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ARTICLE INFO ABSTRACT

Keywords: Species of plants with different life history strategies may differ in their seed dispersal mechanisms, impacting
Biotic their distribution and diversification patterns. Shorter or longer distance dispersal is favored by different dis-

D%SPer_Sal . persal modes, facilitating (or constraining) population isolation, which can, in turn, impact speciation and
Dlv_erSIﬁcatwn species range sizes. While these associations are intuitive, few studies have explicitly tested these hypotheses for
E/;;l;s?;rrfataceae large clades of angiosperms. The plant family Melastomataceae is found on disparate habitats with different
Range size dispersal modes, representing a good model to address these questions. In this study, we reconstruct the phy-

logeny of Melastomataceae and gather data on their dispersal mode and range size to test the impact of dispersal
mode on diversification and range size evolution. We found that abiotic dispersal is ancestral in the family, while
biotic dispersal evolved multiple times. Species richness distribution is very similar across dispersal modes,
although abiotically dispersed species tend to be relatively more diverse in seasonal environments. Range sizes
across dispersal modes are not significantly different, although biotically dispersed species have slightly wider
distributions. Model comparisons indicate that factors other than dispersal mode might have driven diversifi-
cation heterogeneity. We did not find evidence for the role of dispersal mode driving diversification rates or
range size in the Melastomataceae, suggesting a complex macroevolutionary scenario for this diverse angiosperm
family. The bulk of changes to biotic dispersal coinciding with an increase in passerine diversification suggests a
possible “past” key innovation in Melastomataceae. Future studies should investigate the role of other diversi-
fication drivers in the family and the relatively higher diversity of abiotically dispersed species in open habitats.

Certain dispersal modes have been shown to be prevalent in parti-
cular habitats. For instance, while plants with dry, woody, and dehis-
cent capsules that rely on wind for seed dispersal are prevalent in open

1. Introduction

The positive dependent relationship between angiosperms and an-

imals has been well documented through various pollination and seed
dispersal studies (Stebbins, 1970; Tiffney, 1984, 2004; Eriksson, 2014).
While these ecological interactions occur at small temporal scales, they
can have long term consequences in the evolutionary dynamics of
plants. Species with different life history strategies can differ in their
fruit morphology and seed dispersal mechanism, which can impact
their distribution and diversification patterns through time (Howe and
Smallwood, 1982; Givnish, 2010). Because plants are sessile, seed dis-
persal is their only means through which to expand their distribution
ranges (Willson and Traveset, 2000). Shorter or longer distance dis-
persal is favored by different dispersal modes, facilitating (or con-
straining) population isolation which can, in turn, impact speciation
and diversification.
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habitats, plants with fleshy fruits with seeds dispersed by animals
predominate in forest habitats (Bolmgren and Eriksson, 2005; Givnish
et al., 2005; Renner, 1989). Clades with fleshy and vertebrate dispersed
fruits have been shown to have diversified faster than lineages with dry
fruits and wind dispersed seeds, suggesting a positive effect of verte-
brate dispersal on plant diversification (Smith, 2001; Givnish et al.,
2009; Biffin et al., 2010; Lagomarsino et al., 2016; Matuszak et al.,
2016). Furthermore, while dispersal by understory frugivorous birds is
usually restricted to small geographic areas, occasional long-distance
dispersal events can facilitate speciation by “rampant allopatry”
(Givnish, 2010). On the other hand, when dry fruits bearing wind
dispersed seeds are associated with mechanisms to improve dispersal
(e.g., pappus), chances of allopatry are also augmented, often
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increasing diversification rates (Beaulieu and Donoghue, 2013).

Apart from impacting speciation rates, dispersal mode may also
influence species range sizes, which have been shown to have high
variances (Sonkoly et al., 2017). In Fagaceae, for instance, biotically
dispersed lineages have larger ranges and higher speciation rates
(Larson-Johnson, 2016). In Ephedra, on the other hand, bird dispersal is
associated with colonization of a broader set of habitats, while range
sizes do not differ among dispersal syndromes (Loera et al., 2015).
Apart from the effect of dispersal mode on diversification rates and
range sizes, dispersal mode also varies across geographical (latitudinal
and altitudinal) and climatic space (Chen et al., 2017; Lu et al., 2019). A
better understanding of how dispersal mode impacts species distribu-
tions is essential to further understand how species might be able to
adapt in the face of global climate change (Nogués-Bravo et al., 2014).

The Melastomataceae (Order Myrtales sensu APG; Chase et al.,
2016) includes more than 5000 species (Clausing and Renner, 2001;
Renner, 1993; Reginato et al., 2016), representing one of the most di-
verse plant families on Earth. Members of this family are common
elements of tropical savannas, cloud forests, and rainforests (Renner,
1993). While pollination is predominantly performed by bees through
buzz pollination, seed dispersal presents a more even distribution across
different agents. As in other Myrtales, Melastomataceae seed dispersal
is accomplished by both biotic and abiotic vectors (Renner, 1989; Conti
et al., 1997). Most biotically dispersed species in the family have juicy
berries with endozoochorous seeds embedded in pulp that are dispersed
by frugivorous birds (e.g., Stiles and Rosselli, 1993; Loiselle and Blake,
1999; Kessler-Rios and Kattan, 2012). Furthermore, ants, bats, lizards,
marmosets, howler monkeys, marsupials, rodents, tapirs, turtles, and
fish act as additional dispersal agents (Goulding, 1983; Magnusson and
Sanaiotti, 1987; Renner, 1989; De Figueiredo and Longatti, 1997;
Hodgkison et al., 2003; Castro-Luna and Sosa, 2009; Lessa and Costa,
2010; Lima et al., 2013). Most abiotically dispersed species in the fa-
mily have dry capsular fruits and small wind-dispersed seeds that can
persist for many months, during which the seeds are gradually shaken
out (Renner, 1989). Only a few small genera with capsular fruits are
thought to be dispersed by water (Freire-Fierro, 2002; Pizo and
Morellato, 2002; Goldenberg et al., 2015; Kriebel, 2016; Bacci et al.,
2019).

Fleshy fruits have evolved multiple times within the family (Renner,
1993; Clausing et al., 2000), but the exact number of times remains an
open question given the lack of a comprehensive phylogeny of the
group. Although fruit type appears to show strong phylogenetic signal
and has been widely used in tribal classifications of the family (de
Candolle, 1828; Naudin, 1851; Triana, 1871; Cogniaux, 1891; Renner,
1993), closely related species (e.g., in Aciotis, Melastoma, Otanthera and
Pternandra) can differ in fruit morphology and seed dispersal me-
chanism (Renner, 1993). Dispersal mode is thought to be associated
with major radiations in the family (Renner, 1989). For instance, one
can speculate that the strong imbalance in species-richness between the
giant tribe Miconieae, which includes ca. 2000 species with bird dis-
persed fleshy berries, and its closest relatives with different dispersal
modes may be linked to this trait. The size of the family, the diversity of
dispersal modes with putatively multiple origins, and the high species
richness in different habitats make Melastomes an ideal clade to address
long standing questions about the possible relationship between dis-
persal mode, increased speciation and range evolution dynamics.

Here, we reconstruct the largest phylogeny of the Melastomataceae
to date and gather data on the dispersal mode and range size for all
1684 species sampled (ca. 34% of the diversity of the family). We use
this information to reconstruct dispersal mode ancestral states across
the family, including the number and timing of transitions in order to
test whether the evolution of dispersal mode fits an “early burst” sce-
nario. The following hypotheses were also tested: 1) biotic seed dis-
persal positively affects net-diversification in the Melastomataceae; 2)
biotic seed dispersal is correlated to large species range sizes within this
plant family.
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2. Material and methods
2.1. Molecular sampling

All sequences of Melastomataceae and its sister CAP clade
(Crypteroniaceae + Alzateaceae + Pennaeaceae; Conti et al.,, 1997;
Berger et al., 2016) available in GenBank were downloaded and divided
into homologous markers based on their annotations. Sequence or-
ientation, checking, and alignment were performed with the R package
DECIPHER 2.4.0 (Wright, 2016), using the functions OrientNucleotides,
AlignSeqs (iterations = 50, refinements = 50) and AdjustAlignment.
Poorly aligned regions of each individual marker were removed using
aliscore.pl with the -r option (Misof and Misof, 2009).

Sequence filtering was performed in R (R Core Team, 2018) with
custom scripts (available in https://github.com/mreginato), using
functions of the packages ape 4.1 (Paradis et al., 2004), phyloch 1.5.3
(Heibl, 2008), and in-house functions. Briefly, filtering consisted in
removing sequences unidentified at the species level, updating their
taxonomy, checking for consistency of metadata across different mar-
kers (species, voucher and isolate), removing duplicated sequences per
species within markers, and removing markers with less than 100 se-
quences. The taxonomic database used to update the species names was
downloaded from the MelNames website (Renner et al., 2007 onwards).
In order to remove the duplicated sequences per marker, first the
number of markers per voucher were tabulated, and then duplicated
sequences of vouchers with fewer markers were removed. After this
step, the sequences left of the same species, with the same or different
accessions, were treated under the same terminal in the phylogenetic
analyses. Sequence metadata, including the species name and GenBank
accession are available at Supplementary Material Table S1. Alignment
descriptors, including number of terminals, aligned base pairs, variable
sites and missing data are available as Supplementary Material Table
S2.

Further individual marker sequences and/or terminal filtering was
performed through monophyly tests across gene trees and a rogue taxa
analysis on the concatenated tree. Gene tree analyses were performed
with RAXML 8.2.10 (Stamatakis, 2014) through the CIPRES Science
Gateway portal (Miller et al., 2010). Phylogenetic inference was per-
formed with maximum likelihood estimation plus 1000 rapid boot-
straps (-f a) using the GTR + G model. The ML gene tree topology of
each marker was checked for consistency with a priori defined groups
using the R package MonoPhy 1.2 (Schwery and O’Meara, 2016).
Species were assigned to a priori clades (Supplementary Material Table
S1) corresponding to the tribal level (or informal equivalent) recovered
on previous phylogenetic hypotheses published for the family, from
which our molecular sampling was primarily based upon (Clausing and
Renner, 2001; Fritsch et al., 2004; Michelangeli et al., 2004, 2011,
2013, 2014; Stone, 2006; Bécquer-Granados et al., 2008; Goldenberg
et al., 2008, 2012, 2015; Martin et al., 2008; Amorim et al., 2009;
Penneys et al.,, 2010; Reginato et al., 2010; Penneys, 2013; Kriebel
et al.,, 2015; Majure et al., 2015; Kriebel, 2016; Reginato and
Michelangeli, 2016; Rocha et al., 2016; Zeng et al., 2016; Veranso-
Libalah et al., 2017; Bacci et al.,, 2019; Bochorny et al., 2019). Se-
quences causing monophyly problems (outliers) in each gene tree were
flagged and removed from further analyses (Supplementary Material
Table S3). These filtered alignments were concatenated and a pre-
liminary phylogenetic analysis was performed as described for the in-
dividual gene trees. The resulting bootstrapped tree set was then used
as input for a rogue taxon analysis conducted in RogueNaRok (Aberer
et al., 2012), using a majority rule consensus tree and removing term-
inals with raw improvement greater than one (Supplementary Material
Table S4).

Filtered alignments were then submitted to DNA model partitioning
performed with partitionFinder2 (Lanfear et al., 2016). A greedy search
was used to check whether or not different markers could be treated in
the same partition under the GTR + G model. The best partitioning
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scheme recovered in this step was used in all further phylogenetic
analyses. The best partitioning included eight partitions as follows: (i)
accD-psal, psbK-psbI and trnS-trnG; (ii) atpB-rbcL, matK, ndhF and trnL;
(iii) atpF-atpH and rpl16; (iv) nrETS; (v) nrITS; (vi) psbA-trnH; (vii) rbcL;
and, (viii) waxy.

2.2. Sparse tree inference

In order to assure convergence, a thinned sampled phylogenetic
inference with divergence times estimation was performed in BEAST
2.5.0 (Bouckaert et al., 2014). Filtered alignments were randomly
sampled to include species from all a priori assigned clades (tribal
level), where a maximum of 50 species per clade was allowed. This
thinned concatenated alignment was then used for the sparse tree in-
ference with model and partitioning schemes previously recovered,
molecular clock prior set to the lognormal uncorrelated, and tree prior
set to the birth and death model. Two fossil and two secondary cali-
brations were used to time-calibrate the tree. Two lognormally dis-
tributed priors were set at the crown of Melastomataceae (m = 1;s = 1;
offset = 56; based on “Melastomites montanensis”, a 56-59 My old leaf
fossil from Brown, 1962) and at the crown of Rhexieae (m = 1; s = 1;
offset = 20; based on 23-20 My old seed fossils from Collinson and
Pingen, 1992). Additionally, two normally distributed priors were set at
the crown of the CAP clade (mean = 52.7; sigma = 6) and at the crown
of CAP + Melastomataceae (mean = 90; sigma = 4.5), both priors
were based on the 95% HPD recovered in a previous wider analyses of
Myrtales (Berger et al., 2016). Two independent analyses of 200 million
generations each, sampling every 10,000 generations were performed.
Convergence was assessed in Tracer 1.5 (Rambaut and Drummond,
2007), and runs were considered satisfactory with ESS values greater
than 200. The stable posterior distributions of the independent runs
were combined using LogCombiner 2.5.0 and summarized (maximum
clade credibility, common ancestor heights) using TreeAnnotator 2.5.0
(Bouckaert et al., 2014). The maximum credibility tree topology was
checked for consistency with the a priori defined groups. No monophyly
issues were identified.

2.3. Final tree inference

A constrained partitioned maximum likelihood analysis was per-
formed in RAXML 8.2.10, using the sparse tree inference topology as a
binary constraint tree (maximum credibility tree) along with 1000
rapid bootstraps (-q -f a -k -r). The ML tree was then time-scaled using
secondary calibrations with penalized likelihood (Sanderson, 2002)
implemented in treePL (Smith and O’Meara, 2012). The smoothing
parameter was determined using the random subsample and replicate
cross-validation approach (Smith and O’Meara, 2012). Ages for all a
priori defined groups (95% HPD) were extracted from the maximum
clade credibility tree from the sparse sampled data set and applied as
minimum and maximum age constraints in the secondary calibrations.
To account for uncertainty in divergence time estimation, we also re-
peated this analysis over the 1000 bootstrapped trees. The results were
summarized onto the time-scaled ML tree with TreeAnnotator 2.5.0
(Bouckaert et al., 2014).

2.4. Compilation of distribution data

Records of all Melastomataceae were downloaded from the GBIF
data portal (GBIF, 2018). Records belonging to all species sampled in
our phylogenetic hypothesis were filtered in R (R Core Team, 2018)
with custom scripts (available under request from the first author), and
functions from the packages maptools (Bivand and Lewin-Koh, 2013),
raster (Hijmans, 2016), rgeos (Bivand and Rundel, 2013), and sp
(Pebesma and Bivand, 2005). The taxonomy of the records was updated
with the same Melnet database downloaded for the Genbank sequence
filtering. Records were filtered in several ways in order to flag both
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coordinate misplacements and putative taxonomic misidentifications.
Briefly, coordinate filtering consisted in removing records with invalid
coordinates, from countries where the Melastomataceae is not known to
occur (e.g., European countries), from non-terrestrial areas, collected
before 1970, with less than four decimals, with coordinates intersecting
country centroids, and inconsistent coordinates. In order to identify
outliers with putative misidentifications, records were intersected with
the map of ecoregions of the world (Olson et al., 2001) and with the
climatic layers of WorldClim 2 (30” spatial resolution; Fick and
Hijmans, 2017). The data was tabulated for each species and species
with records across more than one realm were excluded (i.e., the
minority realm). Following the boxplot rule, outliers were identified
regarding the presence across different ecoregions, geographic distance,
and climatic variables. Records flagged as outliers in more than one test
were excluded. Finally, species reported as invasive were excluded from
the distributional dataset. The invasive species list was based on two
online databases: Invasive and Exotic Species of North America (2018),
and Global Invasive Species Database (2018), with a few additions of
known widely cultivated species, i.e., Tibouchina heteromalla (D.Don)
Cogn., Heterotis rotundifolia (Sm.) Jacq-Fél. and Medinilla magnifica
Lindl.

2.5. Range size estimation

Range sizes were estimated for all species based on their filtered
records and climatic niche models. The latter were estimated in Maxent
3.3.3 (Phillips and Dudik, 2008) based on the 19 climatic variables from
the WorldClim 2 (30” spatial resolution; Fick and Hijmans, 2017). In
order to reduce the effect of biased species occurrence, the data set was
spatially thinned with the R package spThin 0.1.0 (Aiello-Lammens
et al., 2014) prior to species distribution modeling. Only points with a
minimum distance of 10 km apart from each other were kept. For each
species, a mask was generated with a circular buffer of 1000 km of
diameter around its known distribution, where the immediate area
around the known localities were excluded from the background with a
buffer of 100 km in diameter around each known point. Climatic layers
were cropped and masked using the individual species masks. All
10,000 random pseudo-absence points were sampled in the masked
area for modeling. Default parameters were applied, and models were
trained based on the presence only records (75% training and 25%
testing). Models with AUC greater than 0.85 were projected and their
thresholds (kappa, sum of the sensitivity and specificity, equal sensi-
tivity and specificity, and sensitivity) were estimated. The projected
model was binarized using the mean of all thresholds and transformed
into polygons. The resulting polygons were intersected with the known
occurrences. Polygons that did not intersect any known point were
excluded from the final range. For species with models with AUC lower
than 0.85, a different procedure was applied as follows: create a buffer
of 30km surrounding the known point localities, crop the buffered
range using the occurrences elevational range (plus a buffer of 200 m),
and intersect the cropped range to known localities (removing non-in-
tersecting polygons). Both procedures were performed in R with func-
tions from the packages maptools (Bivand and Lewin-Koh, 2013), raster
(Hijmans, 2016), rgeos (Bivand and Rundel, 2013), and sp (Pebesma
and Bivand, 2005). The resulting polygons were used to build richness
maps (stacked polygons) of all sampled species, and biotically/abioti-
cally dispersed species separately. A richness map depicting the dif-
ference of biotically/abiotically dispersed species corrected by the total
number of species in each state was also generated.

The resulting polygons were used to estimate the distributional
range size of each species (polygon) in km? with the R package raster.
In order to test whether there are significant differences of range size
across dispersal modes, a simulation based phylogenetic analysis of
variance (Garland et al., 1993) was performed with the phyloANOVA
function implemented in the R package phytools 0.7 (Revell, 2012)
with 1000 simulations.



M. Reginato, et al.

2.6. Dispersal mode

Most biotic dispersed species in the family present juicy berries,
ranging in size from five to ca. 35 mm in diameter, derived from inferior
ovaries with endozoochorous seeds embedded in pulp (Renner, 1989).
Less frequently, fleshy fruits may have a dry exocarp tearing open ir-
regularly to expose a dark red, fleshy placentae in which the seeds re-
main embedded (e.g., in Melastoma; Clausing et al., 2000), while in
others the hypanthium but not the ovary wall becomes fleshy and there
is no pulp surrounding the seeds (e.g., in Pternandra; Renner, 1989;
Renner, 1993). Most abiotic dispersed species in the family are wind-
dispersed bearing dry capsular fruits and small seeds. Additionally,
small herbaceous understory species with broadly conical capsules
(e.g., in Salpinga, Monolena, and Bertolonia) may also have their seeds
dispersed ballistically by raindrops (Renner, 1989; Bacci et al., 2019). A
morphological matrix of dispersal mode (abiotic vs. biotic) was com-
piled for all species sampled in our phylogeny. Biotic dispersed species
included plants with fleshy fruits (berries and capsules with fleshy
placentae), while abiotic dispersal included the remaining species with
dry capsules, dispersed by wind or water. Coding was determined based
on the taxonomic literature of Melastomataceae and its sister CAP clade
(Van Beusekom-Osinga and Van Beusekom, 1975; Maxwell, 1981;
Dahlgren and Thorne, 1984; Graham, 1984; Renner, 1993; Meyer,
2001; Freire-Fierro, 2002). The morphological matrix is available at
Supplementary Material Table S5.

2.7. Morphological evolution

To reconstruct dispersal mode evolution on the phylogeny of
Melastomataceae, two models of character evolution (“ER” - Equal
Rates and “ARD” - All Rates Different) were first evaluated using the
fitDiscrete function of the R package geiger 2.0 (Harmon et al., 2008).
The best model was selected using the Akaike Information Criterion
(AIC) and used for stochastic character mapping (Huelsenbeck et al.,
2003; Bollback, 2006). Stochastic mapping was implemented in the R
package phytools (Revell, 2012), where 1000 stochastic maps were
generated and summarized using the functions make.simmap and de-
scribe.simmap (Revell, 2012). The results were summarized and plotted
on the phylogeny using the R package ape (Paradis et al., 2004). We
also aimed to test whether or not the dispersal mode evolution across
the family could be described by an “early burst” model. This model
predicts that when lineages first enter a new adaptive zone, morpho-
logical evolution is initially rapid, and as the ecological space becomes
filled, the rate of morphological evolution slows down (Harmon et al.,
2010). Model fit comparisons across five tree transformations reflecting
different scenarios of tempo and mode of morphological evolution were
performed with fitDiscrete (Harmon et al., 2008). Comparisons in-
cluded the null (no transformation), early burst (Blomberg et al., 2003),
lambda, punctional, time-dependent, and white-noise (non-phyloge-
netic) models.

2.8. Diversification rates

Heterogeneity in diversification rates along the phylogeny resulting
from our final tree inference were detected and quantified with BAMM
2.5.0 (Rabosky, 2014). Markov chains were run for 50,000,000 gen-
erations, sampling every 10,000 generations (burnin of 10%), with a
conservative maximum number of expected shifts (1). The outgroup
was pruned out of the tree and appropriate priors were estimated be-
forehand with the R package BAMMtools 2.17 (Rabosky et al., 2014).
Sampling fractions of each major clade/tribe (Table 1) were included in
the analysis to account for incomplete taxon sampling. The output was
checked for convergence (ESS values were estimated and runs con-
sidered satisfactory with values greater than 200) and summarized with
BAMMTtools. The maximum shift credibility configuration is presented.
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2.9. Trait dependent diversification rates

In order to test whether or not diversification rates are associated
with a particular dispersal mode, Binary State Speciation and Extinction
(BiSSE) models were compared (Maddison et al., 2007). The compar-
isons also included a null model of trait-independent diversification
(CID2) with similar complexity to the BiSSE model (Beaulieu and
O’Meara, 2016). Sampling fractions following Table 1 were included for
all models (abiotic = 0.25; biotic = 0.39). Model comparison was
performed with the R package hisse 1.9.6 (Beaulieu and O’Meara,
2016). Posterior distributions of the parameters (speciation, extinction,
and transition rates) were estimated under the BiSSE model with the R
package diversitree 0.9 (FitzJohn, 2012). The distributions were based
on 10,000 generations with a 10% burnin.

3. Results
3.1. Phylogeny and dispersal mode

The phylogenetic hypothesis included 1684 species of
Melastomataceae (Fig. 2A, Supplementary File 1), corresponding to
~34% of the 5159 accepted species and 90% of the accepted genera
(154 out of 171) in the family. Among the sampled species, 576 have
abiotic dispersal (ca. 26% of abiotic dispersed species in the family),
while 1108 have biotic dispersal (ca. 39%). Summary statistics of the
data set analyzed in this study, including information on sampling,
range size, and divergence time estimation by major clade is presented
in Table 1.

3.2. Geographical distribution of dispersal mode

Overall, biotically and abiotically dispersed taxa show a similar
distribution of species richness with higher/lower diversity across the
same regions (Fig. 1C-D). High richness of both dispersal modes is
found in the Neotropics, including Central America, the Andes, western
Amazon, highlands of Guyana, and eastern Brazil. Nonetheless, some
regions show a biased distribution towards one dispersal mode when
corrected by total richness (Fig. 1B). The strongest bias towards abio-
tically dispersed species is observed in the central Brazilian plateau (the
“Campos Rupestres” region). Additional areas with a relatively higher
amount of abiotically dispersed species included the United States, sa-
vannas of Venezuela, Bolivia, Paraguay, and eastern Asia. Regions in-
cluding relatively more species with biotic dispersal include most of the
above-mentioned species-rich areas, especially along the Neotropical
forests. On the other hand, the regions with bias towards abiotic dis-
persal tend to present lower species-richness in general, except from the
central Brazilian region. Although biotically dispersed species show
slightly wider distributions, a comparison of distributional range sizes
across the different dispersal modes revealed no significant differences
(p-value = 0.86) between dispersal modes (Fig. 2B).

3.3. Dispersal mode evolution

The best fitting model for dispersal mode evolution was estimated to
be the all rates different (AIC = 196.7) against the equal rates
(AIC = 206.5). A summary of stochastic mapping of ancestral states
estimates of abiotic/biotic dispersal along the Melastomataceae phy-
logeny are presented in Fig. 2A (see Supplementary Fig. S1 for the
ancestral estimates including the outgroup). Ancestral states for the
whole family and throughout the backbone are estimated as having had
abiotic mode of dispersal. An asymmetry in the transitions between
dispersal mode is observed (Fig. 2C). More changes from abiotic to
biotic dispersal were recovered (median = 18), while the opposite
scenario is less frequent (median = 3). When comparing different tree
transformations, the best fitting model recovered was the scenario with
no transformation (“none”, Table 2), indicating rate constancy of fruit
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Table 1

Descriptive statistics of the data set analyzed in this study, including information on sampling, geographical distribution and results of geographical range size and
divergence times estimation. Descriptors are provided by major clade in the Melastomataceae. Sampling information includes the estimated number of accepted
species (“Spp”); number of sampled species (“Sampled”); predominant dispersal mode (and its relative presence in the clade — “Dispersal”); median and bounds of the
estimated geographical range size in Km? (“Range size”); distribution across the world realms (“Distribution”), where AA = Australasia, AT = Afrotropic,
IM = Indomalaya, NA = Nearctic, NT = Neotropic, and PA = Palearctic; estimated crown (“Age (crown)”) and stem (“Age (stem)”) mean ages and 95% HPD. Both

estimated ages are based on the sparse phylogenetic analysis.

Tribe spp Sampled (%) Fruit type (%) Range size Distribution Age (crown) Age (stem)
1 Olisbeoideae 524 131 (25%) biotic (100%) 36,184 [264, 1,542,126] AA, AT, IM, NT 31.31 [20.12, 44.92] 63.43 [56.14, 77.3]
2 Kibessieae 17 5 (29%) biotic (100%) 60,592 [31,495, 71,447] AA, IM 9.87 [4.37, 16.67] 58.93 [47.33, 72.04]
3 Astronieae 145 11 (8%) abiotic (100%) 739 [152, 8163] AA, IM 7.95 [4.73, 12.12] 23.6 [12.87, 36.07]
4 Henrietteeae 93 29 (31%) biotic (100%) 185,459 [347, 3,316,373] NT 12.92 [8.4, 17.41] 23.6 [12.87, 36.07]
5 Bertolonieae 23 4 (17%) abiotic (100%) 71,471 [41,640, 118,953] NT 11.57 [4.64, 20.29] 42.15 [34.41, 50.27]
6 Trioleneae 42 6 (14%) abiotic (100%) 79,866 [13,999, 350,177] NT 22.05 [12.37, 32.36] 37.87 [29.94, 45.14]
7 Sonerileae 528 67 (13%) abiotic (73%) 15,469 [154, 466,498] AA, AT, IM, NT, PA 25.36 [18.79, 33.07] 36.45 [28.6, 43.61]
8 Cyphostyleae 22 10 (45%) abiotic (100%) 13,754 [245, 258,914] NT 14.15 [7.12, 21.48] 33.2 [24.66, 41.51]
9 Dissochaeteae 38 8 (21%) biotic (100%) 22,431 [611, 311,790] AA, IM 28.51 [19, 37.27] 30.7 [21.19, 40.33]
10 Blakeeae 191 79 (41%) biotic (100%) 21,377 [88, 773,121] NT 6.45 [3.73, 9.54] 30.7 [21.19, 40.33]
11 Cambessedesieae 68 24 (35%) abiotic (100%) 39,031 [4772, 744,9671] NT 26.61 [18.79, 34.77] 36.09 [29.46, 42.68]
12 Rhexieae 18 14 (78%) abiotic (100%) 222,428 [2365, 823,935] NA 22.15 [20.13, 25.04] 28.11 [23.6, 33.49]
13 Microlicieae 223 28 (13%) abiotic (100%) 71,557 [1272, 1,889,001] NT 15.99 [9.3, 22.66] 30.01 [24.87, 35.5]
14 Marcetieae 139 81 (58%) abiotic (93%) 149,403 [90, 2,077,284] NT 26.26 [20.99, 32.09] 31.08 [26.01, 36.88]
15 Melastomateae 697 254 (36%) abiotic (94%) 69,794 [122, 2,856,884] AA, AT, IM, NT, PA 24.92 [19.24, 30.41] 31.08 [26.01, 36.88]
16 Merianieae 311 71 (23%) abiotic (100%) 63,238 [214, 1,121,418] NT 21.36 [15.34, 28.47] 27.12 [18.23, 38.38]
17 Eriocnemeae 6 4 (67%) abiotic (100%) 28,681 [2662, 48,778] NT 8.16 [3.84, 12.5] 13.25 [8.91, 18.81]
18 Miconieae 1961 856 (44%) biotic (100%) 84,795 [29, 3,380,824] NT 11.25 [7.36, 15.8] 13.25 [8.91, 18.81]

evolution throughout the tree. Nonetheless, although not significant, a
slight tendency to an “early burst” scenario is observed in the evolution
of dispersal mode, given the relatively higher number of changes earlier
in the history of the group (Fig. 2D) and the second-best fit model
(“EB”, Table 2).

diversification shifts across the family. A phylorate plot depicting net-
diversification rates of this scenario is provided in Fig. 3. Thirteen shifts
are located on biotically dispersed clades and 13 on abiotically dis-
persed clades. From those, two shifts are observed in the Paleotropics
(Olisbeoideae), two in the Indomalayan region (Astronieae and Soner-
ileae), and all remaining shifts are observed in Neotropical groups
(Henrietteeae, Cyphostyleae, Blakeeae, Marcetieae, Microlicieae, Mel-

3.4. Diversification analyses

astomateae, Merianieae and Miconieae).
The mean value of the posterior distribution of net-diversification in

The maximum credibility shift set included a total of 26 net-
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Fig. 1. Distribution maps of sampled species in the Melastomataceae. A. Richness map of all species included in this study (n = 1684). B. Relative richness corrected
by total richness of abiotically dispersed species minus biotically dispersed species; red colors indicate regions with relatively more abiotically dispersed species, blue
indicates relatively more biotically dispersed species, and white regions have similar relative richness of both dispersal modes. C. Detail of abiotically dispersed
species richness in the Neotropical region. D. Detail of biotically dispersed species richness in the Neotropical region. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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biotically dispersed lineages is higher than in abiotically dispersed
lineages under the full BiSSE model, with similar speciation rates across
dispersal modes and higher extinction rates in abiotic dispersed
lineages (Fig. 3B-D). The transition rate from the abiotic to the biotic

(caption on next page)

state is slightly higher than in the opposite direction (Fig. 3E). None-
theless, a trait-independent diversification model allowing rate varia-
tion across the phylogeny (CID-2) presents a better fit than the trait-
dependent scenario (BiSSE), indicating that factors other than dispersal
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Fig. 2. A. Summary of stochastic mapping of ancestral state estimates of abiotic/biotic dispersal mode across the Melastomataceae (density map), pies at the nodes
represent the probability of each state (red = abiotic; blue = biotic). Colored bars next to the tree (right) represent the distribution range sizes of each terminal
(red = abiotic dispersal, blue = biotic dispersal). Clade = major clades are indicated with within bracts, numbering corresponds to the first column of Table 1. The
outgroup (CAP clade) is not shown in this figure (see Supplementary Fig. S1 for the full ancestral estimates including the outgroup). B. Boxplot of distributional range
size across dispersal modes. C. Histogram of transition number (lighter gray = abiotic to biotic; darker gray = biotic to abiotic) across all 1000 stochastic maps. D.
Histogram of number of changes trough time corrected by branch length across all 1000 stochastic maps. D. Density map summarizing the stochastic mapping of
ancestral state estimates (red = dry; blue = fleshy). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Table 2

Model fit of dispersal mode evolution (biotic/abiotic) across models with dif-
ferent tree transformations. None = rate constancy through time; EB = Early-
burst model of Blomberg et al. (2003); lambda = Pagel (1991);
kappa = punctuational model of Pagel (1999); delta = time-dependent model
of Pagel (1999); white = white-noise (non-phylogenetic) model.

Model InL k AIC AICc
None —96.3425 2 196.685 196.692
EB —95.8884 3 197.7767 197.7907
Lambda —96.3425 3 198.685 198.699
Kappa —96.3425 3 198.685 198.699
Delta —96.2537 3 198.5074 198.5215
White —1086.63 1 2175.258 2175.26

mode may have influenced the diversification rate heterogeneity across
the Melastomataceae phylogeny (Table 3).

4. Discussion
4.1. Independent origins of biotic dispersal in Melastomataceae

The most comprehensive phylogeny of Melastomataceae assembled
to date confirmed that abiotic dispersal is the ancestral condition in the
family, with biotic dispersal evolving multiple times independently
(Renner, 1993; Clausing et al., 2000). Our analyses estimated that
biotic dispersal evolved at least 18 times independently across the fa-
mily, with three reversions to abiotic dispersal, indicating a strong
asymmetry in the transitions between modes. It has been suggested that
the exceptional evolutionary flexibility of Melastomataceae fruits, and
associated dispersal modes, may stem from the structure of myrtalean
flowers in which hypanthium and ovary tissues are both involved in
fruit construction (Clausing et al., 2000). Such flower architecture
would allow different degrees of tissue fusion, thickening, hardening,
and/or disintegration, facilitating the development of different fruit
types regarding form and function (Clausing et al., 2000). Asymmetrical
change in dispersal mode is likely to be a more general pattern across
angiosperms. Changes to biotic dispersal have been demonstrated to be
favored in the large monocot clade (Givnish et al., 2005), as well as in
some other eudicot lineages (Givnish, 1999; Smith, 2001; Sytsma et al.,
2002; Lagomarsino et al., 2016).

Our model comparisons indicated rate constancy of dispersal mode
change along the history of the Melastomataceae. Nonetheless, al-
though not significant, a tendency towards an “early burst” scenario is
observed in the evolution of dispersal mode, where most changes
happened early in the history of the family and are usually associated
and fixed within major clades. It has been suggested that early shifts
from anemochory to zoochory in the Melastomataceae might be asso-
ciated with their success in the understory of closed forests, where
animal dispersal is more advantageous than wind dispersal (Renner,
1989). Our results indicated that dispersal mode change might have
contributed to successful invasions of new habitats throughout the
history of the family; but these changes predominate in the early history
of the group.

Our results agree with the observation that the small-seeded mela-
stome berry appears to have evolved primarily in association with
masher-type frugivores such as tanagers, with the later addition of

other bird families such as the manakins that swallow entire fruits
(Stiles and Rosselli, 1993). In fact, frugivorous birds are most diverse in
the Neotropics (Kissling et al., 2009), where the mega diverse biotically
dispersed tribe Miconieae and some other biotically dispersed tribes
(e.g., Blakeeae, Henrietteae) are endemic. The speciation dynamics of
birds suggests that there was an increase in net diversification rates
leading to extant lineages that started about 50 Mya (Jetz et al., 2012;
Oliveros et al., 2019). This increase in speciation coincides with the age
of the bulk of changes to biotic dispersal detected in the Mela-
stomataceae. Furthermore, increases in diversification rate found in the
passerine super radiation around 15-20 Mya match the other shifts to
biotic dispersal in Melastomataceae which occurred ~15 Mya. Al-
though this evidence is circumstantial, the timing of speciation of ex-
tant bird clades and the melastomes they eat suggest a link between the
two, even if “diffuse” as previously suggested (Stiles and Rosselli,
1993). A correspondence of the timing of diversification in biotically
dispersed plant clades with the increase in bird diversification at
around 50 Mya was also documented for mistletoes (Liu et al., 2018).
Future work including frugivory related traits such as fruit size may
help to understand if additional shifts in diversification rates observed
within biotically dispersed lineages like Miconieae resulted from se-
lection for smaller fruits, as found in the palms (Onstein et al., 2017).

4.2. Dispersal mode in relation to habitat

Dispersal mode plasticity in the Melastomataceae, underlined by
fruit diversity and flower architecture, can also be related to habitat
pressure, given the association between dispersal mode (abiotic and
biotic) and vegetation type (open and closed; Renner, 1989; Clausing
et al., 2000). It has been suggested that biotically dispersed Mela-
stomataceae are more diverse in closed habitats (e.g., in lowland and
montane forests), whereas abiotically dispersed clades are richest in
open habitats (mainly savannas; Renner, 1989). Nonetheless, our re-
sults suggest that species richness distribution is very similar across
dispersal modes, with higher and lower diversity of both modes found
across the same geographical areas. In the Neotropics, where our
sampling is more robust, a gradient of richness is observed in both
dispersal modes, with greater diversity in tropical montane areas (e.g.,
Andes, Central America, Guyana, and eastern Brazil) and western
Amazon, all of which are characterized mainly by forested habitats.
This pattern further supports the observation that species richness
distribution of biotic dispersed Melastomataceae in the Neotropics
closely follows the distribution of its major consumers: manakins and
tanagers (Stiles and Rosselli, 1993). On the other hand, we also found
absolute richness of abiotically dispersed species following the same
pattern (Fig. 1C-D). Species richness distribution of Melastomataceae in
the Neotropics, regardless of the dispersal mode, fits the “Andean-
centered” pattern, as previously suggested by Gentry (1982).

Despite similar richness across the same regions in both dispersal
modes, a bias towards one mode is observed when the data is corrected
by richness (Fig. 1B), corroborating earlier expectations (e.g., “open
habitat/abiotic dispersal and closed habitat/biotic dispersal”; Renner,
1989). Interestingly, the strongest bias towards abiotically dispersed
species is observed in the central Brazilian plateau (the “Campos Ru-
pestres” region). These seasonally dry areas with infertile soils provide
little nutrient for plant growth, leading to trade-offs in investment that
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Fig. 3. A. Phylorate plot with net-diversification rates depicted along the branches including the maximum credibility shift set configuration of Melastomataceae
(BAMM analysis). Warm colors indicate higher net-diversification rates and significant shifts on net-diversification are indicated by asterisks. Next to the phylorate
(right) are indicated: DM = dispersal mode (red = abiotic; blue = biotic); Distribution = distribution across biogeographical realms (colors following the map);
Clade = major clades are indicated with within bracts, numbering corresponds to the first column of Table 1. B-E. Posterior distributions of parameters estimate from
the BiSSE analysis. B. Speciation. C. Net-diversification. D. Extinction. E. Transition rates between states (abiotic to biotic; biotic to abiotic). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 3

Summary of the best models (based on AIC) of trait-dependent diversification
(BiSSE) and the null trait-independent model (CID2). AAIC values show com-
parisons of all models against the best-fit model (CID2). For dispersal mode
(biotic/abiotic).

Model k Loglik AIC AAIC
BiSSE (equivalent) 6 —4402.4 8816.9 757.8
BiSSE (equal speciation) 5 —4403.8 8817.7 758.6
BiSSE (equal extinction) 5 —4416.6 8843.3 784.2
CID2 (null model) 12 —4017.5 8059.1 0.0

allow less resources to be allocated for fleshy fruits production. This
nutrient paucity may explain the low incidence of biotically dispersed
fruits and frugivorous animals in species-rich ecosystems (Givnish,
2010; Conceicao et al., 2016). These biases show that, even though
species richness for both modes is higher in forested areas, different
kinds of environment may restrict the survival of lineages with different
dispersal modes, creating gradients of species-richness.

These results are in agreement with the expectation that a higher
proportion of endozoochory (indicated by the proportion of fleshy-
fruited species) will be observed in areas with greater precipitation and
lower precipitation seasonality (Chen et al., 2017). Those findings are
also consistent with the observation that some non-fleshy fruits need
consistent or sufficient dryness to release their seeds (Correa et al.,
2015; Chen et al., 2017). In fact, the same pattern is also observed in
other related Myrtales. Myrtaceae, the largest family in the order (ca.
6000 species), has a similar overall pattern of distribution and species-
richness among different dispersal strategies. Large abiotically dis-
persed groups (e.g., Eucalypteae and Chamelaucieae) have biased
species-richness towards open and dry areas in Australia, while fleshy-
fruited lineages (e.g., Myrteae and Syzygieae) are particularly diverse in
the humid forests of South America and Southeast Asia (Biffin et al.,
2010).

4.3. Hypothesis 1: Biotic seed dispersal is correlated to large species range
sizes within the Melastomataceae

Dispersal strategy has a major impact on energy investment in fruits
and seed type, as well as on rates of pre-dispersal seed predation and
seed dispersal distances (Chen et al., 2017). Among Melastomataceae,
many of the most successful pioneer species are bird dispersed. For
example, the Neotropical Miconia calvescens and Clidemia hirta have
become invasive in several places across the globe (Renner, 1989;
Murphy et al., 2008). Additionally, biotic dispersal is associated with
wider geographical ranges in other angiosperms (Larson-Johnson,
2016). However, our comparison of range sizes across dispersal modes
showed no significant differences between range size and dispersal
mode, with biotically dispersed species having slightly wider distribu-
tions. This result can be explained by the fact that range size can be
influenced by several other aspects of plant biology rather than only
dispersal mode, such as pollination, apomixis, and other ecological
factors. Data on reproductive biology across the family is still scarce,
precluding integrated analyses on dispersal mode and reproductive
biology.

4.4. Hypothesis 2: Biotic dispersal increases net-diversification in the
Melastomataceae

While some studies suggest that biotic and abiotic dispersal can lead
to micro-endemism when combined to different habitat types (Smith,
2001; Givnish et al.,, 2009; Biffin et al.,, 2010; Givnish, 2010;
Lagomarsino et al., 2016), others emphasize the capacity of both biotic
(Larson-Johnson, 2016) and abiotic modes (Beaulieu and Donoghue,
2013) in producing wide ranges. The possibility of altering distribution
range has also been used as an argument to justify faster diversification
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rates, where increased chances of population isolation would lead to
frequent allopatry, accelerating speciation rates. In this context, dif-
ferences in diversification would be expected across different dispersal
modes if the relationship among dispersal, range size, speciation, and
extinction risk are strongly tied within a given plant lineage (Vamosi
and Vamosi, 2012; Larson-Johnson, 2016). These associations, how-
ever, are not corroborated by our results with the Melastomataceae. We
tested if increased diversification is dependent on dispersal mode,
which would suggest that biotic dispersal might represent a key in-
novation.

Nevertheless, our model comparisons indicated that factors other
than dispersal mode might have driven the diversification hetero-
geneity observed across the family. In fact, when the number of di-
versification shifts is taken into account, a balanced scenario regarding
dispersal mode is observed in the family (13 shifts in clades of each
dispersal mode). Even though there are some net-diversification shifts
coinciding with changes from abiotic to biotic dispersal, such as in the
Neotropical Henrietteae, Blakeeae, and Miconieae (clades 4, 10 and 18
in Fig. 3), there are also several shifts that do not coincide with tran-
sitions in dispersal mode, including shifts within the biotically dis-
persed Miconieae and all shifts in abiotically dispersed lineages. Fur-
thermore, the higher net-diversification observed in biotically dispersed
lineages is possibly biased by the major radiation within Mela-
stomataceae (the Neotropical Miconieae including ca. 35% of the spe-
cies in the family).

Although our results did not find a significant, or exclusive, asso-
ciation between dispersal mode and general macroevolutionary pat-
terns in this clade, speciation rates were shown to be similar across
dispersal modes, while extinction rates are more pronounced in abio-
tically dispersed lineages. These results should be taken with caution
though, given the low power to estimate extinction rates in analyses of
this nature (Rabosky, 2010, 2014). Nonetheless, these results provide
information on extinction risk that have practical implications for
conservation. Extinction risk is closely tied to species richness and
range size across angiosperm clades, where those with relatively small
ranges show the highest risk of losing a significant proportion of their
species (Gaston and Fuller, 2009; Vamosi and Vamosi, 2012). In the
Melastomataceae, the similar range sizes observed across the dispersal
modes indicate that range size alone cannot explain the apparently
higher extinction rate in abiotically dispersed lineages. In the Mela-
stomataceae lineages with abiotic dispersal are likely to have a lower
frequency of apomictic species and more specialized (showy) flowers
than biotically dispersed lineages in general (e.g., in Marcetieae, Mel-
astomateae, Merianieae, Microlicieae, Rhexieae) (Goldenberg and
Shepherd, 1998). Species with more specialized flowers and a lower
range of pollinators are thought to be linked to higher extinction risk
through chance processes than generalists (Stang et al., 2007), or to
species with an additional asexual reproductive path. In this scenario,
higher extinction rates would not be directly linked to the presence of
abiotic dispersal itself, but to other traits that are possibly associated to
it in the evolution of these lineages. This hypothesis remains to be
tested in future studies.

On the other hand, comprehensive analyses conducted on a phylo-
genetic framework have suggested that extinction risk in plants cannot
be explained by correlations with simple biological traits, and that
young and fast-evolving plant lineages would be at higher risk (Davies
et al., 2011). Interestingly, some studies have also found that species
restricted to environments with limited resources, would be more vul-
nerable to extinction, due to the inherently limited growth rates im-
posed by evolutionary adaptations to stress tolerance (Ledo et al.,
2014). This would be the case in open environments such as rocky
outcrops, scrub vegetation, and savannas, where a relatively higher
number of abiotic lineages are observed (Leado et al. 2014).

These results indicate a complex scenario of macroevolutionary
dynamics for this diverse clade of angiosperms, where patterns are
somehow smoothened by the complexity of different stories. Such a
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scenario is concordant with diversification resulting from the evolution
of multiple causal agents across the phylogeny, instead of a single key
innovation (here biotic dispersal) to explain extant melastome diversity
in the same framework suggested across angiosperms (Donoghue and
Sanderson, 2015). For instance, key characters such as growth form,
generation time, floral morphology, pollinators, reproductive biology,
and especially, habitat preference also show variation within the fa-
mily. In this sense, it is possible that biotic dispersal might lead to
higher diversification, but only under some circumstances (e.g., in
closed habitats), and in selected lineages.

5. Conclusions

Here, we have demonstrated that changes from abiotic to biotic
dispersal mode were favored during the history of Melastomataceae.
Most changes have occurred early in the history of this clade and were
likely associated with passerine radiations. Although there is no support
for the hypothesis that biotic dispersal is as key innovation in this
group, it is plausible that biotic dispersal might have represented a key
innovation in the past.

Like other angiosperms, most of the diversification shifts in the
Melastomataceae were recovered in Neotropical clades (85% of the
shifts). Although it is likely that most diversification shifts happened
within Neotropical lineages, this scenario might be less asymmetrical,
given the more intensive sampling of Neotropical lineages and reduced
sampling of Southeast Asian clades (Table 1). Shifts in net-diversifica-
tion across the family are located in clades with heterogeneous dis-
tribution, ecology, and morphological features. It is possible that sev-
eral of these diversification shifts will have specific combinations of
causes underlying them. Thus, preventing general single causes to
emerge as explanations to account for the highly heterogeneity of
macroevolutionary dynamics observed in the entire clade.
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