0.845-10.000 1566.56 274.55-3246.69
Amazon 0.224 0.075-0.431 72.66 24.45-140.06
Caribbean 0.027 0.011-0.059 8.83 3.64-19.16
North Atlantic 0.017 0.005-0.034 5.49 1.78-10.94
Orinoco 0.102 0.052-0.176 33.12 16.95-57.14
Cerrado Overall 2.526 0.066-8.900 820.07 21.66-2901.53
Parana-Paraguay 0.029 0.010-0.056 9.55 3.31-18.28
Sdo Francisco 0.014 0.004-0.027 4.58 1.41-8.86
Araguaia-Tocantins 0.037 0.016-0.065 12.24 5.49-21.10
Overall populations 9.021 7.151-10.000 2928.79 2322.01-3246.75

The analyses were performed per river basin, biome and over all populations

6 coalescent or mutation parameter, Ne effective population size, CI credibility interval

river basins and to further compare with predicted genetic
signatures from alternative demographic hypotheses (see
below). We calculated the number of alleles per locus (A)
and allelic richness (Ar) based on rarefaction analysis (El
Mousadik and Petit 1996) for a reference sample size of five
individuals (excluding populations with less than five
individuals). Genetic diversity was estimated using the
expected heterozygosity (He) under Hardy—Weinberg
equilibrium (Nei 1978). The observed heterozygosity (Ho)
and the inbreeding coefficient (f) were estimated as a test of
deviation from Hardy—Weinberg equilibrium using
randomisation-based tests with 10,000 permutations. We
then tested whether genetic diversity differs between the
Amazonian and Cerrado biomes and among river basins
using permutation tests. All analyses were performed with
FSTAT v. 2.9.3.2 software (Goudet 2002).

Simulation of demographical history

The demographical history of M. flexuosa was modelled
and simulated following the framework described in Col-
levatti et al. (2012, 2013, 2015b). We simulated six
demographical scenarios (Fig. 3). Two scenarios, “Range
Expansion” (smaller range size at the LGM compared to
present-day) and “Range Stability” (similar range size at the
LGM and present-day) were derived from the hypotheses
supported by ecological niche modelling (Lima et al. 2014)
and one, ‘Multiple Refugia’, was derived from results and
interpretation from Ab’Sédber (2000). “Multiple Refugia”
confers a retraction of savanna-like vegetation during gla-
cial periods with a highly heterogeneous response of the
vegetation, leading to many refugia of different effective
sizes, and was the most likely scenario for plastid data in M.
flexuosa (Lima et al. 2014). Because of the admixture
among populations from the southeastern Amazon basin
with populations from Araguaia-Tocantins basin in the

SPRINGER NATURE

Cerrado biome shown by Structure (see results below), we
also built demographical scenarios accounting for admix-
ture among populations testing the hypothesis of admixture
among populations from the southeastern Amazon basin
and from Araguaia-Tocantins river basins after the last
glaciation (Fig. 3).

Simulations were performed using the software
DIYABC v. 2.1 (Cornuet et al. 2014). For model calibra-
tion, we used the mutation rate described above and the
demographic parameters estimated using Lamarc. The sce-
narios were designed using the five clusters recovered by
Structure and an additional deme (deme 6, see Fig. 3)
comprised of populations from the southeastern Amazon
basin (see results below). Population dynamics were simu-
lated backwards from ¢ = 0 (present), with effective size NO
= 3000 for all scenarios, to =525 generations ago (at 21
ka), with effective size N1 that shifted among scenarios
according to our theoretical expectation (Fig. 3). Given the
high variation in M. flexuosa effective population sizes
(Table 1), we performed simulations with different initial
deme sizes, ranging from NO = 1000, 3000, 10,000 and
30,000 for all scenarios (around the range of Ne estimated
using Lamarc, Table 1). However, we detected differences
among scenarios only when NO =3000. NO = 1000 resul-
ted in simulated values (mean number of alleles, allele size
and heterozygosity) lower than the observed for M. flexuosa
and NO> 3000 retrieved values higher than the observed.

The mean number of alleles, mean expected hetero-
zygosity, mean allele size variance, mean Gaza-William-
son’s M, and Fgr were inferred from 600,000 simulations
and compared with the observed values and the relative fits
of the models were calculated using approximate Bayesian
computation (ABC, Excoffier et al. 2005), also imple-
mented in DIYABC. We used the relative proportion of
each scenario in the simulated data set closest to the
observed data set (hereafter, direct approach) and the
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logistic regression (hereafter, logistic approach) of each
scenario probability on the deviation between simulated and
observed summary statistics (Cornuet et al. 2008).

Spatial patterns of genetic diversity

We tested for isolation-by-distance and isolation-by-
environment using a multiple regression analysis on
matrices of genetic, geographic and environmental distances
using a Multiple Matrix Regression with Randomisation
approach (MMRR, Wang 2013). For the genetic distance
matrix, we used global linearised pairwise Fgr (Slatkin
1995) and the geographic distance matrix was obtained
from the logarithm of the geodesic distances between pair of
populations. For environment analysis, we selected the
bioclimatic variables from the highest loading on each of
the four first factors after performing a factorial analysis
with Varimax rotation using the full set of 19 bioclimatic
variables (http://www.worldclim.org/bioclim). We selected
Biol (annual mean temperature), Bio2 (mean diurnal
range), Biol4 (precipitation of driest month) and Bio 16
(precipitation of wettest quarter) that explained 86.5% of the
variance among populations. We also selected four soil
variables from the 30 available from Harmonized World
Soil Database (HWSD v 1.2, FAO IIASA ISRIC ISSCAS
JRC 2009) using factorial analyses. The variables explained
72.5% of the variance among populations: topsoil density
(T_REF_BULK_DENSITY), topsoil organic carbon
(T_OC), topsoil clay cationic exchange capacity
(T_CEC_CLAY), topsoil salinity (T_ECE). We also per-
formed an autocorrelation analyses using Moran’s I to test
for an effect of spatial scale in genetic differentiation
implemented in the Spatial Analysis in Macroecology
software (SAM, Rangel et al. 2010). Statistical significance
of matrix correlations was established from 10,000 random
permutations

Because cycles of range retraction during glacial periods
and subsequent expansion during interglacial periods may
result in a gradient of genetic diversity (Hewitt 1996), we
analysed the effect of climate suitability and stability
through time on genetic diversity (He) and allelic richness
(Ar). For this, we calculated the difference of ensemble
suitability among time intervals (i.e. 0-6 ka, 6-21 ka and
0-21 ka) as a measure of climate stability through time
using the ecological niche modelling of Lima et al. (2014).
We then fit the relationship of climate suitability and sta-
bility with both genetic diversity (He) and allelic richness
(Ar) using quantile regression (Cade and Noon 2003). The
relationship between climate suitability and stability and
genetic parameters are usually not linear. Instead, such
relationships generally show triangular envelopes sur-
rounding the points, meaning that there are multiple slopes
and the central tendency (mean slope) computed by linear

methods is not a reliable measure of the relationship (Cade
and Noon 2003). In this case, the quantile regression is the
suitable method to describe multiple slopes.

We also investigated whether historical changes in geo-
graphic range generated a spatial cline in genetic diversity
and allelic richness due to expansion, contraction or spatial
displacements of climatically suitable conditions. For this,
we obtained, for each analysed population, the distance
from the centroid of the potential distributions at present-
day, 6 ka, and 21 ka, as well as to the centroid of the
historical climatic refugium (Lima et al. 2014). We then
performed quantile regressions of both genetic diversity
(He) and allelic richness (Ar) against these spatial distances
from the centroids.

Results
Demography and historical connectivity
Demographic parameters and population structure

The Bayesian simulation grouped populations in two clus-
ters driven by high genetic differentiation between Ama-
zonia and the Cerrado biomes (Fig. 1; Table S5 in Appendix
S1 and Figure S1 in Appendix S2). High differentiation
between biomes is also seen in the hierarchical AMOVA
that showed a high differentiation between biomes (Fcr =
0.095, p<0.001) and among populations within biomes
(Fsc=0.137, p<0.001). On the basis of this result, we
performed another structure analysis dividing the biomes
and found the Amazonian populations grouped into three
clusters and the Cerrado populations clustered into two (Fig.
1, S2, and S3; Tables S6 and S7).

The hierarchical AMOVA showed high genetic differ-
entiation among the three structure clusters in the Amazo-
nian biome (Fcr=0.084, p<0.001), and similar to the
differentiation among populations within clusters (Fsc =
0.085, p<0.001). Differentiation among individuals in the
total population was also high (Fir=0.165, p <0.001) and
inbreeding was not significant (Fig = 0.005, p = 0.363), as
expected for a dioecious species. Results were similar in the
Cerrado with high and significant differentiation between
the two structure clusters (Fer = 0.087, p<0.001), among
populations within clusters (Fsc=0.094, p<0.001) and
among individuals in the total population (Fir =0.192, p <
0.001). Inbreeding was significant but low (Fis = 0.022, p
=0.008).

Genetic differentiation among river basins was
significant (Fer=0.109, p<0.001), and differentiation
among populations within river basins (Fgc=0.099,
p <0.001) and among individuals in total population (Fip =
0.210, p<0.001) were also high. The analysis based on

SPRINGER NATURE


http://www.worldclim.org/bioclim

190

Warita A Melo et al.

&is1 A
-
=5 o 167-235
@ 235-303

@ 303-372
@ 372438

Refugium

L MAI O'TA o
§ @A OEZOEZC b )

0
Qo CEZ0 Ogrp PRI

He

© 052-061
@ o061-071

@ o71-079
@ o79-089

Refugium

EZL

o O™
15k 0 g @) o
@ 2@ Orra PKFO

OPOI

P02@)
POAOOP03 dER

Fig. 4 Spatial distribution of genetic diversity of Mauritia flexuosa in
relation to the historical refugium, i.e. areas climatically suitable
throughout the time (in green). a Allelic richness (Ar). b Expected

allele size also showed high level of genetic differentiation
(Rst =0.248, SE = 0.023, p < 0.0001), but not significantly
(p =0.102) different from global Fsr =0.186 (SE = 0.028,
p <0.0001), suggesting that stepwise mutations did not
cause a shift in mean allele sizes between M. flexuosa
populations. We also tested the difference between the two
main Structure clusters (Amazonia and Cerrado) for Ryt =
0.118 (SE=0.063, p<0.0001) and Fsr=0.109 (SE=
0.027, p <0.0001), and found no significant difference (p
=0.303).

Populations within river basins had low 6 (mutation
parameter) and effective population sizes (Table 1), in
contrast to high value results for populations when divided
amongst Amazonian and the Cerrado biomes. Using the
mutation parameter over all populations (60 =9.021), the
TMRCA (Table S8) dated from c. 468.61 ka [95% CI =
(371.5-519.5 ka)]. The TMRCA for lineages from Ama-
zonia was more ancient (6 = 4.825), ¢. 250.65 ka [95% CI
= (43.9-519.5 ka)], than for the Cerrado (8=2.526) c.
131.21 ka [95% CI = (3.5-464.2 ka)]. Lineages from North
Atlantic river basin (c. 877 years) and Sdo Francisco (c. 732
years) were the most recent (see Table S8).

We found high but asymmetrical migration between
Amazonia and the Cerrado biomes. The migration from
Amazonia into the Cerrado, 10.79 migrants per generation
(95% Cl1=0.001-196.363), was lower than from the Cer-
rado into Amazonia, 18.91 (95% Cl=0.001-158.243).
Adjacent river basins also had high gene flow (N.m > 1.00;
Table S9), such as the Amazon, Araguaia-Tocantins and
Parani-Paraguay river basins indicating high historical
genetic connectivity. However, historical connectivity was
not higher among populations from Amazonia than from the
Cerrado (Table S9).
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heterozygosity (He). Circumference sizes are proportional to the value
of genetic parameter, following the figure legends

Most populations showed high numbers of alleles per
locus and high genetic diversity (He), ranging from 0.522 to
0.885, and non-significant inbreeding (Table S2). Sample
size affected the number of alleles sampled in populations
because allelic richness (Ar) was lower than the mean
number of alleles (A, Table S2). Genetic diversity, allelic
richness, inbreeding coefficient and genetic differentiation
did not differ between Amazon and Cerrado biomes (Tables
S2 and S10), but allelic richness and genetic diversity were
significantly higher in the Amazon and Araguaia-Tocantins
river basins and lower in Caribbean river basin (Table S10).

Simulation of demographical history

Using the direct approach, we found little variation amongst
the different demographical scenarios tested (Figure S4,
Table S11). However, results from the logistic approach
showed that the scenarios of “Multiple Refugia” with or
without admixture were the most probable predictor of the
observed genetic parameters of M. flexuosa (Fig. 3 and S4).

Spatial patterns in genetic diversity

Most pairs of populations had high pairwise Fsr (Figure
S5). Genetic differentiation amongst pairs of populations
(MMRR, full model = 0.339; p=0.001) was poorly
correlated with geographical distance (2 =0.001; p=
0.001). Genetic differentiation among populations was
significantly correlated with climatic variables such as mean
diurnal temperature range (> = 0.339, p = 0.007), but not
with annual mean temperature, precipitation of driest
month, or precipitation of wettest quarter (Table S12).
Genetic differentiation was significantly correlated to
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topsoil density (+*=0.339, p=0.016) and poorly corre-
lated to topsoil organic carbon (2= 0.001, p=0.007).
Autocorrelation analysis showed significant relationship
between genetic differentiation and geographical distance
for populations up to 800 km (p < 0.005; Figure S6).

Genetic diversity (He) and allelic richness (Ar) were
negatively related to the distance from the centroid of the
current, 6 ka, and 21 ka estimates of the geographical dis-
tribution of the species (Fig. 4, S7, and S8), but not corre-
lated with climatic stability through time (Figures S9 and
S10). Areas with higher suitability at present-day, 6 ka, or
21 ka tended to have higher He (Figure S11), but Ar was
poorly related to suitability (Figure S12). Moreover, genetic
diversity and allelic richness decreased with the distance
from the centroid of the historical refugium, but were poorly
related with the distance from the edge of the historical
refugium (Fig. 4, S13 and S14).

Discussion

Our findings based on microsatellite markers show that
historical demography has an important role in the evolu-
tionary success of M. flexuosa. Despite the range retraction
during the glacial times, M. flexuosa populations persisted
in multiple refugia, leading to high effective population
size, historical connectivity and genetic diversity. Although
other factors may contribute to evolutionary success such as
phenotypic plasticity allowing for survival in both wet
(Amazonia) and seasonally dry (Cerrado) biomes, or
diversifying selection allowing for adaptation to different
climates, here we explicitly explored the role of neutral
evolution in the evolutionary success of M. flexuosa driven
by demographical history.

Different river basins are inferred to have distinct origins.
Lineages from Amazonia (demes 1, 2 and 3 in Fig. 3, Table
S8) are more ancient than those from Cerrado (demes 4, 5
and 6 in Fig. 3, Table S8). Within Amazonia, lineages from
the Amazon and Orinoco river basins were the most ancient,
consistent with previous hypotheses regarding the centre of
origin of the species (see Rull 1998 and references therein).
It is important to note the partition of M. flexuosa into two
highly differentiated lineages, from Amazonia and the
Cerrado biomes. The differentiation between biomes seems
to be more important than among river basin because
populations from the southeastern Amazon basin were
clustered with populations from Cerrado biome (CER,
COM, VIL, NLA, RIC, POL; Fig. 1; Table S5) and not with
other populations of Amazon basin. Our results suggest that
the colonisation of the North Atlantic was very recent and
occurred from populations of the Caribbean basin towards
North Atlantic, which is supported by the more ancient
TMRCA of Caribbean lineages (Fig. 1 and Table S8) and

the asymmetrical migration (Table S9). The population
from the Araguaia-Tocantins river basin (GBE) was most
likely derived from North Atlantic lineages. In the Cerrado
biome, lineages from the Sdo Francisco river basin were
more recent and were derived from Parani-Paraguay or
Araguaia-Tocantins lineages (Fig. 1). In fact, the pollen
fossil record shows that the current climatic and vegetation
conditions were established only after 4800 year BP in some
regions of Sdo Francisco basin (De Oliveira et al. 1999),
supporting a recent colonisation of the region.

A demographical scenario of multiple refugia during the
LGM was supported from coalescent simulations. Ecolo-
gical niche modelling and the pollen fossil record show a
range shift in the M. flexuosa distribution towards the
Amazon basin during the LGM (Lima et al. 2014), where
suitable habitats were more available (Fig. 2). Although
most of Amazonia comprised a historical refugium for M.
flexuosa, the eastern Cerrado was an instable area
throughout glacial cycling (Lima et al. 2014). Populations
may have undergone extinction in the Cerrado due to the
colder and drier conditions of the LGM, or dispersed to and
remained constrained within refugia. These refugia may
have then served as a source of migrants to other localities,
leading to high admixture among populations and the
younger TMRCA of lineages from the Cerrado biome.

Although population extinction and subsequent coloni-
sation may also have occurred in Amazonia, the effect was
most likely weak due to higher suitability during the LGM
and stability through time than in the Cerrado biome. In
fact, some sites in southeastern Amazonia were drier during
the last glaciation and a grass-dominated savanna without
canopy cover replaced the rain forest (Van der Hammen and
Hooghiemstra 2000). This scenario reinforces the hypoth-
esis of multiple refugia, even in Amazonia where some sites
became drier and may have been sink for migrants in
interglacial periods. In addition, admixture of lineages may
have occurred numerous times during glacial cycles, as seen
by lineage sharing and common ancestry of the southeastern
Amazon basin populations and the Cerrado biome even in
the chloroplast genome, characterised by its low evolu-
tionary rate and ancient TMRCA (Lima et al. 2014). Mul-
tiple refugia during the LGM were also recovered using
chloroplast sequences and the pollen fossil record (Lima
et al. 2014), corroborating our results on demographical
dynamics.

We acknowledge the limitations of modelling demo-
graphical scenarios because of the arbitrary assumptions of
the priors for model simulation. Although priors are based
on demographic parameters estimated from coalescence
analyses in Lamarc, the changes in effective population size
due to expansion or retraction are based on the range shift
predicted by each palaeodistribution model. Moreover,
Lamarc software assumes panmixia and the Bayesian
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genetic clusters are, in fact, a group of local populations that
can deviate from panmixia, potentially biasing demographic
parameter estimation. To address this issue, we randomly
sampled one individual per population and ran the coales-
cent analyses in Lamarc and DIYABC to check for con-
sistent results. Although effective population sizes (Ne)
within river basins were higher than the analysis consider-
ing all individuals (Table S13 in Appendix S1), Ne and
TMRCA for biomes were slightly smaller, but overall Ne
and TMRCA were similar. In addition, coalescent simula-
tion recovered the same scenario of multiple refugia (Figure
S15 in Appendix S2). In addition, there is no known
mutation rate for M. flexuosa microsatellites and the muta-
tion rate used from a phylogenetically related species may
introduce bias to the TMRCA. Despite this, the modelled
scenarios based on structure clusters that included popula-
tions with higher admixture likely capture the structure, so
the potential impact of gene flow among populations in
DIYABC estimates was minimised.

The more ancient lineage diversification, higher suit-
ability and climatic stability in Amazonia, and the fact that
Amazonia is the centre of origin of M. flexuosa (Rull 1998),
may explain the higher diversity and allelic richness in
populations of the Amazon basin. This area was also likely
closer to the centre of the historical refugium. In fact,
western Amazonia remained wetter than the eastern Ama-
zon during glacial times due to Andean influence on climate
(Van der Hammen and Hooghiemstra 2000; Hoorn et al.
2010). Populations in the southeastern Amazon basin that
remained in the large climatic refugium during glacial times
(e.g. CER, VIL, COM, NLA, POL) may have been sources
of propagules for subsequent colonisation into the Cerrado,
leading to high genetic admixture between these Amazon
basin populations with those in the Cerrado. The hypothesis
of Cerrado colonisation by Amazonian lineages after gla-
ciation is supported by the ancient age of Amazonian
lineages compared to Cerrado, and the pollen fossil records
that show complete absence of M. flexuosa in part of the
Cerrado biome during the last glaciation (e.g. Behling 2003;
Behling and Hooghiemstra 2001; Ledru et al. 1996;
Salgado-Labouriau et al. 1998). The establishment of a
warmer and wetter climate after the last glaciations may
have allowed the colonisation of the Cerrado biome from
Amazonia and from local microrefugia in the Cerrado
biome.

Our results also show a strong geographic pattern in the
distribution of clusters (Fig. 1) that is highly related to
biome, river basin, to isolation-by-distance, particularly at
shorter distances (<800km), and to isolation-by-
environment. This geographical structure was also recov-
ered by a hierarchical AMOVA that showed high genetic
differentiation among populations from Amazonia and the
Cerrado biomes and high differentiation among river basins.
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Mauritia flexuosa relies on watercourses and seeds are
adapted to wet environments and are dispersed by water and
mammals (Silva et al. 2014), which favours high differ-
entiation among river basins. Isolation-by-environment is
mainly due to soil and temperature range variation among
populations. Owing to its wide geographical distribution, M.
flexuosa faces different environmental conditions in wet
(Amazonian rain forest) and seasonally dry (Cerrado)
biomes (see Fig. 2) and in different river basins with dif-
ferent geologies, that may lead to genetic differentiation due
to natural selection or biased dispersal (Wang and Bradburd
2014).

Anthropogenic effects could bias measurement of evo-
lutionary success, in that any form of domestication alters
levels of genetic diversity (Meyer and Purugganan 2013).
More importantly, it has recently been suggested that M.
flexuosa is hyperdominant because it was domesticated
(Levis et al. 2017). Under domestication we expect to find
lower genetic diversity in domesticated than in wild popu-
lations (Tanksley 1997). In fact, populations sampled in this
work show high genetic diversity and number of alleles.
Even populations with small sample sizes show a relatively
high mean number of alleles per locus and high genetic
diversity (e.g. NLA, Table S2,n =7, A = 6.8, He = 0.839).
We compared indices of genetic diversity between popu-
lations sampled close to and far from archaeological sites in
Amazonia and found no significant differences (see Table
S14). Despite the suggestion that M. flexuosa is a domes-
ticated species (Rull and Montoya 2014; Levis et al. 2017),
we argue that there is no genetic evidence for domestication
in neutral markers. Mauritia flexuosa is associated to
watercourses that are often desirable for human settlements,
which may explain the association of M. flexuosa and
archaeological sites. Humans usually harvest young leaves
to make handicrafts and seeds for oil extraction and
homemade candy recipes, however these local harvesting
practices do not affect the survival, growth, or leaf pro-
duction of M. flexuosa (Sampaio et al. 2008). Seed dor-
mancy due to physiological and morphological adaptations
to swampy environment and recalcitrance (Silva et al. 2014)
may actually hamper the domestication of this palm species
as seeds may not be easily stored and germinated.

Although Amazonia and the Cerrado biomes have
similar genetic diversity, the Amazon and Araguaia-
Tocantins river basins had higher genetic diversity com-
pared to the other river basins. Most populations in the
Amazon and Araguaia-Tocantins basins are inside the his-
torical climatic refugium and are in climatically suitable
sites through geological time (Fig. 4). This stability through
time may have allowed for species persistence and higher
effective populations sizes, increasing genetic diversity. The
Amazon and Araguaia-Tocantins river basins also had high
historical connectivity, which may explain their higher
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genetic diversity. Other palm species show lower genetic
diversity compared to M. flexuosa, such as Livistona car-
inensis (Shapcott et al. 2009), Carpoxylon macrospermum
(Dowe et al. 1997), Ptychosperma macarthurii (Shapcott
1998). Those palm species have smaller populations com-
pared to M. flexuosa, which may cause the lower genetic
diversity (Shapcott et al. 2009). On the other hand, Euterpe
edulis (Carvalho et al. 2017), a widely distributed Neo-
tropical palm species show similar genetic diversity com-
pared to M. flexuosa. Domesticated palm species such as
Elaeis guineensis (He = 0.644; Bakoumé et al. 2015) and
Cocos nucifera (He ranging from 0.40 to 0.62; Loiola et al.
2016) have lower genetic diversity than M. flexuosa.

In conclusion, our findings show high differentiation
among populations of M. flexuosa from Amazonian and the
Cerrado biomes. Amazonian lineages are older than those
from the Cerrado. The genetic admixture among popula-
tions of the southeastern Amazon and Araguaia-Tocantins
river basins suggests a colonisation of the western Cerrado
by lineages from Amazonia, which is also supported by
asymmetrical migration from the Amazon basin into the
Araguaia-Tocantins and a more ancient TMRCA. Using
microsatellite markers we recovered the demographical
history over the last c. 468.6 ka showing that the demo-
graphical dynamics of multiple refugia during the LGM,
together with the soil and climatic environmental differ-
ences between biomes and river basins likely favoured the
evolutionary success of M. flexuosa.

Data archiving

Additional data are provided as supporting information in
the online version of this article.
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