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A B S T R A C T

Inferring interfamilial relationships within the eudicot order Ericales has remained one of the more recalcitrant
problems in angiosperm phylogenetics, likely due to a rapid, ancient radiation. As a result, no comprehensive
time-calibrated tree or biogeographical analysis of the order has been published. Here, we elucidate phyloge-
netic relationships within the order and then conduct time-dependent biogeographical and diversification
analyses by using a taxon and locus-rich supermatrix approach on one-third of the extant species diversity
calibrated with 23 macrofossils and two secondary calibration points. Our results corroborate previous studies
and also suggest several new but poorly supported relationships. Newly suggested relationships are: (1) holo-
parasitic Mitrastemonaceae is sister to Lecythidaceae, (2) the clade formed by
Mitrastemonaceae+ Lecythidaceae is sister to Ericales excluding balsaminoids, (3) Theaceae is sister to the
styracoids+ sarracenioids+ ericoids, and (4) subfamilial relationships with Ericaceae suggest that Arbutoideae
is sister to Monotropoideae and Pyroloideae is sister to all subfamilies excluding Arbutoideae, Enkianthoideae,
and Monotropoideae. Our results indicate Ericales began to diversify 110Mya, within Indo-Malaysia and the
Neotropics, with exchange between the two areas and expansion out of Indo-Malaysia becoming an important
area in shaping the extant diversity of many families. Rapid cladogenesis occurred along the backbone of the
order between 104 and 106Mya. Jump dispersal is important within the order in the last 30My, but vicariance is
the most important cladogenetic driver of disjunctions at deeper levels of the phylogeny. We detect between 69
and 81 shifts in speciation rate throughout the order, the vast majority of which occurred within the last 30My.
We propose that range shifting may be responsible for older shifts in speciation rate, but more recent shifts may
be better explained by morphological innovation.

1. Introduction

The relative contributions of taxonomic versus character sampling
to improved estimation of phylogenetic histories has long been debated.
On the one hand, increasing character sampling allows for more data to
infer relationships, and is especially useful in the case of rapid radia-
tions where branch lengths are short. On the other hand, increasing
taxonomic sampling may “discover” phylogenetically informative
characters and may also break up spurious, long branches (Wiens,
2006). Recently, “supermatrix” approaches that infer the phylogenetic
history of large numbers of taxa in the presence of high levels of missing

data have been used (de Queiroz and Gatesy, 2007; Janies et al., 2013).
Such studies have generated novel insights into the phylogeny, bio-
geography, diversification, and character evolution in land plant groups
where phylogenetic inference based on few taxa and relatively few
characters has been problematic (Givnish et al., 2015; Hinchliff and
Roalson, 2013; Rose et al., 2016; Smith et al., 2011; Soltis et al., 2013;
Testo and Sundue, 2016; Wurdack and Davis, 2009). We present here a
supermatrix analysis of the speciose asterid order Ericales and use the
resulting phylogenetic framework to evaluate species diversification in
the context of biogeographical vicariance and dispersal across con-
tinents.
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1.1. Families and known relationships within Ericales

Ericales is a largely woody, economically important order of
∼12,000 species distributed in 21 or 22 families (APG IV, 2016), de-
pending on if Sladeniaceae is recognized as distinct from Pentaphyla-
caceae. Families now recognized in the order exhibit a wide range of
floral diversity, particularly in the androecium, but also in perianth
fusion and various other floral characters (Chartier et al., 2017;
Schönenberger et al., 2005; Fig. 1). Therefore, it is not surprising that
based on morphology alone, members belonging to this order had been
thought to be distantly related (Cronquist, 1981). However, the
monophyly of the order has been clearly demonstrated (Albach et al.,
2001; Anderberg et al., 2002; Bremer et al., 2002; Chase et al., 1993;
Ruhfel et al., 2014; Soltis et al., 2000, 2011; Schönenberger et al.,
2005). Within the order, monophyly of families has generally been
substantiated with the exception of Theaceae (Anderberg et al., 2002;
now largely broken up into Theaceae and Pentaphylacaceae) but

inferring relationships among families in the order has been difficult
(Anderberg et al., 2002; Geuten et al., 2004; Lens et al., 2007;
Schönenberger et al., 2005). As in other higher-level clades of proble-
matic angiosperm groups (e.g., rosids, placement of Caryophyllales,
Malphigiales, Saxifragales), this difficulty has been attributed to a rapid
radiation in the span of several million years (Davis et al., 2005; Soltis
et al., 2010; 2013) which may explain incongruence between genomic
regions observed by Geuten et al. (2004). In addition, in those clades of
Ericales where the relationships among families have been well-re-
solved, the relationships often are at odds from a morphological per-
spective and necessitate comparative anatomical studies to determine
both putative synapomorphies and facilitate an understanding of floral
evolution in the order (Löfstrand and Schönenberger, 2015a;
Schönenberger, 2009; Schönenberger et al., 2010; von Balthazar and
Schönenberger, 2013).

The most recent molecular phylogeny of the order is that of
Schönenberger et al. (2005) which used 11 molecular markers (two

Fig. 1. Representative reproductive diversity within the order Ericales. (A) Impatiens pallida (Balsaminaceae) (B) Primula veris (left) and P. meadia (right) (Primulaceae) (C) Ardisia crenata
(Primulaceae) (D) Lysimachia lancifolia (Primulaceae) (E) Leptosiphon montanus (Polemoniaceae) (F) Fouquieria splendens (Fouquieriaceae) (G) Eschweilera sagotiana (Lecythidaceae) (H)
Synsepalum dulciferum (Sapotaceae) (I) Camellia sinensis (Theaceae) (J) Halesia carolina (Styracaceae) (K) Sarracenia flava (Sarraceniaceae) (L) Diospyros virginiana (Ebenaceae) (M) Clethra
alnifolia (Clethraceae) (N) Gaultheria procumbens (Ericaceae) (O) Rhododendron calendulaceum (Ericaceae) (P) Monotropsis reynoldsiae (Ericaceae).
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ribosomal, two mitochondrial, and seven chloroplast) from 59 ex-
emplars of the order. While providing some further resolution along the
backbone of the phylogeny from the prior study of Anderberg et al.
(2002), several relationships were still unresolved. Nevertheless,
Schönenberger et al. (2005) found support for seven major supra-fa-
milial clades (informally named here and referred to throughout the
text): (1) “balsaminoids” (Balsaminaceae, Marcgraviaceae, Tetra-
meristaceae), (2) “polemonioids” (Fouquieriaceae, Polemoniaceae), (3)
“primuloids” (Ebenaceae, Primulaceae, Sapotaceae), (4) “styracoids”
(Diapensiaceae, Styracaceae, Symplocaceae), (5) a clade comprised of
Actinidiaceae, Clethraceae, Cyrillaceae, Ericaceae, Roridulaceae, Sar-
raceniaceae, which has since been divided into the “ericoids” (Cle-
thraceae, Cyrillaceae, Ericaceae) and “sarracenioids” (Actinidiaceae,
Roridulaceae, Sarraceniaceae) (Löfstrand and Schönenberger, 2015a,b;
Schönenberger et al., 2012), (6) “theoids” (Theaceae, ericoids, sarra-
cenioids, and styracoids), and (7) “core Ericales” (all clades excluding
balsaminoids, polemonioids, and Lecythidaceae)

The holoparasitic family Mitrastemonaceae, consisting of two spe-
cies in the genus Mitrastemon (Meijer and Veldkamp, 1993; Reveal,
2010), was not included by Schönenberger et al. (2005), despite a clear
affinity to the order based on mitochondrial matR, atp1, and cox1 se-
quence data (Barkman et al., 2004, 2007). Unfortunately, studies in-
cluding Mitrastemon have lacked enough sampling within Ericales to
confidently hypothesize its exact placement (APG IV, 2016). The
polystemonous condition with connate filaments (Meijer and
Veldkamp, 1993) and unusual placentation suggest potential affinities
to Lecythidaceae (Mori et al., 2007; Mori et al., 2015), although the
family appears fairly remote from other Ericales based on overall floral
form (Chartier et al., 2017).

The recent emphasis on whole-plastome sequencing has provided
additional information on phylogenetic relationships in Ericales.
Unfortunately, only a handful of plastomes from few ericalean families
have been sequenced and these families belong to the well-supported
clades of Schönenberger et al. (2005). Nevertheless, phylogenetic re-
constructions based on coding genes (Jo et al., 2016; Yan et al., 2016)
recapitulate the findings of Schönenberger et al. (2005) but also pro-
vide support for a relationship of Theaceae as sister to the ericoids,
sarracenioids, and styracoids.

1.2. Biogeographical distributions of Ericales

Biogeographically, Ericales is widespread with both pantropical
(Lecythidaceae, Sapotaceae) and cosmopolitan (Ericaceae,
Primulaceae) clades. Because classifications based on morphology
differ so dramatically compared to the circumscription of the order as
currently recognized, no explicit hypotheses about the biogeographic
history of the order have been proposed. Biogeographical studies on
individual families or subfamilies using more complex models than
simple character mapping have been conducted on Diapensiaceae (Hou
et al., 2016), Ebenaceae (Duangjai et al., 2009), Ericaceae (Kron and
Luteyn, 2005), Sarraceniaceae (Ellison et al., 2012), Sapotaceae subf.
Chrysophylloideae (Bartish et al., 2011; Swenson et al., 2014), Styr-
acaceae (Fritsch et al., 2001), and Symplocaceae (Fritsch et al., 2015),
but the order remains to be treated as a whole. These studies have
demonstrated a Northern Hemisphere (especially Eurasian) origin of
Diapensiaceae, Ericaceae, and Symplocaceae, African and South
American or Eurasian and South American origin of Ebenaceae,
Southeast Asian or Australian origin of Sapotaceae subf. Chryso-
phylloideae, and a South American origin of sarracenioids. As most of
these families are closely related, no basal nodes of the order have been
represented in biogeographical analyses.

Based on the present-day distributions of the grade of families
leading to the core families of Ericales, which at least partially occupy
Indo-Malaysia and/or the Neotropics (balsaminoids, Lecythidaceae,
polemonioids), one might hypothesize the origin of the order in either
of these regions. However, the largely Afrotropical distribution of

subfamilies of Lecythidaceae, with the Neotropics as apparently an
“apomorphic” area complicates this hypothesis (Mori et al., 2007). In
addition, the pantropical or amphi-Pacific distribution patterns of many
families (Lecythidaceae, Primulaceae subf. Myrsinoideae, Sapotaceae)
beg the question of whether long distance dispersal or vicariance has
played a role in shaping their current distribution patterns, and, if both,
what the relative contributions of each has been. Specifically, with re-
gard to widespread tropical clades, the question has been whether their
distributions are explained by vicariance following the breakup of
Gondwana, boreotropical land bridges, or long distance dispersal
(Givnish and Renner, 2004; Nie et al., 2012; Pennington et al., 2006;
Thomas et al., 2015). In their analysis of the amphi-Pacific Symploca-
ceae, Fritsch et al. (2015) suggested boreotropical migration for the
family with an origin in Southeast Asia, spread to North America, and
then later spread to South America. Overall, studies on angiosperms
have largely suggested that, at least at the family level, clades are
generally too young to have their distributions explained by the
breakup of Gondwana but may be explained by vicariance through land
bridges (either northern or southern hemisphere) or long distance dis-
persal (Berger et al., 2016; Cardinal-McTeague et al., 2016; Ruhfel
et al., 2016; Thomas et al., 2015). As many families within Ericales
have a pantropical or amphi-Pacific distribution, simultaneous analyses
of these groups allows for concurrent testing to see if the processes that
led to the present-day distributions are similar and/or occurred within
the same timeframe.

The recent explosion in the number of discovered Cretaceous fossils
of ericalean affinity (Crepet et al., 2013; Martínez et al., 2016;
Schönenberger and Friis, 2001; Schönenberger et al., 2012) from
Europe and North America indicates a north temperate origin of at least
the ericoid clade of Schönenberger et al. (2005). Not only does this
recently enriched fossil record provide clues as to the origin of the order
or certain clades within the order (which can be recapitulated with
biogeographical analyses of extant tips), but also provides numerous
fossils to calibrate a molecular phylogeny.

1.3. Diversification shifts within Ericales

Within Ericales, the occurrence of several large genera (Impatiens
(Balsaminaceae), ∼1,000 spp.; Rhododendron (Ericaceae), ∼1,000
spp.; Diospyros (Ebenaceae), ∼700 spp.; Erica (Ericaceae), ∼700 spp.;
Primula (Primulaceae) ∼400 spp.; Symplocos (Symplocaceae), ∼300
spp.) suggests the possibility of multiple, temporally and geographically
widespread shifts in diversification. Evidence for shifts in these groups
has been presented for Erica and Rhododendron (Bouchenak-Khelladi
et al., 2015; Schwery et al., 2015; putatively associated with the rise of
montane areas) and Primula (de Vos et al., 2014; putatively associated
with the evolution of heterostyly). However, it remains to be seen if
these putative shifts are significant in the context of the order as a
whole.

In this study, we present an updated time-calibrated phylogeny of
Ericales using a supermatrix approach, incorporating a rich sample of
both taxa and genes. Using this data set, we attempt to (1) resolve
backbone relationships in the order, (2) place the holoparasitic family
Mitrastemonaceae, (3) estimate when and where major clades of the
order originated, (4) examine the biogeographic processes responsible
for current day distribution patterns, testing hypotheses related to
pantropical distributions (specifically vicariance through polar migra-
tions vs. long distance dispersal), and (5) examine the location and
timing of shifts in diversification rates and provide hypotheses to de-
scribe their distribution in phylogenetic space.

2. Materials and methods

2.1. Phylogenetic data

We utilized a supermatrix approach of increasing sampling of taxa
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and characters, an approach that produces accurate phylogenies (even
in the presence of highly incomplete data for some taxa) suitable for the
analysis of macroevolutionary patterns (Rose et al., 2016; Soltis et al.,
2013; Testo and Sundue, 2016). We gathered sequence data from 4,943
species. These included members of Ericales (4,531 species), Cornales
(411 species), and Aquifoliales (one species), with Cornales as the ul-
timate outgroup.

Genetic data totaled 25 loci representing the chloroplast (ndhF,
psbA-trnH, rbcL, rpl16, rpoC1, rps16, trnL-trnL-trnF, trnS-trnG, psbB, rps2,
rps4, atpB, matK), mitochondrial (atp1, ccmB, cob, cox1, matR, mttB,
nad4-nad5, nad5, rps3), and ribosomal (ITS, 18S, 26S) genomes. Most
sequence data were derived from GenBank but we also added 470 un-
published sequences, mostly from the mitochondrial genome. (PCR
methods follow Schönenberger, et al. (2005); loci follow Soltis et al.,
2011). Complete GenBank voucher information and new sequences are
listed in Supplementary Table 1 of Appendix A and taxonomic coverage
per locus is indicated in Supplementary Table 2 of Appendix A. In-
dividual loci were aligned in MAFFT (Katoh and Standley, 2013) using
default parameters. Sequence direction was adjusted according to that
of the first sequence to account for potentially reversed sequences in
GenBank. Alignments for each locus were then concatenated into a
single matrix.

Geuten et al. (2004), and to a lesser extent Schönenberger, et al.
(2005) reported higher-level topological conflict between genomic re-
gions within the order. However, most topological conflicts presented
in Fig. 3 of Geuten et al. (2004) are not well supported except for re-
lationships between balsaminoid families and a Primulaceae+Penta-
phylacaceae relationship supported in a plastid-coding dataset.

Our concatenated data matrix was subjected to maximum likelihood
(ML) analysis in RaxML (Stamatakis, 2014). To account for different
substitution rates among genomes, we used PartitionFinder2 (Lanfear
et al., 2017) to test for the best partitioning scheme among three pos-
sible a priori partitions corresponding to the three genomic regions
explored in this study (ribosomal, chloroplast, and mitochondrial).
Branch lengths were set to linked. We limited testing for the best fitting
nucleotide substitution model to the GTR models implemented in
RAxML with AICc selection between models. The best fitting parti-
tioning scheme was found using the “rcluster” search scheme (Lanfear
et al., 2014). PartitionFinder2 suggested all three a priori partitions
should be retained and suggested GTR+ I+G as the best fitting nu-
cleotide substitution model for each. Because the RAxML manual re-
commends against adding invariant sites as a free parameter, we used
the slightly less parameterized GTR+G model in all phylogenetic
analyses. ML analysis was conducted in RaxML under the GTRGAMMA
model of sequence evolution. All other parameters were set to their
default values. The best tree was found using 10 separate search re-
plicates. Branch support was assessed through two runs of 250 rapid
bootstrap replicates. ML bootstrap samples were summarized on the
best tree using SumTrees v. 4.2.0 in the Python package DendroPy v.
4.2.0 (Sukumaran and Holder, 2010).

As the backbone relationships of Ericales have been controversial,
we also wanted to assess topological uncertainty given the assumptions
in our ML analysis. We therefore conducted a Bayesian analysis (BI) on
a subset of 191 species. These species were selected based on taxonomic
representativeness and genetic completeness (with the fewest missing
nucleotide sequences from the 25 targeted loci). Because the motivation
for including a Bayesian analysis in this study was to account for to-
pological uncertainty given the parameters used in our ML analysis, we
analyzed this reduced matrix using MrBayes version 3.2.6 (Ronquist
et al., 2012) under the same model of sequence evolution and the same
three partitions mentioned above. Six separate analyses of three runs of
four chains each were run for 10 million generations with sampling
every 1,000 generations. All other parameters were set to their default
values. We examined parameter convergence in all 18 runs using Tracer
v. 1.6.0 (Rambaut et al., 2014). All parameters for this dataset con-
verged within 2 million generations. We discarded the first 5,000 trees

(equivalent to 5 million generations) as a burn-in. The posterior dis-
tribution of trees was summarized on a maximum clade credibility
(MCC) tree and on a pruned version of the best ML tree using Sum-
Trees. The alignment file and partitions are available via Mendeley
Data.

2.2. Fossil calibrations

As the size of the final data matrix precluded dating in BEAST
(Drummond et al., 2012), we utilized penalized likelihood as im-
plemented in treePL (Smith and O’Meara, 2012) on our best ML tree.
This program has been shown to estimate divergence dates similar to
those of BEAST (Lagomarsino et al., 2016). In total, we used 25 cali-
bration points (23 macrofossils and 2 secondary calibrations). We re-
stricted fossil calibrations to macrofossils (flowers, fruits, seeds, leaves)
of both Ericales and Cornales that could be confidently assigned to
crown groups, as treePL only permits placing minimum and maximum
dates around nodes. Several good fossils such as Glandulocalyx upa-
toiensis (Schönenberger et al., 2012) are assignable to the same crown
groups as different but older fossils and were therefore not used in our
dating analysis. For some important fossils assignable to stems, we
placed them on the crown group preceding that stem. In addition to
fossils, we restricted the crown ages of asterids, and Ericales+Aqui-
foliales using secondary calibration points from Magallón et al. (2015)
(Table 1, Supplementary Text 1 of Appendix A). For our treePL analysis,
we conducted a thorough search using default parameters except we
specified 8 threads, random cross-validation, and a smoothing para-
meter of 100. The treePL configuation file is available via Mendeley
Data.

2.3. Biogeographical analyses

To both facilitate ease of coding as well as to remove potential bias
in coding, we opted for an automatic means of coding tips. To do this,
we first downloaded all databased records of Ericales in the Global
Biodiversity Information Facility (GBIF; http://www.gbif.org/). We
limited our search to only specimen records and to specimens with no
known coordinate issues following established procedures (Maldonado
et al., 2015; Spalink et al., 2016a,b). Using this set of coordinates, we
then determined which biogeographic realm these specimens belonged
to by extracting the “realm” raster layer from the “Terrestrial Ecor-
egions of the World” shape file (Olson et al., 2001) available from the
World Wildlife Fund website (http://www.worldwildlife.org/
publications/terrestrial-ecoregions-of-the-world) using the R package
raster (Hijmans and van Etten, 2016). Realms were then condensed into
six areas as follows: (1) Afrotropics, (2) Australasia+Oceania (in-
cluding Hawaii), (3) Indo-Malaysia, (4) Nearctic, (5) Neotropics, and
(6) Palearctic. Each tip in our phylogeny was either present or absent in
each area. After initial coding, the range assigned to each tip was
checked a second time to ensure that realm assignment was accurate
(i.e., the sign of latitudinal coordinates in GBIF was not inverted, cul-
tivated specimens were not included). Additionally, important taxa not
present in the GBIF data were scored by hand based on specimen data
available on Tropicos (http://www.tropicos.org/).

In general, the distribution of each tip is representative of the
geographic range of that species. However, for some tips, the tip is
representative of the distribution of a higher-level clade as follows. (1)
Mitrastemon yamamotoi was used as a placeholder for
Mitrastemonaceae, which also occurs in Central America. (2)
Pentamerista neotropica was used as a placeholder for this genus and its
sister genus, Tetramerista, which occurs in Southeast Asia. (3) Gordonia
singaporeana was used as a placeholder for the Australasian G. papaua,
as G. papuana has been suggested to have as a close relationship to
Indonesian and Philippine taxa (Barker, 1980). (4) Impatiens capensis
was used as a placeholder for Central American I. turrialbana, as its
floral morphology is similar to North American species (Donnell-Smith,
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1897).
One unresolved issue in coding was the absence of molecular data

for several clades of Pentaphylacaceae. These include the African genus
Balthasaria, African species of Ternstroemia, and the endemic New
Guinean Archboldiodendron and Adinandra forbesii (Barker, 1980). In the
case of Ternstroemia, only two species are present in Africa and were
hypothesized by Kobuski (1961) to be closely related to the numerous
Asian and South American species in the genus with no further hy-
potheses on their relationships. The DNA of Balthasaria (Melchiora) has
never been sequenced. The phylogeny of Luna and Ochoterena (2004)
suggests strong topological conflict between molecular and morpholo-
gical data and thus Balthasaria cannot be confidently placed based on
morphological data. Barker (1980) suggested a close relationship of
Adinandra forbesii to Indonesian species with glabrous ovaries. How-
ever, these species are absent from the phylogeny. Based on mor-
phology, Luna and Ochoterena (2004) found Archboldiodendron to be
sister to Adinandra. However, Adinandra is not monophyletic (Wu et al.,
2007). Because it is also possible that Archboldiodendron may be nested
in Adinandra, it is hard to place this genus in the phylogeny without
molecular data. Therefore, the range of areas represented in Penta-
phylacaceae is not completely representative, but it is likely that these
missing clades are recent in origin.

We performed biogeographical ancestral range (AR) estimation
(ARE) analysis on our best ML tree using the R package BioGeoBEARS
(Matzke, 2012, 2013). As Ericales is sister to a clade of cosmopolitan
asterids, we excluded all outgroups for the biogeographical analysis.
We performed a stratified analysis using the same dispersal probability
assumptions and time periods as in Berger et al. (2016), allowing an-
cestors to occupy up to four areas. Specifically, we employed the Dis-
persal, Extinction and Cladogenesis model (DEC) (Ree and Smith, 2008)
with and without jump dispersal (j parameter in the BioGeoBEARS
supermodel; Matzke, 2012, 2014). The j parameter allows for a
daughter lineage to occupy a new area that is different from the par-
ental lineage. As we were also interested in the location and probability
of particular events on each edge of the phylogeny, we conducted 100
replicates of biogeographical stochastic mapping in BioGeoBEARS
(Matzke, 2016). All input files for BioGeoBears are available via
Mendeley Data.

2.4. Diversification analyses

We utilized BAMM version 2.5.0 (Rabosky, 2014; Rabosky et al.,
2017) on our ML tree to examine the location and timing of shifts in
Ericales. Because of the large size of the asterids sister to Ericales, we
discarded all outgroup taxa. As our ML tree only contains about a third
of the species diversity in the order, we provided BAMM with a sam-
pling fraction file. We assigned tips to groups in the fraction file fol-
lowing a thorough survey of the taxonomic literature with a particular
focus on monographic treatments and paying close attention to syno-
nymy at the generic level and the probable placement of genera for
which no genetic data exists (Supplementary Table 3 of Appendix A).
Group assignment in the fraction file was as detailed as possible (gen-
erally genus level) and we used the following procedure: (1) We ex-
amined the topology of our ML tree to determine where genera or
subgenera were monophyletic, paraphyletic or polyphyletic. (2) We
referenced the taxonomic literature to find monographic treatments for
each genus or subgenus. (3) In cases where the genus is monophyletic,
assignment was straightforward. (4) If a genus was paraphyletic or not
broadly polyphyletic, we assigned a number to that genus, plus any
genera embedded within it. (5) In cases of broad polyphyly of a genus
or in cases where a family or subfamily was missing genera, we as-
signed a species number to that entire clade. Following our through
search of monographic treatments for individual families and genera, a
total of 12,520 species of Ericales are recognized, although specific
numbers for some families or genera are estimates due to taxonomic
uncertainty (e.g., Sapotaceae, Govaerts et al. (2001); Impatiens, Yu
et al., 2015).

Priors for BAMM were generated using the R package BAMMtools v.
2.1.6 (Rabosky et al., 2014). We ran four MCMC chains for 100,000,000
generations with parameters logged ever 2,000 generations using the
generated BAMM priors and 1 expected shift. All other priors were set
to their default values. Chain convergence was assessed using the R
package coda v. 0.19-1 (Plummer et al., 2006). After removing 25% of
generations as a burn-in, we utilized BAMMtools to compute the 95%
credible speciation rate shift configuration using a Bayes factor (BF)
criterion of 6 with the expected number of shifts set to 1. A large BF
indicates strong evidence for a shift on a given branch. We estimated

Table 1
Macrofossil calibrations used in this study with the minimum and maximum ages and most recent common ancestors of the nodes constrained. * indicates secondary dates ** indicates
fossils best assigned to stem lineages instead placed on the next youngest crown.

Fossil (clade) Age range (My) Crown group Reference

Actinocalyx bohrii 84.0–80.6 Diapensia+ Styrax** Fritsch et al. (2015)
Alangium sp. 73–66 Alangium+ Cornus Xiang et al. (2011)
Androsace sp. 5.2–23.2 Androsace+Douglasia Zhang et al. (2001)
Aquifoliales+Ericales* 107.4–117.1 Aquifoliales+ Ericales Magallón et al. (2015)
asterids* 110.4–118.9 root Magallón et al. (2015)
Austrodiospyros cryptostoma 38–47.8 Diospyros+ Euclea Basinger and Christophel (1985)
Dichroa bornensis 29.4–27.4 Hydrangea macrophylla+Dichroa Schenk and Hufford (2010)
Empetrum sp. 16–11.6 Empetrum eamesii+ E. sibiricum Schwery et al. (2015)
Gilisenium hueberi 42–46.2 Ipomopsis+ Phlox Lott et al. (1998)
Gordonia/ Gordoniopsis/ Andrewsiocarpon 38–47.8 Camellia+ Polyspora Grote and Dilcher (1992)
Hironoia fusiformis 80–90 Nasa+Nyssa Schenk and Hufford (2010); Xiang et al. (2011)
Klaprothiopsis dyscrita 45–15 Kissenia+Nasa Poinar et al. (2015)
Lyonia sp. 16–11.6 Lyonia fruticosa+ L. ovalifolia Schwery et al. (2015)
Lysimachia angulata 33.9–28.1 Trientalis+ Lysimachia Boucher et al. (2016)
Paleoenkianthus sayrevillensis 89.8–93.9 Cyrilla+ Pyrola** Nixon and Crepet (1993)
Parasaurauia allonensis 72.1–83.6 Actinidia+ Roridula** Keller et al. (1996)
Pouteria costata 20.4–28.1 Sarcosperma+ Planchonella Bartish et al. (2011)
Primula rosiae 16–11.6 Primula maedia+ P. sieboldii Boucher et al. (2016)
Raritaniflora spp. 89.8–93.9 Arctous+ Clethra Crepet et al. (2013)
Rehderodendron stonei 56.0–47.8 Rehderodendron+ Styrax Fritsch et al. (2015)
Rhododendron newberryaianum 55–56 Rhododendron groenlandicum+R. redowskianum** Collinson and Crane (1978)
Richeaphyllum waimumuensis 28.1–16 Dracophyllum+ Sphenotoma Jordan et al. (2010)
Schima nanlinensis 11.6–5.3 Schima sinensis+ S. wallichii Li et al. (2013a,b)
Symplocos pseudogregaria 37.8–33.9 Symplocos zizyphoides+ S. povedae Fritsch et al. (2015)
Symplocos quadrilocularis 56.0–47.8 Cordyloblaste+ Symplocos Fritsch et al. (2015)

J.P. Rose et al. Molecular Phylogenetics and Evolution 122 (2018) 59–79

63

https://doi.org/10.17632/3mbkspgcc6.1


the speciation rate shift configuration with the highest posterior prob-
ability after excluding all non-core shifts. In addition, we examined the
diversification metrics of speciation rate, extinction rate, and net di-
versification rate for individual families as well as subfamilies in Eri-
caceae and Primulaceae using the “getCladeRates” function in BAMM-
tools. All input files for BAMM are available via Mendeley Data.

To examine if there has been a tree-wide shift in speciation and/or
extinction rate through time, we also used the CoMET model as im-
plemented in the R package TESS (Höhna et al., 2016; May et al., 2016).
The MCMC was conducted for a maximum of 20,000,000 iterations and
a burn-in of 5,000,000 iterations. Because our tree is not fully sampled,
we set the sampling probability to 0.363 (4,543/12,520 spp.). All other
priors were set to their default values. After the analysis finished,
parameter convergence was assessed using coda. As with the BAMM
analysis, BF that exceeded 6 were interpreted as support for a tree-wide
shift in diversification rates.

3. Results

3.1. Phylogenetic inference and divergence dates

The best ML tree from the analysis of our supermatrix of 49,435
aligned nucleotides (87.6% missing data, varying from 26.8% to 99.5%
per locus; Supplementary Table 2 of Appendix A) with three genomic
partitions resulted in a fully resolved tree of the order (Fig. 2, Supple-
mentary data 1), albeit with very poor support for some relationships.
Our results largely recapitulate those of Schönenberger et al. (2005).
The topology of the MCC tree from our BI result (Supplementary data 2)
is identical to the ML tree for all major nodes, with the only topological
differences being found within families, especially where branch
lengths are small. These topological differences are the placement of
Cyclamen within Primulaceae subf. Myrsinoideae, relationships within
Sapotaceae subf. Chrysophylloideae, placement of Franklinia relative to
Gordonia and Schima in Theaceae, and placement of Bryanthus in Eri-
caceae. Though the topology is identical between the two optimality
criteria, low support values for these branches indicate that topological
uncertainty around several nodes persists, but for fewer nodes than in
previous studies.

We recover balsaminoids as the clade (BS= 99, PP=1.0) sister to
the rest of Ericales (BS=95, PP= 0.99). Relationships within balsa-
minoids remain unclear, with either Marcgraviaceae or
Tetrameristaceae sister to Balsaminaceae. Both our BI and ML analyses
suggest the placement of Marcgraviaceae as sister to the remaining
balsaminoid families (BS=53, PP= 0.29). The next clade sister to the
remaining Ericales is comprised of Lecythidaceae+Mitrastemonaceae
(BS= 62, PP= 0.54), with the monophyly of the rest of the order
moderately to weakly supported (BS=58, PP=0.90). Monophyly of
Lecythidaceae receives fairly weak support in the ML analysis (BS=77,
PP=1.0). The next clade we recover is the polemonioids (BS=98,
PP=1.0), which is sister to a monophyletic but weakly supported core
Ericales (BS= 50, PP=0.69). Within core Ericales, the primuloids are
recovered as monophyletic but with weak support (BS=59,
PP=0.69) and are sister to the remainder of the core Ericales
(BS= 34, PP= 0.69). Within this remaining core Ericales, mono-
phyletic Pentaphylacaceae (BS=93, PP= 1.0) and Theaceae
(BS= 99, PP= 1.0) form a grade with the remainder of the core
Ericales (BS= 75, PP= 0.69 and BS= 42, PP=0.69, respectively),
with Theaceae more closely related to the styracoids, sarracenioids, and
ericoids.

Styracoids are monophyletic (BS=83, PP= 0.98) and sister to
sarracenioids and ericoids (BS=93, PP=1.0). Likewise, sarracenioids
are monophyletic (BS=78, PP=1.0) and sister to ericoids (BS=75,
PP=1.0). Within ericoids, Clethraceae and Cyrillaceae form a grade
sister to Ericaceae, with Cyrillaceae more closely related to Ericaceae.
However, monophyly of Clethraceae (including Purdiaea) is question-
able (BS=71, PP= 0.67). Within Ericaceae, sub-familial relationships

suggest Arbutoideae+Monotropoideae is sister to the remainder of the
family, excluding Enkianthoideae (BS=98, PP= 1.0), with the
Pyroloideae weakly supported as comprising a clade with the remaining
subfamilies (BS= 65, PP= 0.62). Vaccinioideae and Styphelioideae
form a clade (BS=87, PP= 1.0) sister to Harrimanelloideae. These
three subfamilies are in turn sister to Cassiopoideae and Ericoideae. As
mentioned above, within Ericoideae the placement of Bryanthus is to-
pologically discordant between the ML and BI results. In the ML ana-
lysis it is sister to Ledothamnus (BS=72), while in the BI results it is
sister to Daboecia+ Calluna + Erica but with no support
(PP=0.0035).

Our treePL chronogram (Fig. 3, Supplementary data 3) places the
age of the crown of Ericales at∼110Mya. Rapid cladogenesis along the
backbone of the order occurred between 106 and 104Mya. By
∼83Mya stem lineages of all extant families had originated, but fa-
milial crown ages are highly variable, ranging from ∼95Mya (Penta-
phylacaceae) to ∼11Mya (Fouquieriaceae). Rapid cladogenesis is also
found within balsaminoids with a crown age of ∼82Mya and diver-
gence date for Tetrameristaceae and Balsaminaceae at ∼81Mya. Le-
cythidaceae and Mitrastemonaceae diverged ∼104Mya. Crown po-
lemonioids dates to ∼99Mya, with crown Polemoniaceae much older
than crown Fouquieriaceae (∼54Mya and ∼15Mya, respectively).
Within Polemoniaceae, subf. Acanthogilioideae is recovered as sister to
the remainder of the family (BS=84, PP= 1.0). Crown primuloids
dates to ∼102Mya with a Primulaceae/Ebenaceae divergence date of
∼80Mya. Core Ericales began to diverge ∼104Mya followed quickly
by the divergence of crown theoids at ∼102.2Mya and crown styr-
acoids+ sarracenioids + ericoids at ∼101.6Mya. Crown styracoids
date to ∼99Mya with the divergence date of Styracaceae/Diapensia-
ceae at ∼93Mya. Crown sarracenioids date to ∼93Mya with an Ac-
tinidiaceae/Roridulaceae divergence date of ∼80Mya. Divergence
between ericoid families occurred between ∼98 and 91Mya, with
crown Ericaceae dating to ∼91Mya.

3.2. Historical biogeography

We were able to automatically and confidently score geographic
ranges for 3,875 tips, with an additional 333 tips scored manually.
Based on a likelihood ratio test, the BioGeoBEARS DECj model of an-
cestral ranges (lnL=−5709.69) was a significantly better fit for the
data compared to DEC (lnL=−5772.72) based on a likelihood ratio
test (D=126.06, P=0.0). Since jump dispersal is an important facet of
the historical biogeography, subsequent discussion will only involve the
model with this parameter (Fig. 4; Supplementary Fig. 1 of Appendix
A). Parameters of the DECj model include anagenetic dispersal rate
d=9.77×10−3, extinction rate e=3.64×10−5, and cladogenetic
dispersal rate j=5.91× 10−3. Biogeographical stochastic mapping,
given the parameters of our DECj model, indicates that of 4,207 cla-
dogenetic events, 84% are sympatry, 10% are subset sympatry, 3.5%
are vicariance, and 2.7% are founder-event dispersals. However, the
relative contribution of vicariance and dispersal to the biogeographic
history of the order is not uniformly distributed through time, with
vicariance playing a much more important role early on in the history
of the order, with dispersal only becoming important in the last 30My.
Within the last 30My, however, both processes have contributed to the
historical biogeography of the family (Fig. 5).

While probabilities for individual areas of combinations of areas
were low for the basal-most nodes of Ericales, many of these nodes have
relatively high probabilities for an ARE containing the Neotropics and/
or Indo-Malaysia. Crown Ericales originated in a shared Neotropical
+Indo-Malaysian AR (P=0.29) with all other possible ranges having a
small probability. The backbone nodes of Ericales are reconstructed as
remaining in this shared AR or switching to solely to a Neotropical AR.
Balsaminoids originated in this shared Neotropical+Indo-Malaysian
AR, (P= 0.55) and shifted to an Indo-Malaysian AR along stem
Balsaminaceae. Mitrastemonaceae+ Lecythidaceae most likely
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Fig. 2. Best maximum likelihood (ML) phylogram of Ericales pruned to match the taxonomic sampling of the Bayesian analysis with major clades colored. Thickened branches indicate
ML bootstrap values> 70. Bayesian posterior probabilities> 0.95 are indicated numerically above branches. Note that toward the tips ML bootstrap values may be low because of
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originated in the Neotropics (P= 0.71) with dispersal to Indo-Malaysia
along stem Mitrastemonaceae. Crown Lecythidaceae originated in a
shared Afrotropical+Neotropical AR (P= 0.58). Polemonioids likely
originated in the Neotropics (P=0.51), although a Nearctic origin is

also likely. Primuloids originated in a shared Neotropical+Indo-
Malaysian AR (P=0.30), although a Neotropical origin is also possible.
Stem Sapotaceae originated in Indo-Malaysia, an AR that the crown of
the family also occupied (P=0.64). Crown Ebenaceae+ Primulaceae
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occupied the Neotropics (P= 0.63). Core Ericales, crown
Pentaphylacaceae, and crown styracoids all originated in Indo-Malaysia
(P= 0.61, 0.67, and 0.55, respectively).

Starting with the origin of sarracenioids, styracoids, and ericoids,
the Nearctic became a much more important geographic region in the
historical biogeography of Ericales. Diapensiaceae+ Styracaceae ori-
ginated in the Nearctic (P=0.31). Crown ericoids+ sarracenioids and
crown sarracenioids originated in a shared Nearctic/Indo-Malaysian
range (P= 0.42 and 0.44, respectively). Backbone nodes of the ericoids
as well as crown Ericaceae originated in the Nearctic. While crown
Ericaceae most likely originated in the Nearctic (P=0.47), an origin in
a shared Nearctic+ Palearctic range is also possible.

3.3. Diversification within Ericales

Our BAMM analysis detected between 60 and 105 shifts in specia-
tion rate in Ericales. The 95% credible set of speciation rate shifts in-
cluded 477 distinct configurations. The configurations with the nine
highest posterior probabilities contain between 69 and 81 shifts. The
best shift configuration of our BAMM analysis (Supplementary Fig. 2 of
Appendix A) suggested that there have been 70 shifts in speciation rate
throughout the order (excluding the root shift), only three of which
have been decreases. Of these shifts, 56 have occurred since the
Oligocene, ∼33Mya (Fig. 6). On a phylogeny-wide scale, two peaks in
the number of speciation events are evident, one 50–45Mya and an-
other 15–10Mya. Examination of individual plots of net diversification,
speciation, and extinction rates (Fig. 7) suggests that speciation rate has
been increasing exponentially since ∼60Mya. Consistent with this,
speciation rate has also increased markedly since this time period,

though speciation rate has increased at a more uniform rate through
time, with a particularly sharp increase in the last ∼10Mya. Unlike
speciation rate, extinction rate in the order increased markedly at
∼65Mya with an additional increase ∼20Mya. Extinction rate also
increased sharply at this time, but decreased between ∼35 and 20Mya.
BAMM analyses support a diversity-dependent speciation process with a
mean speciation rate of 0.25 spp./My and a mean extinction rate of
0.09 spp./My. Within individual clades (families or subfamilies), di-
versification rates vary dramatically. The highest net diversification
rates are found in Ericaceae subf. Ericoideae (0.26 spp./My), subf.
Vaccinioideae (0.25 spp./My), and Ebenaceae (0.25 spp./My) (Table 2).
The lowest net diversification rates are in Ericaceae subf. Cassiopoideae
(0.036 spp./My), Diapensiaceae (0.037 spp./My), Tetrameristaceae
(0.037 spp./My), and Ericaceae subf. Monotropoideae (0.037 spp./My)
(Table 2). Of the 70 shifts in the best shift configuration, all are con-
fined to within families

Our CoMET analysis (Supplementary Fig. 3 of Appendix A) suggests
there is weak evidence (BF between 2 and 6) for tree-wide shifts in
speciation and extinction rates in Ericales. The first potential tree-wide
shift occurred at ∼90Mya (BF of 2.0–2.5 for a decrease in speciation
rate and an increase in extinction rate) and a second tree-wide shift at
∼15Mya (BF of 3.1–4.4 for an increase in speciation rate and an de-
crease in extinction rate).

4. Discussion

4.1. Phylogenetic relationships in Ericales

This study provides a new, more fully-resolved and comprehensive
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phylogeny of the order Ericales, although most relationships along the
backbone remain unclear. Specifically, four new hypotheses of re-
lationships are presented here. (1) Mitrastemonaceae is sister to
Lecythidaceae. (2) This Mitrastemonaceae+ Lecythidaceae clade is

sister to the Ericales excluding balsaminoids. (3) Theaceae is sister to
sarracenioids+ styracoids+ ericoids. This finding is consistent with
relationships as suggested by protein-coding genes from whole plas-
tome sequences (Jo et al., 2016; Yan et al., 2016) but is perhaps not
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surprising given the large contribution of the chloroplast genome to our
supermatrix. (4) Within Ericaceae, sub-familial relationships place Ar-
butoideae+Monotropoideae as sister to the remainder of the family,
excluding Enkianthoideae, with the Pyroloideae in turn sister to the
remaining subfamilies.

Taking the order as a whole, some relationships are still uncertain as
evidenced by poor bootstrap support values, and warrant further in-
vestigation. Nonetheless, many of the clades with low ML bootstrap
support values have high posterior probabilities in the BI analysis. Taxa
in the BI analysis were carefully selected to include both well-se-
quenced and taxonomically representative species, so it is unclear to
what extent missing data, taxonomic representation, and optimality
criterion selection effects support values, though taxon sampling may
have a large effect (de la Torre-Bárcena et al., 2009). Nevertheless, as
mentioned above, the topologies based on both the full ML and reduced
BI supermatrices are nearly identical, and the nodes at which they differ
are on short branches within families. While backbone relationships are
identical between the ML and BI analyses, support for some of these
relationships remains low. While we provide evidence for new back-
bone relationships here, support is less than optimal. As a result, re-
lationships among major clades in the order continue to remain re-
calcitrant in the same places as in previous studies. Specifically, these
are the placement of Mitrastemonaceae, Lecythidaceae, polemonioids,
primuloids, Pentaphylacaceae, and theoids relative to each other. Based
on our chronogram, these branches are short and are also the result of
multiple, rapid cladogenetic events in the Late Cretaceous. Conse-
quently, there may be little phylogenetic information to help resolve
them. Geuten et al. (2004) concluded that incongruence between
genomic regions was responsible for difficulties in inferring relation-
ships along the backbone of Ericales, and attributed the discordance to
either different biological process operating on different genes or er-
roneous tree construction. Based on the ancient, rapid radiation (cla-
dogenesis within the span of three million years 100Mya), we suggest

that there might not be enough information preserved in the genomes
to resolve this issue with full confidence, especially with Sanger se-
quence data. However, future genomic–level data from many low copy
nuclear genes, as well as more whole-plastome sequences from
throughout the order may provide robust support for the proposed re-
lationships along the backbone. It is encouraging that the strongly
supported relationships uncovered thus far using whole chloroplast
genomes (Jo et al., 2016; Yan et al., 2016) are also found in this study.

In this study, we highlight a better placement of Mitrastemonaceae
within Ericales as compared to initial, conflicting placement with dif-
ferent taxonomic and mitochondrial genome sampling (Barkman et al.,
2004; Barkman et al., 2007). Our hypothesized placement of Mi-
trastemonaceae as sister to Lecythidaceae should be more closely ex-
amined in future studies to see if this placement makes sense in light of
morphological data. Furthermore, comprehensive studies of morpho-
logical evolution in Ericales beyond what was examined by
Schönenberger et al. (2005) should be undertaken to better understand
character evolution in the order, specifically if traits found in either or
both of Mitrastemonaceae or Lecythidaceae are symplesimorphic with
the balsaminoids.

Relationships among balsaminoids families have remained proble-
matic. This is clearly a result of another rapid radiation in the Late
Cretaceous ∼81Mya. Schönenberger et al. (2005) depicted these re-
lationships as a polytomy, while Janssens et al. (2009) reported
Marcgraviaceae as sister to Balsaminaceae with 98% bootstrap support
based on an atpB-rbcL phylogeny. In this study, our hypothesis of Tet-
rameristaceae as sister to Balsaminaceae, while not statistically sup-
ported, fits well with data from floral anatomy (von Balthazar and
Schönenberger, 2013). Our phylogenetic reconstruction of Impatiens
differs slightly from the relationships consistently recovered within the
genus (e.g., Yu et al., 2015). In this study, subgenus Clavicarpa is re-
covered as nested within subgenus Impatiens as opposed to being sister
to it. The chloroplast marker atpB-rbcL is commonly used in

Table 2
Summary of crown ages, speciation (λ), extinction (μ), and net diversification (r) rates for major clades of Ericales. The number of shifts in speciation rate in each clade as suggested in the
best BAMM shift configuration as well as notable clades in which theses shifts occur are also indicated.

Clade Crown age (Mya) λ (mean) μ (mean) r (λ - μ) Number of descendant shifts Notable speciation rate shifts

Actinidiaceae 46.5 0.42 0.25 0.17 3 Saurauia, Actinidia+ Clematoclethra
Balsaminaceae 69.6 0.27 0.17 0.10 2 Impatiens
Clethraceae 82.8 0.20 0.080 0.12 1 Clethra
Cyrillaceae 19.8 0.041 0.0032 0.038 – –
Diapensiaceae 59.9 0.038 0.0015 0.037 – –
Ebenaceae 57.1 0.28 0.036 0.25 5 Euclea+ Royena; New Caledonia Diospyros
Ericaceae: Arbutoideae 28.6 0.23 0.047 0.18 3 Arctostaphylos
Ericaceae: Cassiopoideae 37.2 0.037 0.0014 0.036 – –
Ericaceae: Enkianthoideae 11.3 0.16 0.10 0.058 – crown shift
Ericaceae: Ericoideae 67.9 0.49 0.24 0.26 10 Empetrum, Erica, Rhododendron
Ericaceae: Harrimanelloideae 51.4 0.039 0.0019 0.038 – –
Ericaceae: Monotropoideae 65.8 0.038 0.0015 0.037 – –
Ericaceae: Pyroloideae 44.5 0.12 0.036 0.080 1 Pyrola
Ericaceae: Styphelioideae 59.3 0.16 0.030 0.13 4 Dracophyllum; Leucopogon (in part)
Ericaceae: Vaccinioideae 46.2 0.37 0.12 0.25 4 Vaccinieae; Gaultheria; Cavendishia
Fouquieriaceae 11.2 0.080 0.027 0.053 – –
Lecythidaceae 82.9 0.13 0.015 0.11 1 –
Marcgraviaceae 23.9 0.32 0.17 0.15 1 crown shift
Pentaphylacaceae 95.1 0.30 0.17 0.13 4 Adinandra; Eurya; Ternstroemia
Polemoniaceae 53.9 0.15 0.027 0.12 3 Gilioideae (in part); Phlox; Polemonium
Primulaceae: Maesoideae 24.1 0.35 0.21 0.14 1 Maesea
Primulaceae: Myrsinoideae 53.2 0.30 0.087 0.21 6 Ardisia, Myrsine
Primulaceae: Primuloideae 46.4 0.22 0.027 0.19 4 Androsace; Primula (in part)
Primulaceae: Theophrastoideae 70.0 0.12 0.022 0.097 1 Bonellia+ Clavija + Jacquinia
Roridulaceae 20.2 0.039 0.0014 0.038 – –
Sapotaceae 58.3 0.22 0.040 0.18 6 Manilkara; Palaquium (in part); Pycnandra
Sarraceniaceae 48.5 0.17 0.11 0.067 1 Heliamphora+ Sarracenia
Styracaceae 56.0 0.14 0.033 0.10 1 Styrax
Symplocaceae 47.8 0.45 0.26 0.19 2 Symplocos
Tetrameristaceae 44.6 0.041 0.0043 0.037 – –
Theaceae 63.1 0.27 0.082 0.19 2 Camellia
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phylogenetic reconstructions in Impatiens but is not included in this
analysis. The second widely used marker, ITS does not appear to con-
tain much phylogenetic information at deeper levels (cf. Yuan et al,
2004), so it is unclear how much influence the variation in atpB-rbcL
and gap coding has on phylogenetic reconstruction within the family.

We find surprisingly low support for monophyly of primuloids,
especially in light of the strong support for the existence of this clade in
Schönenberger et al. (2005). We note than many species of Sapotaceae
are only represented by barcoding markers rbcL and matK. We posit that
missing data within Sapotaceae may be degrading support for the
monophyly of this clade.

Within families, resolution is generally similar to that of previous
studies, with expected poor support in the larger clades of Sapotaceae
(Swenson and Anderberg, 2005) and Symplocaceae (Fritsch et al.,
2008). This problem is further compounded by both the breakup of
branches with increased taxonomic sampling in Ebenaceae, Sapotaceae,
and Symplocaceae and the rapid radiations of these families, as evi-
denced by both backbone divergence times within these families as well
as our BAMM results.

The phylogenetic relationships within Primulaceae subf.
Myrsinoideae have never been studied as a whole (Bone et al., 2012),
although tribe Lysimachiaeae has been targeted (Anderberg et al.,
2007). Here, we demonstrate that relationships in the large, tax-
onomically complex, mostly woody Myrsinoideae (tribes Ardisieae and
Myrsineae), while resolved, are unsupported. In the future, this clade
should be targeted for detailed phylogenetic study, especially with in-
clusion of Hawaiian Myrsine. As noted above, our BI and ML analyses
differ in the placement of Cyclamen within Primulaceae subf. Myrsi-
noideae. Previous studies have found little support for backbone re-
lationships of this subfamily (Källersjö et al., 2000; Martins et al.,
2003), so this result may be expected. Because of the strong signal for a
Palearctic origin for nearly the entire backbone of Primulaceae, in our
ARE, the placement of this subfamily does not have much effect on the
results of our downstream analyses.

The relationships at the basal nodes of Ericaceae have been difficult
to determine. Kron et al. (2002), while recovering subf. Enkianthoideae
as sister to the remainder of the family, were not able to conclusively
determine the relationships between Arbutoideae, Monotropoideae,
and Pyroloideae. Schwery et al. (2015), based solely on matK and rbcL,
placed all three subfamilies in a clade sister to the remaining Ericaceae
excluding Enkianthoideae, with Pyroloideae sister to Arbutoi-
deae+Monotropoideae. Using a larger set of molecular markers from
all genomes, Freudenstein et al. (2016) corroborated this result, though
they found support for this relationship only with nuclear ribosomal
genome data, while organellar DNA supported a closer relationship of
the Pyroloideae to core Ericaceae. However, in all cases, support is
suboptimal. Here, we suggest that the relationship of the Pyroloideae as
more closely related to core Ericaceae than Arbutoideae+Mono-
tropoideae is the better hypothesis in both our ML and BI analyses. As
noted above, the position of Bryanthus within subf. Ericoideae differs
between our ML and BI results. In the ML dataset, Bryanthus is sister to
Ledothamnus. However, Ledothamnus was excluded from our BI analysis.
The placement of these two genera (as a clade) within the Ericoideae is
difficult to convincingly resolve with the markers available to us (cf.
Gillespe and Kron, 2010).

4.2. Early historical biogeography of Ericales

Inference of the biogeographical origins of Ericales is confounded by
the widespread distribution of the order, by the many pantropical or
amphi-Pacific families, and by the phylogenetic uncertainty sur-
rounding the early, rapid cladogenesis of the family. Our analysis does
not shed much more light on the origin of the most basal nodes of the
order, given low probabilities of possible ARs (P=0.20–0.30, Fig. 4).
These low probabilities may be due in part to the assumptions of our
dispersal matrix, which assigns a low probability to movement between

these geographically disparate areas. Nevertheless, the greatest AR
probability is of an ancestor found in a combined Neotropical/Indo-
Malaysian AR. Signal for this combined area or a strictly Neotropical AR
is evident in both the basal-most nodes of the balsaminoids and those of
remainder of the order (Fig. 4). Alternative AREs are all of very low
probability and involve various combinations of geographically wide-
spread ancestors. Furthermore, movement to or from one or both of
these ARs is clearly involved in the formation of major clades such as all
balsaminoids families (both), Lecythidaceae+Mitrastemonaceae
(Neotropics), polemonioids (Neotropics), primuloids (both), Sapotaceae
(Indo-Malaysia), Ebenaceae+ Primulaceae (Neotropics), and core eri-
coids (Indo-Malaysia). Furthermore, dispersal from Indo-Malaysia has
resulted in the re-colonization of the New World in the sarracenioids
and ericoids, perhaps via movement across the Pacific Rim (Fig. 4).

4.2.1. Historical biogeography of balsaminoids
Balsaminoids began diversifying ∼83Mya in a shared Indo-

Malaysian/Neotropical AR. Ancestors along the backbone of the clade
continued to occupy this region until the crown of Balsaminaceae, with
two speciation events in the Neotropics leading to Tetrameristaceae and
Marcgraviaceae. Stem Balsaminaceae originated Indo-Malaysia fol-
lowing the split from Tetrameristaceae ∼81Mya. This divergence date
is much older than a divergence estimate of 48.1 Mya by Janssens et al.
(2009). This latter study also recovered a much younger crown age for
balsaminoids as a whole (which effects the age of Balsaminaceae), and
may be the result of Janssens et al. (2009) using mostly non-Ericales
fossils as calibration points. Within Balsaminaceae, the crown of the
family either occupied Indo-Malaysia (highest probability, P= 0.56) or
the combined area of Indo-Malaysia+ Palearctic. The crown of Im-
patiens occupied Indo-Malaysia+Palearctic ∼59Mya (P=0.69).
Grey-Wilson (1980) proposed a west Gondwanan origin for Balsami-
naceae ∼50Mya, with movement to Southeast Asia and subsequent
radiation from that region. With a better understanding of phylogenetic
relationships, Yuan et al. (2004), while only using a simplistic parsi-
mony optimization and lacking a timeframe, suggested a clear South-
east Asian origin for the genus with three later arrivals in Africa or
Madagascar. Consistent with the study of Yuan et al. (2004), we suggest
the genus diversified in Indo-Malaysia and Indo-Malaysia+Palearctic
AR with movement from the Palearctic to the Nearctic ∼14Mya. In
addition, we suggest three movements of the genus from Indo-Malaysia
to the Afrotropics and five subsequent shifts back to Indo-Malaysia,
with the most dramatic movement between these regions occurring
31–35Mya, well after the regions were separated. The conflicting
phylogenetic position of section Clavicarpa, as noted above, appears to
not have an influence on the reconstruction of the historical biogeo-
graphy of the genus, as it is restricted to Indo-Malaysia (Janssens et al.,
2009).

4.2.2. Historical biogeography of Lecythidaceae
Stem and crown Lecythidaceae originated in a shared Afrotropics/

Neotropics AR ∼105 and ∼83Mya, respectively. Vicariant events gave
rise to all subfamilies: Napoleonaeoideae (Afrotropics),
Planchonioideae (Afrotropics), Lecythidoideae (Neotropics), and
Scytopetalaloideae (Neotropics). Stem Scytopetalaloideae subsequently
recolonized the Afrotropics to occupy a combined amphi-Atlantic dis-
tribution ∼24Mya where another vicariant event gave rise to the an-
cestor of monotypic Asteranthos brasiliensis in the Neotropics and the
remainder of the subfamily in the Afrotropics. Stem and crown of the
largest clade of Lecythidaceae, Neotropical subfamily Lecythidoideae
arose ∼59Mya and ∼43Mya, respectively. Within subf.
Planchonioideae, especially within Barringtonia, there has been ex-
tensive interchange between Indo-Malaysia and Australasia in the last
∼29Mya, generally via jump dispersal.

4.2.3. Historical biogeography of polemonioids
A Neotropical AR of stem crown polemonoids is only slightly more
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likely than a Nearctic origin. This reconstruction is ambiguous as a
result of the close proximity of these two regions and the occurrence of
species of Fouquieria at the boundary between them. Grant (1959)
suggested a central Mexican origin of Polemoniaceae, albeit based on
spurious assumptions about “primitive” and “derived” characters in the
family, and without the knowledge of a close relationship of the family
to Fouquieriaceae. Our results do not shed much light on this problem
based on our coarse regional coding, but a strictly Nearctic origin is
preferred (P=0.57) over a Nearctic+Neotropical origin. The crown of
subfamilies Cobaeoideae+ Polemonioideae is Nearctic+Neotropical in
origin (P= 0.53), though the presence of Bonplandia and Cobaea in
southern Mexico and Central America suggests an origin in Mesoa-
merica instead of in the Andes (Cantua). Our estimate of the age of
crown Polemoniaceae at ∼54Mya is much younger than the Late
Cretaceous origin of the family estimated by Porter et al. (2010) and
differences in age estimates extend to all other lineages in the family.
Given the extant distributions of the Cobaeoideae (central Mexico to
Bolivia) and Acanthogilioideae (Baja, Mexico), the origin of the family
is likely central Mexico.

4.2.4. Historical biogeography of Sapotaceae
The biogeographical history of this large, pantropical family is

complex but with clear geographic signal in most clades. The stem and
crown of Sapotaceae date to ∼102 and ∼58Mya, respectively, both
with an AR of Indo-Malaysia. Our divergence time estimates differ
markedly from those of Bartish et al. (2011) and Swenson et al. (2014).
For example, Swenson et al. (2014) date the divergence of Planchonella
and Pycnandra to 51.2Mya, (range of 38.5–60.7), whereas we suggest
the age of this divergence is much younger, at 21.5 Mya. This appears to
be the result of Swenson et al. (2014) using ambiguous fossils (leaf
fossils merely assigned to “Sapotaceae” used to constrain inter-familial
nodes) and employing geologically-enforced constraints. From Indo-
Malaysia, Sapotaceae subsequently moved to Afrotropics+ Indo-Ma-
laysia by 30Mya. Subsequent diversification of the family has largely
relied on the Afrotropics as a source realm, with this range as the origin
of Clades 2 and 3 of Swenson and Anderberg (2005).

Subfamily Sideroxyleae (excluding Sideroxylon discolor and S. oxy-
acanthum) originated in the Afrotropics or a shared Afrotropics/Indo-
Malaysian AR ∼27Mya, with movement to the Palearctic in
Argania+Monotheca and African Sideroxylon (shared
Afrotropical+ Palearctic AR). New Caledonian Nesoluma is deeply
embedded in Neotropical/Nearctic Sideroxylon and diverged ∼11Mya,
though it is unclear if this distribution is due to vicariance or long
distance dispersal.

As with Impatiens, tribe Sapoteae shows a complex history of pan-
Indian connections of the Afrotropics, Indo-Malaysia and Australasia
beginning ∼18Mya and extending to the present. Neotropical
Manilkara originated from a long distance dispersal event from the
Afrotropics. The recently described Malagasy Bemangidia lowryi was
originally placed in a clade with sympatric Tsebona macrantha and
Capurodendron (Gautier et al., 2013). However, with different taxo-
nomic sampling and no gap coding, we instead suggest that this genus is
nested in Madhuca and is the result of a recent vicariant event between
the Afrotropics and Indo-Malaysia.

Our ARE for subf. Chrysophylloideae is in near complete agreement
with the parsimony inference of historical biogeography of Bartish et al.
(2011) despite increased taxon sampling and much younger divergence
times. In general, we support their conclusion that long-distance dis-
persal is the main driver of the clade distributions. It is inferred that the
majority of the Australasian Chrysophylloideae originated from a long-
distance dispersal event from the Afrotropics ∼21.5Mya. Within the
Chrysophylloideae, more recent dispersal events from the Afrotropics to
the Neotropics and vice versa, as well as from the Afrotropics to Aus-
tralasia in the last 10 My suggest continued dispersal routes.

4.2.5. Historical biogeography of Ebenaceae
Crown Ebenaceae originated in a combined Neotropics/Africa AR

∼57Mya, A vicariant event formed the stem lineage of Lissocarpa in the
Neotropics and the stem lineage of Diospyros s.l. (including Euclea and
Royena) in Africa. The backbone of Diospyros indicates that complex
interactions across the Indian Ocean between the Afrotropics,
Australasia, and Indo-Malaysia contributed to the diversification of
Ebenaceae between ∼25Mya and the present. This exchange has
generally been through dispersal.

Our interpretation of the historical biogeography of Diospyros con-
trasts greatly with the study of Duangjai et al. (2009), who stressed
importance of the Northern Hemisphere, particularly Eurasia, in the
historical biogeography of the family. Their contrasting interpretation
may be because they lumped large swathes of Southeast Asia into their
concept of Eurasia and also because their biogeographical analysis
lacked a time component.

Basinger and Christophel (1985) reported middle-Eocene fossils of
Diospyros from Australia (calibration point used in this study). Move-
ments across the Indian Ocean during this time period along the stem of
clades II-IX of Duangjai et al. (2009) from the Afrotropics to a wide-
spread Indian Ocean ancestor, suggest that Ebenaceae could indeed
have reached Australasia during the Eocene. However, extant Aus-
tralasian lineages of Diospyros date to no older than 20Mya with two
major arrivals in the area resulting in Clade II of Duangjai et al. (2009)
from a pan-Indian ancestor and a New Caledonian/Pacific Island Clade
nested in Clade III of Duangjai et al. (2009) from the Afrotropics. Ad-
ditional movements to Australasia from Indo-Malaysia have also oc-
curred, but usually in singular instances or from range expansion of
species found in both regions.

Diospyros has reached the NewWorld four times, including members
of Clades IV and XI of Duangjai et al. (2009) from the Afrotropics and
Indo-Malaysia, respectively, and two more times in D. virginiana and D.
texana (both from Indo-Malaysia). However, our topology differs from
that of Duangjai et al. (2009) in that their study placed D. texana as
closely related to Neotropical members of Clade XI with a Bayesian
posterior probability of 1.0.

4.2.6. Historical biogeography of Primulaceae
Crown Primulaceae originated from a Neotropical ancestor and was

found in a combined Neotropical+ Palearctic AR ∼80Mya. The nearly
wholly Neotropical subf. Theophrastoideae (Källersjö and Ståhl, 2003)
originated in the Neotropics with relatively recent movements outside
of that region in the aquatic genus Samolus. The split between Theo-
phrastoideae and Myrsinoideae+Primuloideae represents a vicariant
event between the Neotropics and Palearctic ∼72Mya with the latter
two subfamilies occupying a Palearctic AR. Within Myrsinoideae and
especially Lysimachia, much of the backbone is of Palearctic origin. The
endemic Hawaiian Lysimachia (Oh et al., 2013) apparently arrived in
the region from a Eurasian ancestor 13.3 Mya, though it is on a long
stem, as the crown of the clade is only 1.9Mya. This clade is not the
closest relative of the widespread Indian and Pacific Ocean L. maur-
itiana, as might be inferred by geography, but instead the Iberian L.
ephemerum. Relationships within this supported clade have been diffi-
cult to infer (Anderberg et al, 2007; Hao et al., 2004) but the Hawaiian
clade is clearly Palearctic in origin.

Within the woody Myrsinoideae (tribes Ardisieae and Myrsineae),
the biogeographical history is unclear, apparently due to short branch
lengths, low support, and Neotropical species found throughout this
larger clade, especially in Myrsineae. However, a large proportion of
Neotropical Ardisia appears to be a clade. This clade is sister to a grade
of Australasian taxa, Elingamita jonsonii from New Zealand and Ardisia
pachyrrhachis from Australia, and appears to have arisen as a result of a
dispersal event from Australasia.

Old World Ardisia (with the exception of Philippino A. glauca and
Javan A. speciosa which are nested in the large Neotropical clade) ori-
ginated from a vicariant event between a combined
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Australasian+ Indo-Malaysian AR ∼24Mya. The East Indian Ocean
genera Badula and Oncostemum (Bone et al., 2012) likely dispersed from
Indo-Malaysia ∼9.8Mya. Overall, a clearer picture of the biogeography
of tribes Ardisieae and Myrsineae awaits a better taxonomically sam-
pled and better-supported phylogeny. Divergence time estimates within
Primuloideae are in general agreement with those of de Vos et al.
(2014), but that study contained wide confidence intervals for the age
estimates. At the resolution scale of geographic areas used in this study,
the biogeography of Primuloideae is uniform, with a clear origin and
persistence in the Palearctic until the last ∼16Mya when the subfamily
began to move into the Nearctic.

4.2.7. Historical biogeography of Pentaphylacaceae
Crown Pentaphylacaceae originated in Indo-Malaysia at ∼95Mya.

The historical biogeography of the backbone of the family indicates that
it has persisted in Indo-Malaysia throughout its history, with at least
three movements to the New World in Ternstroemia (from the Palearctic
or Indo-Malaysia), Euryodendron (from a joint Indo-
Malaysian+Nearctic distribution) and Frezeria (from Indo-Malaysia).

4.2.8. Historical biogeography of Theaceae
Stem Theaceae originated in Indo-Malaysia ∼102Mya and subse-

quently moved to an Indo-Malaysian or Indo-Malaysian+Nearctic
distribution at the crown of the family ∼63Mya. This crown age esti-
mate is markedly different from the estimate of 49Mya by Li et al.
(2013a) and 42.4Mya by Zhang et al. (2014). In addition to topological
differences relative to Li et al. (2013a) regarding relationships among
tribes Theeae, Gordonieae, and Stewartieae, there are also problems
with chronogram estimation in these studies. The calibrations of Li
et al. (2013b) are too strictly enforced, and Zhang et al. (2014) do not
include the MRCA of all Camellia in their tree despite attempting to
place a calibration point at the crown of the genus. In both cases, al-
lowing a less strict age in their calibration would result in an older
crown age for the family. Our estimate for the topology of Theaceae and
crown age for the family is nearly in agreement with the estimate of
53–60Mya, and well within the 95% HPD of Yu et al. (2017).

The biogeographical reconstruction of the origin of the family in Li
et al. (2013b) is comparable to this study. The probability of a shared
Indo-Malaysian/Nearctic distribution is clearly the result of North
American Stewartia sister to the remainder of the genus. Stewartia itself
has been a “classic” example of a vicariance pattern between North
America and Eastern Asia. However, molecular data has challenged this
view (Prince, 2002). Our reconstruction is ambiguous as to the exact
biogeographic scenario of Stewartia. However, two vicariant events, one
giving rise to S. rostrata+ S. malacodendron and another giving rise to
S. ovata, are much more likely than dispersal, though support for re-
lationships within this clade are low.

The backbone of Theaceae is clearly Indo-Malaysian in origin. Our
ARE suggests the distribution of Laplacea in the Neotropics is the result
of long distance dispersal from Indo-Malaysia ∼20.5Mya. The origin of
tribe Theeae in Indo-Malaysia appears inconsistent with Eocene fruits of
Gordoniopsis polysperma from North America, broadly assigned to tribe
Theeae in this study (Grote and Dilcher, 1992). However, given the
multiple arrivals of Theaceae into the New World, it seems possible that
Theaceae may have arrived in North America at yet another time and
that Gordoniopsis polysperma represents an extinct lineage.

4.2.9. Historical biogeography of styracoids
The styracoids began to diversify ∼99Mya in Indo-Malaysia. This

date is consistent with the estimate of 80–94Mya in Fritsch et al.
(2015). The AR of stem and crown Diapensiaceae+ Styracaceae may
have originated in the Nearctic (highest probability), Indo-Malaysian,
or a combined area. However, both stem and crown Diapensiaceae
clearly occupied the Nearctic, with the crown of the family dating to
∼60Mya, slightly younger than the ∼65Mya estimate of Hou et al.
(2016), but well within the 95% HPD (though their tree topology is

problematic). The distribution of the eastern North American endemic
Shortia galacifolia appears to be the result of a vicariant event from a
Nearctic+ Palearctic ancestor ∼12Mya.

While the ARE for stem Styracaceae is clearly Indo-Malaysian, the
AR of the crown of Styrax is problematic. Fritsch et al. (2001), with
limited taxonomic sampling and no temporal context, suggested a
Eurasian origin for the family. It is unclear what concept of Eurasia
Fritsch et al. (2001) used, so our Indo-Malaysian origin may or may not
be consistent with this result. Inference of the AR of Styrax itself seems
to be confounded by low support for infra-generic relationships
(Fritsch, 2001; Fritsch et al., 2001) and by geographic heterogeneity
between the Old and New World within these two clades. This geo-
graphic heterogeneity results in our ARE invoking vicariant events from
widespread ancestors to explain the present-day distribution of Styrax.

Stem and crown Symplocaceae both occupied Indo-Malaysia. Our
inferred crown age of 48Mya is consistent with the 48–57Mya diver-
gence time estimate of Fritsch et al. (2015). Crown Symplocos originated
in Indo-Malaysia ∼39Mya, with an age estimate again almost exactly
identical to the estimate of Fritsch et al. (2015). As in Fritsch et al.
(2015), our estimate of the AR for the origin of Symplocos is in the Old
World, although we parse this area out more finely. Fritsch et al. (2015)
inferred movement from Eurasia to North America (including Central
America) along stem Symplocos. However, we find no evidence for a
shift to the New World along the stem. As in Fritsch et al. (2015),
Symplocos (excluding sect. Palura) can be broadly delimited into “New
World” (sect. Hopea and sect. Ciponima) and “Old World” (sect. Lodhra)
clades. However, our interpretation of the historical biogeography of
this distribution differs markedly. Fritsch et al. (2015) argued for a
boreotropical origin of the Neotropical species. However, their analysis
did not include the Australasian S. paucistamenia, which appears to be
nested in a largely New World clade of sect. Hopea and sect. Ciponima.
Consequently, our DECj model suggests an Australasian origin of the
stem of this clade, with subsequent anagenetic movement into a shared
Australasian+Neotropical range 27–18Mya, perhaps via Antarctica

4.2.10. Historical biogeography of sarracenioids
The Nearctic appears to be an important area in the early diversi-

fication of sarracenioids, as both the stem and crown of the group have
the highest probabilities involving this area and Indo-Malaysia. Our
estimate of the crown age of sarracenioids at ∼93Mya is much older
than the divergence estimate of 48.62Mya by Ellison et al. (2012).
Sarracenioids most likely evolved in a shared Nearctic+ Indo-Malay-
sian AR, greatly contrasting with a South American origin proposed by
Ellison et al. (2012). Vicariance between Indo-Malaysia and the
Nearctic is responsible for the split between new world Sarraceniaceae
and Actinidiaceae+Roridulaceae. Crown Sarraceniaceae dates to
∼48Mya, again much older than the estimate of 34.91Mya of Ellison
et al. (2012). Nevertheless, our estimate for the divergence of Sarracenia
and Heliamphora is reasonably similar at ∼31Mya as opposed to
22.76Mya (range 14–32) in Ellison et al. (2012). Ellison et al. (2012)
concluded that vicariance is responsible for the extant distribution of
Sarraceniaceae. Likewise, we find support for the hypothesis that vi-
cariance is responsible for the Nearctic/Neotropical disjunction be-
tween these genera.

Stem Actinidiaceae+Roridulaceae originated in Indo-Malaysia and
subsequently dispersed to the Afrotropics, with a vicariance event
∼80Mya leading to the isolation of Roridulaceae in South Africa.
Again, this is consistent with Ellison et al. (2012) although they inter-
preted it as a South American/South African disjunction as opposed to
an initial Afrotropics/Indo-Malaysian disjunction as proposed in this
study.

Crown Roridulaceae is only ∼20Mya, much younger than the re-
cently described 35–47Mya roridulaceous fossil from Russia (Sadowski
et al., 2015). While our biogeographical inference based on distribution
of the extant Roridulaceae provides no evidence of a Palearctic dis-
tribution along the stem of the family, it is certainly possible that the
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family may have extended into more northern areas during the Eocene,
especially given the northern hemisphere distribution of portions of
Actinidiaceae and strong connections between these two landmasses in
other ericalean groups such as Erica and Ebenaceae.

Actinidiaceae arose in Indo-Malaysia ∼48Mya, with
Actinidia+ Clematoclethra remaining in the ancestral range with several
slight northward extensions into the Palearctic within Actinidia. Stem
Saurauia originated in Indo-Malaysia but had dispersed to a pan-south
Pacific distribution by the crown of the genus ∼15Mya. The present
day amphi-Pacific distribution of the genus appears to be a result of
vicariance with an Indo-Malaysian+Australasian and a Neotropical
clade, so movement via an Antarctic land bridge is possible.

4.2.11. Historical biogeography of ericoids
Crown ericoids and stems and crowns of all three families in this

clade (Clethraceae, Cyrillaceae, Ericaceae) clearly originated in the
Nearctic. The emergence of the stems of all families occurred within a
short time between 98 and 90Mya. This is consistent with the large
number of Late Cretaceous fossils in North America assigned to the
crown or stem groups of this clade (Crepet et al., 2013; Martínez et al.,
2016; Nixon and Crepet, 1993; Schönenberger et al, 2012). The bio-
geographical history of Clethra, especially in the Old World, appears
complex. Lack of phylogenetic support due to incomplete molecular
data likely contributes to this uncertainty (Fior et al., 2003). Specifi-
cally, the placement of C. ferruginea as sister to the remainder of the
genus instead of within larger clade of Neotropical section Cuellaria
complicates the ARE of the genus. Nevertheless, it appears that the
present day distribution of Clethra is due to vicariance, with uncertainty
as to how widespread the ancestor of the genus was. The entire back-
bone of section Clethra apparently was represented by a widespread
ancestor and all major clades in this section are the result of vicariant
events, consistent with the widespread fossil record of the genus in the
Miocene of Europe (Fior et al., 2003). The Madeiran endemic C. arborea
and the eastern North America endemics C. acuminata and C. alnifolia
all appear to have originated through independent vicariant events
from widespread northern hemisphere ancestors within the last 10My.
Cown Cyrillaceae retains the Neartic AR of the ericoids, with an age of
∼20Mya. The range of Cyrilla racemiflora has subsequently expanded
southward into the northern Neotropics.

Ericaceae represents the largest extant member of the ericoids, and
indeed the largest family in the entire order. A more detailed survey of
the biogeography of the family is underway (Rose et al., in prep.), so
only the biogeographic history of the major clades will be discussed
here. Kron and Luteyn (2005) suggested a Northern Hemisphere origin
for the family, likely a joint area of Asia and North America. Particu-
larly problematic for reconstruction of the AR of Ericaceae has been a
combination of uncertainty about the relationships at the basal nodes of
the family (discussed above) and the relationship of the East Asian subf.
Enkianthoideae as sister to the remainder of the family. Unfortunately,
clarification of the relationships within Ericaceae in this study, com-
bined with thorough sampling of the closest relatives of the family, has
not helped resolve this problem. Stem Ericaceae clearly originated in
the Nearctic, but the crown of the family may have originated in the
Nearctic or a joint Nearctic+ Palearctic area, with a slightly higher
probability to the former scenario. The backbone of Ericaceae shows a
clear Nearctic ancestral range, as in Kron and Luteyn (2005).

Hileman et al. (2001) suggested that the New World/Mediterranean
distribution of Arbutoideae is the result of a vicariant event at the Pa-
leogene/Neogene boundary (∼23Mya) and supports the Madrean-
Tethyan hypothesis. Here, we corroborate that divergence of Old World
Arbutus is the result of a vicariant event between the Nearctic and Pa-
learctic, but suggest a more complex scenario. The ancestor of the entire
subfamily occupied this wide range, with New World Arbutus origi-
nating from an additional vicariant event. The vicariant event giving
rise to Old World Arbutus occurred around the Paleogene/Neogene
boundary at ∼26Mya.

Stem Vaccinioideae+ Styphelioideae originated in the Nearctic and
dispersed to Australasia to occupy a shared distribution at ∼65Mya;
the divergence of these two subfamilies is due to vicariance. The
Australasian+Patagonian distribution of Styphelioideae, with the
single New World species Lebetanthus myrsinoides, is the result of a vi-
cariant event ∼23Mya, and perhaps invoking an initial Antarctic land
bridge. Within the Ericoideae, Erica arrived in South Africa
∼14–11Mya from an Afrotropical+ Palearctic ancestor, much as E.
arborea, the species sister to South African Erica, is distributed today.
The phylogenetic position of Northeast Asian Bryanthus as sister to
Venezuelan Ledothamnus represents an interesting biogeographical
scenario. This divergence is old (∼62Mya) and appears to represent a
vicariant event from anagenetic dispersal from the Palearctic to
Nearctic (Gillespe and Kron, 2010, 2012). The ARE of the crown of
Rhododendron, excluding section Therorhodion occupied a shared
Nearctic+ Palearctic range and represents anagenetic dispersal from a
Palearctic ancestor.

4.3. Cladogenetic drivers of disjunct tropical distributions

This study within Ericales has demonstrated complex patterns of
distributions between areas. Importantly, within a given landmass,
species of a given clade are often not each other’s closest relatives and
are usually more closely related to geographically disparate species.
This complicates interpretation of disjunct patterns, as multiple pro-
cesses may have led to the current within-region assemblage of species
and movements to a given area have not occurred at a single time.
However, in cases where the divergence time between species showing
this disjunct pattern is> 30Mya, vicariance is always the preferred
explanation for their disjunct distribution (Fig. 5; Fig. 8). Tropical
disjunctions include pantropical, amphi-Atlantic (Afrotropics-Neo-
tropics), amphi-Pacific (Neotropics and Australasia and/or Indo-Ma-
laysia), trans-Indian (Afrotropics and Australasia and/or Indo-Ma-
laysia), and Wallacean (Australasia and Indo-Malaysia). Examination of
the temporal patterns of tropical distributions highlights that drivers of
these disjunct tropical distributions are heterogeneous within Ericales
(Fig. 8). Nevertheless, several trends emerge: (1) vicariance has been a
driver of tropical disjunctions in deeper time but vicariant events have
continued to be important in shaping extant diversity well into more
recent times. (2) Pantropical disjunctions are usually the result of
founder events (jump dispersal). (3) Wallacean disjunctions are always
the result of vicariance, not jump dispersal.

4.4. Shifts in speciation rate within Ericales

Shifts detected in this study largely corroborate smaller-scale studies
on diversification in the order, but also refine the location of these shifts
and put them in an ordinal-level context. Previously, de Vos et al.
(2014) detected three shifts in speciation rate in Primulaceae subf.
Primuloideae: one in European/American Androsace+Douglasia (also
detected in Roquet et al., 2013) and two in Primula s.l.: one at the crown
of the genus and one in Soldanella. We also detect the shift in European/
American Androsace, but suggest the shift in diversification within
Primula is not as spectacular when the diversity in subf. Myrsinoideae is
more accurately accounted for by increasing taxonomic sampling.
While we do detect shifts in Primula (see below), we place a shift in
speciation rate close to the crown of Myrsinoideae+Primuloideae.
Within Ericaceae, Schwery et al. (2015) detected six increases in spe-
ciation rate, though they noted uncertainty in placing some of them
based on limited taxonomic sampling. As with Primulaceae, we again
detect these shifts but more accurately place them. Moreover, we detect
additional shifts within clades. Specifically, we note that (1) within
Erica, while a shift does occur along the stem of the genus, the most
dramatic shift occurred after movement into Africa. Several subsequent
shifts occurred within South Africa (as in Pirie et al., 2016) and (2)
three additional shifts are noted in subf. Styphelioideae other than
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within tribe Richeeae.
Our diversification rate through time plots (Fig. 7), in which an

increase in speciation rate at the level of the entire order 70–60Mya is
evident, further highlights the general trend of a post-Cretaceous in-
crease in speciation rates within angiosperms (Antonelli et al., 2015).
One of the most important takeaways from our diversification analysis
is that most of the shifts in speciation rate responsible for the extant
diversity in Ericales are relatively recent. Of the 70 detected shifts in
speciation rate in the best shift configuration, only 18 are older than the
Eocene/Oligocene boundary (∼34Mya). In particular, we emphasize
the sharp spike in branch-specific speciation rates in the Early-Middle
Miocene as detected in our BAMM analysis (Fig. 6) and also on a tree-

wide scale in our CoMET analysis, although evidence for this is weak in
our CoMET analysis. One limitation of CoMET analyses is that only a
tree-wide sampling probability for extant tips can be provided. The
analysis therefore assumes random sampling of extant tips, an as-
sumption that is undoubtedly violated in our phylogeny. BAMM, on the
other hand, does not assume this and allows the user to specify a clade-
specific sampling fraction. Therefore, our CoMET analysis may be un-
derstating the strength of evidence for a tree-wide shift during the
Early-Middle Miocene.

Ericales appears to have a relatively low rate of species formation
during its early history, despite short branch lengths. This is reflected in
the early branching pattern of many extant families (e.g. Ebenaceae,
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Lecythidaceae, Sapotaceae, Symplocaceae) where major clades are on
long branches. Furthermore, this basal divergence is represented by
species-poor clades sister to species-rich clades. In addition, branch
lengths along the species-rich clade are also oftentimes short.
Therefore, despite ancient, short branches along the backbone of the
order, our BAMM analysis suggests that the most rapid speciation rates
have occurred later in the history of the order, after ∼50Mya, at the
time of formation of most higher-level interfamilial clades.

Within the balsaminoids, Marcgraviaceae and Balsaminaceae both
show increases in speciation rate. Marcgraviaceae is generally hum-
mingbird and bat pollinated (Dressler and Tschapka, 2002), which may
facilitate high rates of speciation via reproductive isolation as a result of
specialized reproductive strategies. Impatiens is one of the larger genera
of flowering plants with ca. 1,000 species and greatly exceeds the
species diversity of its closest relatives Tetrameristaceae (3 spp.) and
Hydrocera (1 sp.). It is therefore not surprising that we detect a shift in
speciation rate along stem Impatiens. In addition, we detect an addi-
tional shift in sect. Uniflorae. Janssens et al. (2009) similarly detected
increased rates of net diversification within the genus. Janssens et al.
(2009) ascribed this change to climatic changes during the Pliocene. As
mentioned above, their divergence dates within Balsaminaceae are
much younger than ours and both of our detected shifts in speciation
rate are pre-Pliocene. This suggests that speciation as a result of cli-
matic changes during the Pliocene is not the best hypothesis for ex-
plaining extant diversity in the genus.

Shifts along the stem of Lecythidaceae excluding subf.
Napoleonaeoideae, stem Polemoniaceae, stem Sapotaceae excluding
Sarcosperma and Eberhartia, and two separate but temporally similar
increases in Diospyros, seem to suggest a repeating pattern of small,
species-poor clades on long branches sister to larger clades. It is unclear
if any morphological aspects may have triggered these changes in
speciation rate.

Within Sapotaceae, we detected five shifts in speciation rate. A shift
in the New Caledonian Pycnandra clade appears to be associated in part
with geographic endemism. However, the diversifications of the
Madhuca and Payena clades in Indo-Malaysia and theManilkara clade in
the Afrotropics appear unrelated to geography.

Within Diospyros (Ebenaceae), geography appears to have played a
large role in diversification. Of the five shifts in speciation rate in the
genus, two appear correlated with diversification in insular systems:
one in a clade of species largely endemic to Mauritius, and two in clades
of New Caledonian taxa, including the clade recently studied by Turner
et al. (2013) and Paun et al. (2016). Paun et al. (2016) suggested this
clade adaptively radiated as a result of edaphic factors.

Within Primulaceae, the increases in speciation rate in Maesa may
be due to taxonomic confusion more than anything else, with most
authors giving very approximate estimates of species diversity (cf.
Utteridge and Saunders, 2004). Furthermore, with genetic sampling of
only ten (out of 150–200) species, it is unclear if the detected shift is
appropriately placed within the genus. Maesa has at least partially di-
verged in sexual system with both unisexual and hermaphroditic spe-
cies (Utteridge and Saunders, 2001). While it is also currently unclear
where unisexuality has evolved within the genus, it is possible with
more taxonomic sampling that the shift in speciation rate in this genus
will coincide with the evolution of unisexuality. Within the remainder
of Primulaceae, we detected a shift at the crown of Myrsinoi-
deae+Primuloideae. Within Myrsinoideae the species-poor clade
formed by monotypic Coris and Stimpsonia shows a decrease in spe-
ciation rate. The highest rates of speciation within Primulaceae occur
within Myrsinoideae tribes Ardisieae and Myrsineae (Källersjö et al.,
2000). Specifically, these shifts occur in Myrsine s.l. and in Old World
Ardisia. However, as with Maesa, there is a great deal of taxonomic
uncertainty as to the number of species in these clades, so the location
of this shift might change with a better sense of taxonomic limits in
these tribes.

As mentioned above, we fail to detect the shift in speciation rate

along the stem lineage of Primula. In an earlier examination of di-
versification rates within Primula, de Vos et al. (2014) detected a shift in
net diversification near crown Primula and suggested that this shift was
associated with the evolution of heterostyly. We do detect shifts in
speciation rate within Primula, but in two deeply nested clades. These
correspond to Clade V and New World members of Clade II in Mast
et al. (2001). A significant number of species in these clades are
homostylous (Mast et al., 2001), so it may be that loss of heterostyly in
these clades is driving diversification, Another possibility is that eco-
logical opportunities afforded by expansion into the Nearctic has fa-
cilitated speciation in some lineages of this clade.

Of five increases in speciation rate within Pentaphylacaceae, the
oldest increase occurs along the stem of Ternstroemia. This is not asso-
ciated with any change in ancestral range, but Luna and Ochoterena
(2004) suggested that this clade is unique in the family in having
punctate leaves and seeds with a sarcotesta. It is possible that the
evolution of a sarcotesta facilitated within-realm seed dispersal and
seedling establishment. One of the other major diversification events
within Pentaphylacaceae, although recent, occurs in the Eurya+ Fre-
zieria clade. Luna and Ochoterena (2004) did not recover these genera
as monophyletic based on morphological data, but examination of
apomorphic character states for each genus suggests that both are
characterized by the evolution of unisexual flowers, which may have
driven increased speciation in this group.

One of the rare cases of a detected shift along the stem lineage of an
entire ericalean family occurs in Theaceae. However, this shift may or
may not involve a shift in geographic range, and comparative mor-
phological studies are needed to determine if any morphological
characters may have spurred diversification in this group. Within
Theaceae, we detected a shift within tribe Theeae along the stem
Camellia+ Pyrenaria clade, which contains most of the species diversity
in the tribe and family. Yu et al. (2017) also detected a shift along the
stem to this lineage. Prince and Parks (2001) discussed several potential
reasons for this increase in species richness. One possible synapo-
morphy for these two genera is the presence of semi-fleshy capsules.
The evolution of this trait may have led to increased dispersal ability
via biotic vectors, as with Ternstroemia, and is a possible reason for the
increased species richness in this group.

One shift in speciation rate occurs within Styracaceae along stem
Styrax. Fritsch (1999) discovered eight potential synapomorphies for
Styrax. Most involved gynoecial traits, but they also included the dis-
persal-related traits such as the presence of fleshy mesocarp in the fruit
and a thickened seed coat. These traits, in addition to the drupaceous
fruit, suggest adaptations to biotic dispersal may have spurred in-
creased rates of speciation in the genus.

We detect two increases in speciation rate in Symplocaceae at the
crowns of both large clades of Symplocos: sect. Hopea+sect. Ciponima
and sect. Lodhra. Again, this is a case of a small clades (2–3 species in
Cordyloblaste+ Symplocos sonoharae) sister to a large radiation of∼300
species. Neither of these shifts appears associated with geographical
range shifting. Given the morphological variability present in Symplocos
in terms of androecium arrangement, sexual condition, and pollinator
reward (Fritsch et al., 2008), more detailed studies are needed to de-
termine what morphological features, if any, are responsible for these
two increases in speciation rate. Within sarracenioids, we detect four
increases in speciation rate. The oldest increase is in Sarraceniaceae at
the crown of Heliamphora+ Sarracenia. As noted above, this corre-
sponds to a range expansion into the Neotropics. Within Actinidiaceae
the oldest shifts occur separately along the stem lineages of Acti-
nidia+ Clematoclethra and Saurauia. None of the mapped characters in
Löfstrand and Schönenberger (2015b) are synapomorphies for either
clade, so these characters cannot be implicated as reasons for the in-
crease in speciation rate in these clades. One important factor to con-
sider is the issue of species delimitation in these genera, especially
Saurauia, of which the vast majority of species in the genus (ca. 170/
250) occur in Southeast Asia. These Old World species of Saurauia have
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no comprehensive monographic treatment (Hunter, 1966; Soejarto,
1969). Actinidia and Saurauia both exhibit complex sexual systems
(Soejarto, 1969; Chat et al., 2004) and also have fleshy fruits, though it
is unclear if dioecy is homologous or homoplastic in the family. In
addition, these genera are most abundant in high-elevation areas (Li
et al., 2007; Soejarto, 1969) where geographically induced re-
productive isolation may occur. All or some of these traits may be re-
sponsible for the increased rates of speciation that we detect. A plurality
of detected shifts in speciation rate occurs within Ericaceae, which
contains about one-third of the entire species diversity in the order. A
total of 22 shifts in speciation occur in this family including in the
hyper-diverse genera Erica (six shifts) and Rhododendron (two shifts).
One of the more ancient radiations exhibiting a shift in speciation rate
occurs in Vaccinioideae excluding Oxydendrum. However, it is unclear
what, if any morphological traits may have spurred diversification on
these branches, as few traits distinguish Vaccinioideae (Kron et al.,
2002). The much more numerous recent radiations in Ericaceae may
coincide with diversification of floral traits (Kriebel et al., in prep.).
Overall, our BAMM, and to some extent CoMET results highlight the
importance of post-Cretaceous, and especially Early-Middle Miocene
speciation events on shaping extant diversity in the order. In addition,
our results lay a framework for exploring how morphological or geo-
graphic features contributed to the diversification of lineages, and here
provide some hypotheses to examine, particularly relating to the evo-
lution of atypical sexual systems or means of dispersal via biotic factors.

5. Conclusions

Here, we provide a new, comprehensive time-calibrated phylogeny
of the order Ericales based on a summary of the extant molecular data
for the order. Our results corroborate previous findings and resolve
previously ambiguous relationships, but they also underscore the dif-
ficulty of confidently inferring the phylogeny of the order along its
ancient backbone. To what extent taxonomically representative se-
quencing of both plastomes and multiple nuclear loci will help eluci-
date these currently obscured relationships remains an open question.
However, this phylogenetic and biogeographic study provides a fra-
mework for formulating and testing hypotheses regarding morpholo-
gical evolution in this phenotypically diverse order. This framework
will be useful for investigating hypotheses at both the whole-order and
familial level and, importantly, this study provides the phylogenetic
context needed to more systematically investigate driving factors be-
hind observed increases in speciation rate within this clade.
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