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Ochnaceae is a pantropical family with multiple transoceanic disjunctions at deep and
shallow levels. Earlier attempts to unravel the processes that led to such biogeographic
patterns suffered from insufficient phylogenetic resolution and unclear delimitation
of some of the genera. In the present study, we estimated divergence time and
ancestral ranges based on a phylogenomic framework with a well-resolved phylogenetic
backbone to tackle issues of the timing and direction of dispersal that may explain
the modern global distribution of Ochnaceae. The nuclear data provided the more
robust framework for divergence time estimation compared to the plastome-scale data,
although differences in the inferred clade ages were mostly small. While Ochnaceae
most likely originated in West Gondwana during the Late Cretaceous, all crown-
group disjunctions are inferred as dispersal-based, most of them as transoceanic
long-distance dispersal (LDD) during the Cenozoic. All LDDs occurred in an eastward
direction except for the SE Asian clade of Sauvagesieae, which was founded by trans-
Pacific dispersal from South America. The most species-rich clade by far, Ochninae,
originated from either a widespread neotropical-African ancestor or a solely neotropical
ancestor which then dispersed to Africa. The ancestors of this clade then diversified in
Africa, followed by subsequent dispersal to the Malagasy region and tropical Asia on
multiple instances in three genera during the Miocene-Pliocene. In particular, Ochna
might have used the South Arabian land corridor to reach South Asia. Thus, the
pantropical distribution of Ochnaceae is the result of LDD either transoceanic or via
land bridges/corridors, whereas vicariance might have played a role only along the stem
of the family.

Keywords: boreotropics, historical biogeography, Malpighiales, land bridges, molecular clock, phylogenomics,
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INTRODUCTION

Dispersal is amongst the most important biogeographical
mechanisms shaping the distribution of plant species. In
transcontinental range disjunctions, long-distance dispersal
(LDD) has even become the more plausible a priori assumption
compared to vicariance (de Queiroz, 2005; Renner et al., 2010;
Christenhusz and Chase, 2013). Over the years, molecular
divergence time estimations revealed that many disjunctions in
angiosperms are simply too young to be explained by vicariance,
including some of the iconic examples of Gondwanan vicariance
such as the southern temperate Nothofagaceae and Proteaceae
(Weston and Crisp, 1994; Knapp et al., 2005; Barker et al., 2007).
Thus, vicariance is often confined to family level disjunctions,
while at genus-level they are mostly inferred as dispersal-based
(Renner, 2004).

If vicariance fails to explain transoceanic disjunctions, such
distributions can be attributed either to dispersal via land
connections between continents or direct dispersal across
oceans. The latter may have been facilitated by island chains
between continents (stepping-stone dispersal; e.g., Morley, 2003;
Harbaugh and Baldwin, 2007; Kainulainen et al., 2017; Ahlstrand
et al., 2019) and can be achieved by transport of diaspores
in water (e.g., Gallaher et al., 2015), by wind (Muñoz et al.,
2004) or animals (e.g., Nogales et al., 2012; Viana et al., 2016)
or by rafting of seeds or plants on floating islands (Renner,
2004; van Duzer, 2004). There are many examples of pantropical
distributions with trans-Pacific (e.g., Hernandiaceae, Michalak
et al., 2010; Monimiaceae, Renner et al., 2010), trans-Atlantic
(e.g., Leguminosae, Lavin et al., 2004; Sapotaceae, Bartish et al.,
2011; Clusiaceae, Ruhfel et al., 2016; Melastomataceae, Veranso-
Libalah et al., 2018) or dispersal across the Indian Ocean (e.g.,
Arecaceae, Baker and Couvreur, 2013; Rubiaceae, Kainulainen
et al., 2017). We might expect some bias in the direction
of transoceanic dispersal due to the predominant wind and
sea currents (Renner, 2004; Ali and Huber, 2010), albeit over
geological times such dispersal seems to have occurred in all
directions across angiosperms (e.g., Renner, 2004; de Queiroz,
2005; Crisp et al., 2009; Christenhusz and Chase, 2013). However,
more data are needed to reveal potential patterns across time
strata and regions.

Besides direct transoceanic LDD, floristic interchange was also
available via land connections, including routes that involved
migration via the North Atlantic land bridge (NALB; e.g.,
Tiffney, 1985) and the Beringian land bridge (BLB, Tiffney
and Manchester, 2001). The first connected Europe with North
America at 45–50◦ northern latitude and existed during a short
period around the Paleocene-Eocene boundary some 55 million
years ago (Ma) (Tiffney, 1985; Morley, 2003). This was also the
time of the Late Paleocene Thermal Maximum and Early Eocene
Climatic Optimum when tropical elements existed at high-
latitudes in the so-called boreotropical region. Thus, migration
of (sub) tropical and warm-temperate plant species across the
NALB was feasible during this period (>65 Ma to ca. 47 Ma; Dick
and Pennington, 2019) and used to explain distributions such
as in Leguminosae (Lavin and Luckow, 1993), Malpighiaceae
(Davis et al., 2002), Meliaceae (Muellner et al., 2006), Rubiaceae

(Antonelli et al., 2009; Smedmark et al., 2010), and Sapotaceae
(Bartish et al., 2011). The BLB, in turn, was available for the
dispersal of terrestrial organisms for a much more extended time
from the Early Paleogene to the Pliocene. However, it remains
doubtful whether this route was used by tropical elements due
to its position at much higher latitudes with climatic conditions
having been most likely unfavorable for megathermal species
(Tiffney and Manchester, 2001).

The pantropical Ochnaceae (Malpighiales), which is the focus
of this study, exhibit interesting geographical patterns that are
largely expected to originate from LDD given the previous
age estimates for the family (e.g., Xi et al., 2012; Schneider
et al., 2017). Disjunct distributions in the family occur across
all taxonomic ranks from the subfamily to species level, as well
as remarkable differences in species diversity within clades and
across continents (Amaral and Bittrich, 2014; Schneider et al.,
2014). For example, the monotypic subfamily Medusagynoideae
is endemic to the Seychelles, whereas Quiinoideae (4 genera,
46 spp.; Schneider and Zizka, 2016, 2017) are neotropical and
Ochnoideae pantropical (29 genera, without accounting for
the necessary nomenclatural changes in the poly-/paraphyletic
Campylospermum Tiegh. and neotropical Sauvagesia L.; ca.
500 spp.; Amaral and Bittrich, 2014; Schneider et al., 2020,
2021). The latter is subdivided into four tribes (Schneider
et al., 2014), with the monotypic Testuleeae confined to tropical
Africa, Luxemburgieae being endemic to the Neotropics, and
Sauvagesieae and Ochneae being pantropical. Sauvagesieae is the
largest tribe in terms of number of genera and is predominantly
neotropical, but also contains a SE Asian clade and one African
endemic, the monotypic Fleurydora A.Chev. At the genus
level, we observe four transoceanic disjunctions, three with
an African-Malagasy-Asian distribution (Brackenridgea A.Gray,
Campylospermum s.l., Ochna L.; all in subtribe Ochninae) and
one with an American-African distribution [Sauvagesia s.l.; only
one African species plus the weedy S. erecta L. occurring in the
Neo- and Paleotropics, most likely introduced to the Old World
by human transport (Amaral and Bittrich, 2014)]. Ochninae is
by far the most species-rich clade, uniting about two thirds of
the family’s diversity, and among Ochnoideae it is the only one
with fleshy, conspicuous diaspores (in addition to the species-
poor Malesian Euthemis Jack which has also fleshy but white
fruits). All other genera of this subfamily have dry, partially also
winged diaspores. Thus, dispersal capacity varies with fruit and
seed morphology in Ochnaceae and most likely had some impact
on the biogeography.

An earlier attempt to unravel the historical biogeography
of Ochnaceae (Bissiengou, 2014) provided first insights into
the timing of divergence events and the roles of vicariance vs.
LDD. According to that study, Ochnaceae originated in the
Neotropics and dispersed to the Old World on multiple instances
using the NALB as well as transoceanic LDD. However, these
inferences were based on a molecular dataset with insufficient
resolution along the phylogenetic backbone of the family,
particularly regarding some of the earlier divergence events in
Sauvagesieae and among Ochninae, thus leaving unanswered
biogeographically important questions such as how and in
which direction LDD influenced the radiation of Ochninae.
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Moreover, the infrageneric sampling was insufficient to infer the
ancestral range for several genera with disjunct distributions,
including those for which delimitation and monophyly were
unclear. Recently, phylogenomic studies based on nuclear loci
and plastome data (Schneider et al., 2020, 2021) and by far with
the most complete taxon sampling to date provided the required
framework for tackling questions about the spatiotemporal
diversification of Ochnaceae. Thus, the aim of this study is to
obtain estimates of divergence time for Ochnaceae to uncover
the ancestral range, the mechanisms that have guided its extant
pantropical distribution, and the direction of its dispersal at deep
and shallow times.

MATERIALS AND METHODS

Taxon and Molecular Sampling
We used our previously published datasets obtained from
target enrichment of nuclear loci and indirectly captured near-
complete plastid genomes based on an Ochnaceae-specific bait kit
(Schneider et al., 2020, 2021; Shah et al., 2021) but used a reduced
taxon set to include only representative taxa that were needed for
addressing our biogeographical questions. Reducing the number
of taxa also facilitated the divergence time estimation, with far less
computational time required for reaching convergence during
the analyses (see below). We selected representative species of
all genera of Ochnaceae following the most recent classification
of Ochnaceae (Schneider et al., 2014). All non-monotypic tribes
within Ochnoideae as well as the subfamilies are represented by
a similar proportion of species (ca. 10%; Sauvagesieae with 25%
but also with the highest number of genera). For species-rich
genera or genera occurring in more than one biogeographical
area as defined below, we included representatives of each
major clade or area (Supplementary Table 1). This also refers
to Campylospermum s.l. and Sauvagesia s.l. which were shown
to be poly-/paraphyletic in recent studies (Schneider et al.,
2020, 2021), both still with the necessary nomenclatural changes
pending. In Campylospermum, only Clade B sensu Schneider
et al. (2020) has a disjunct distribution in the present study.
We created two datasets, one based on 46 nuclear loci from the
family wide “FAM” dataset of Schneider et al. (2020; Philacra
Dwyer, Quiina Aubl., and Rhytidanthera Tiegh. lacking), the
other one for the plastome data (Rhabdophyllum Tiegh. lacking).
Both comprised 59 species each including one outgroup but
with slightly different species composition. Some species were
represented by different individuals because of excessive missing
data in one of the datasets (as outlined in Schneider et al.,
2020, 2021; Supplementary Table 1). The nuclear alignment
comprised 77,940 bp and the plastid alignment 117,923 bp. The
latter was additionally used with sites removed at a 10% gap
threshold, which had an alignment length of 33,636 bp. The above
mentioned genera missing in the datasets are not expected to
influence the outcome of the biogeographic analysis because they
are nested in clades without variation in the here defined major
geographical areas (see below). Molecular methods from DNA
extraction to sequencing and assembly followed Schneider et al.
(2020, 2021).

Divergence Time Estimation
We simultaneously inferred phylogenetic relationships and
divergence times using a Bayesian Markov chain Monte Carlo
approach as implemented in BEAST v2.48 (Bouckaert et al.,
2014). The analyses were run separately for each dataset. The
DNA sequence alignments were loaded into BEAUti with the
site models linked, thereby allowing for the convergence of the
analyses. Schneider et al. (2020) also demonstrated that both a
supermatrix and multispecies coalescent analysis, respectively,
converged on similar species trees. We used a GTR + gamma
substitution model with four gamma categories and the rates
estimated. We selected an uncorrelated relaxed clock with
a lognormal distribution. A birth-death speciation prior was
specified with the speciation rate parameter set to a range
of 0–10,000 and the relative death rate to 0–1, both with a
uniform distribution (e.g., Jin and Brown, 2018). The ucld.mean
was set as a uniform prior allowing for a range of reasonable
substitution rates in plants (0.000001–10) as recommended by
S. Ho in Schuster et al. (2013). BEAST analyses were run on the
CIPRES Science Gateway v3.3 (Miller et al., 2010) and XSEDE
(Towns et al., 2014). Convergence of the runs and the effective
sample sizes (ESS) were examined in Tracer v1.7 (Rambaut
et al., 2018) after discarding the initial 20% of the generations
as burn-in. The analyses were run for up to 400 million
generations until the ESS were > 200 (for the nuclear dataset
achieved after combining two independent runs). Mean node
ages with their 95% highest posterior density (HPD) intervals
were summarized and a maximum clade credibility (MCC) tree
generated with TreeAnnotator.

In the absence of suitable fossils of Ochnaceae (for the
reasoning why the published fossils assigned to Ochnaceae were
not used, see Supplementary Material 1), the calibration of
the molecular clock was achieved by setting three secondary
calibrations for the crown group nodes of Ochnaceae (77.8 Ma,
CI = 90.1–60.5 Ma), Ochnoideae (53.0 Ma, CI = 72.4–38.9 Ma)
and Quiinoideae (18.1 Ma, CI = 38.7–4.3 Ma) based on the study
of Xi et al. (2012) which included 11 species of Ochnaceae and
16 fossil calibrations across Malpighiales. Multiple simultaneous
secondary calibrations accommodate better the uncertainty in
age estimation (Sauquet et al., 2011; Sauquet, 2013; Schenk,
2016). The standard deviations of the secondary calibrations were
chosen to mirror the CIs (i.e., 95% HPD) of the corresponding
nodes in Xi et al. (2012) as recommended by Hipsley and
Müller (2014). We chose a normal distribution for the secondary
calibrations to reflect an equal distribution of the uncertainty
across the mean age values.

We assessed the uncertainties in age estimates in the MCC
trees of each dataset using infinite-sites plots (Yang and Rannala,
2006; Inoue et al., 2010). Infinite-sites plots compare node ages
with the width of their associated 95% confidence interval and
are a means to evaluate if the uncertainty in age estimates is
due to insufficient DNA sequence data or due to calibration of
the molecular clock (dos Reis et al., 2016). Given an infinite
amount of sequence data, the points are expected to fall onto a
straight line, thus showing a strong correlation. In such cases,
the uncertainties in the posterior time estimates are largely
due to uncertainties in the calibration. We used BEASTmasteR
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(Matzke, 2015) for extracting and plotting the mean ages and the
width of the 95% HPD from each MCC tree and linear regression
for statistics and fitting a regression line.

Ancestral Range Estimations
We estimated the ancestral geographical ranges of Ochnaceae
using the maximum-likelihood approach implemented in
BioGeoBEARS (Matzke, 2013a,b). An unconstrained dispersal-
extinction-cladogenesis (DEC; Ree and Smith, 2008) model was
used as well as a likelihood variant of the dispersal-vicariance-
analysis (DIVA-like; Ronquist, 1997) with the maximum number
of areas set to two. We initially also ran the BAYAREA-
LIKE model, which is a simplified likelihood interpretation of
the original full Bayesian model implemented in the BayArea
program (Landis et al., 2013). However, model fit of BAYAREA-
LIKE was poor, so we did not include it for further inferences.
We refrained from using the implemented DEC+J model, which
emphasizes “jump dispersal,” and statistical comparisons because
of fundamental flaws as outlined in Ree and Sanmartín (2018).
The estimations were performed with the almost fully supported
MCC tree obtained from the divergence time analysis with
the nuclear dataset only (with the outgroup pruned) because
both the nuclear and plastid trees, respectively, inferred similar
relationships and divergence times. Species were assigned to four
geographical regions based on the global patterns of endemism in
Ochnaceae: Neotropics (A), Africa (B), the Malagasy region (incl.
Madagascar, the Seychelles, Comoros, Mascarenes; C), and Asia
(incl. Malesia and tropical NE Australia; D). We inferred LDD
events by visualizing changes in the most likely ancestral range
between nodes on the MCC tree.

RESULTS

Divergence Times
Differences in age estimates between the three datasets
(nuclear, plastid, trimmed plastid) are moderate (Table 1
and Supplementary Figures 1–3). The plastid dataset with
gap-based trimming generally inferred slightly younger age
estimates for the selected 14 clades compared to the un-trimmed
plastid dataset (mean difference = 1.8 ± 1.3 Ma; Supplementary
Tables 2, 3). Comparing all three datasets, the mean differences
between the minimum and maximum age estimates for the
crown groups across the selected clades was 3.6± 2.7 Ma, for the
stem groups 3.4± 1.7 Ma. The strongest difference was observed
for Luxemburgia A.St.-Hil. (10.9 Ma; Table 1). The infinite-sites
plots (Supplementary Figure 4) reveal a stronger correlation
between the posterior mean ages and the width of their 95% HPD
for the nuclear dataset (R2 = 0.85) than for the plastid datasets
(R2 = 0.76 for the untrimmed and R2 = 0.74 for the trimmed),
thus indicating that adding more DNA sequence data is less
likely to increase the precision of posterior age estimates in the
nuclear relative to the plastid datasets, although all three would
still benefit from more sequence data. Conversely, the slope (w)
is slightly lower for the nuclear dataset (w = 0.44) than for the
plastid datasets (w = 0.45 and 0.49, respectively), which means
that the uncertainty in age estimates increases more slowly with

increasing divergence time in the nuclear dataset. Given the
indicators from the infinite-sites plots and the overall moderate
differences between the datasets, we refer below to the divergence
times obtained with the nuclear dataset.

The crown Ochnaceae was dated between 81.1 Ma and
57.2 (HPD; mean: 68.9 Ma), which is the temporal origin
of Ochnoideae and the lineage comprised by the most
recent common ancestor (MRCA) of Medusagynoideae and
Quiinoideae. The stem of Luxemburgieae and the MRCA of
Ochneae and Sauvagesieae were dated to 57.4–36.7 Ma (mean:
47.1 Ma), whereas the crown ages of the two major tribes
of Ochnoideae, i.e., Ochneae and Sauvagesieae, were estimated
45.2–25.5 Ma (mean: 35.4 Ma) and 49.3–30.5 Ma old (mean: 39.9
Ma), respectively. Among Sauvagesieae, the biogeographically
important clade that unites Fleurydora, Cespedesia Goudot,
Godoya Ruiz & Pav., and Krukoviella A.C.Sm. (Rhytidanthera not
included in the nuclear dataset) has a crown age of 31.0–13.4 Ma
(mean: 22.0 Ma), and the clade of all SE Asian representatives of
this tribe have a stem age of 31.1–17.8 Ma (mean: 24.5 Ma). The
by far most species-rich clade Ochninae originated at 27.5–15.0
Ma (mean: 20.9 Ma). Brackenridgea and Ochna, two genera of
Ochninae with disjunct distributions between Africa, Madagascar
and Asia, have crown ages of 16.2–7.2 Ma (mean: 11.4 Ma) and
15.1–6.6 Ma (mean: 10.8 Ma), respectively.

Ancestral Geographic Ranges
Both the DEC (AIC: 119.2) and DIVA (AIC: 119.1) analyses
showed a similar model fit to the data and inferred largely
similar ancestral ranges for Ochnaceae. Therefore, we refer
below primarily to the DEC analysis and report from the
DIVA analysis only in case of substantial conflict. According
to the unconstrained estimation of the historical biogeography
under the DEC model (Figure 1), the per-area probabilities
indicate ambiguous or weakly supported ancestral ranges for
the deepest nodes, e.g., the MRCA of Ochnaceae and to
some degree also of Ochnoideae and the clade of Quiinoideae
and Medusagynoideae. Yet there is some support for a
neotropical-African (44%), a neotropical-Malagasy (29%) or a
neotropical origin (20% probability) of Ochnaceae (Figure 1,
node 59). For Ochnoideae and the clade of Quiinoideae
and Medusagynoideae, a widespread neotropical-African or
neotropical-Malagasy distribution is the most probable ancestral
range with 59% and 58%, respectively (Figure 1, nodes 63 and
60). For the shallower nodes, the estimated ancestral ranges
received stronger support with probabilities mostly > 75%
(Supplementary Table 4 for a full list of area probabilities and
Supplementary Figure 5 for the corresponding node numbers).

Within Ochnoideae the two major tribes, Sauvagesieae and
Ochneae, have a neotropical (93%, node 67) and neotropical-
African (77%, node 85) origin, respectively. The deeper nodes
in Ochneae, including the MRCA of Ochninae (99%, node 89),
share a widespread neotropical-African ancestral range. The
cladogenetic event following the origin of Ochninae led to a
neotropical (Ouratea Aubl.) and an African clade, i.e., the MRCA
of the remaining genera of Ochninae. This African clade showed
several range expansions during the Late Miocene to Pliocene
reaching the Malagasy region up to five times independently,
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TABLE 1 | Crown and stem group ages of major clades of Ochnaceae as inferred from divergence time estimation (i.e., the maximum clade credibility trees with mean
heights obtained from BEAST analysis) based on nuclear and plastid genomic data.

Clade name Crown group age (Ma) Stem group age (Ma)

Nuclear Plastid Nuclear Plastid

Mean 95% HPD Mean 95% HPD 1 Mean Mean 95% HPD Mean 95% HPD 1 Mean

Ochnaceae 68.9 57.2–81.1 68.9 57.1–81.5 0 81.6 59.2–107.4 88.0 59.9–126.2 6.4

Ochnoideae 59.7 49.5–70.6 61.8 50.5–72.9 2.1 68.9 57.2–81.1 68.9 57.1–81.5 0

Quiinoideae 22.1 13.0–31.4 21.1 13.1–29.7 1 54.4 37.3–71.5 59.0 42.9–73.7 4.6

Luxemburgieae na* na* 26.7 14.6–38.6 na* 47.1 36.7–57.4 51.0 40.0–62.6 3.9

Sauvagesieae 39.9 30.5–49.3 39.5 29.9–49.5 0.4 43.3 33.5–53.4 47.0 36.3–57.7 3.7

SE Asian Sauvagesieae 20.5 14.5–26.7 20.9 14.4–27.6 0.4 24.5 17.8–31.1 25.4 18.6–32.2 0.9

Fleurydora-Cespedesia clade 22.0 13.4–31.0 27.2 16.7–38 5.2 32.8 22.2–42.8 38.3 29.0–48.0 5.5

Ochneae 35.4 25.5–45.2 35.6 24.5–47.1 0.2 43.3 33.5–53.4 47.0 36.3–57.7 3.7

Ochnineae 18.8 15.0–27.5 21.4 15.6–27.8 2.6 20.9 15.0–27.5 21.4 15.6–28.0 0.5

Ouratea 12.6 8.5–17.0 7.0 3.8–10.7 5.6 18.8 13.3–25.0 21.4 15.6–28.0 2.6

Ochna 10.8 6.6–15.1 15.1 10.5–20.0 4.3 17.0 11.7–22.4 18.2 12.9–23.9 1.2

Brackenridgea 11.4 7.2–16.2 14.5 9.7–19.8 3.1 14.5 10.0–19.7 16.8 11.6–22.4 2.3

Luxemburgia 2.4 0.8–4.6 13.3 5.4–22.5 10.9 na* na* 26.7 14.6–38.6 na*

Sauvagesia s.l. 18.0 12.5–23.8 19.3 13.9–25.2 1.3 22.0 15.9–28.4 23.2 17.3–29.8 1.2

Mean ages are displayed together with their 95% highest posterior density (HPD) intervals, including the differences in mean ages between both datasets (1 Mean). *Not
available (na) because Philacra, the sister group of Luxemburgia, is lacking in the nuclear dataset.

once in Campylospermum, once in Brackenridgea, and two to
three times in Ochna. In each of these genera, there was also
one LDD event from Africa to Asia during the Miocene/Pliocene.
All inferred LDD events were in eastward direction. The only
exception is the clade uniting the SE Asian Sauvagesieae, which
is supposed to have taken a westward route from the Neotropics.
LDD from the Neotropics to Africa also occurred once in
Sauvagesieae during the Miocene (node 69, Figure 1) and once
in the Eocene/Oligocene in Ochneae leading to Lophira Banks ex
C.F.Gaertn (Figure 2).

DISCUSSION

Divergence Time Estimation,
Uncertainty, and Impact on
Biogeographic Inference
Our divergence time analyses show that the nuclear and plastid
genomic sequence data converged on similar age estimates for
deep and shallow nodes and that the bulk of the generic diversity
of extant Ochnaceae emerged during the Oligocene-Miocene.
The latter is consistent with the temporal framework provided
in earlier studies that were based on a much more reduced
molecular sampling (Schneider and Zizka, 2017; Schneider et al.,
2017). However, compared to previous studies, there are some
differences in the stem age of Ochnaceae. We inferred mean
ages of 81.6 (95% HPD: 107.4–59.2 Ma) for the nuclear and 88.0
Ma (95% HPD: 126.2–59.9 Ma) for the plastid data, respectively,
whereas Xi et al. (2012) estimated an age of 101.5 Ma (106.7–
96.4 Ma) for the MRCA of Ochnaceae and the clusioids, and
Magallón et al. (2015) inferred mean stem group ages of 101.7–
92.2 Ma (95% CI: 103.2–83.4 Ma; summarized over different

analyses) for Ochnaceae. In a taxonomically narrower study,
Ruhfel et al. (2016) obtained mean stem group ages of 115.4
and 120.6 Ma (95% HPD: 124.9–104.2 Ma) for the clusioids,
which is the same as for Ochnaceae, depending on where the
fossil Paleoclusia Crepet and Nixon (Crepet and Nixon, 1998)
was placed for calibration. Thus, our study covered the 95%
HPD ranges of these studies but differed in the lower range limit
and the mean age. This reflects some of the uncertainty in our
divergence time estimation, an issue that was tackled for the
biogeographic inference as outlined below.

The first comprehensive molecular phylogenetic analysis of
Ochnaceae was based on five DNA regions with a concatenated
alignment length of about 4 kb (Bissiengou, 2014; Schneider
et al., 2014). In contrast, the nuclear and plastid datasets used
in the present study have alignment lengths between 33 and
117 kb. Benefits from this increased molecular sampling are an
improved phylogenetic resolution (Schneider et al., 2020, 2021)
and a reduced uncertainty in the determination of branch lengths
and relative node ages (Inoue et al., 2010; dos Reis et al., 2016).
According to the infinite-sites plots, the nuclear dataset produced
posterior time estimates with the lowest uncertainty. Despite
the robust phylogenetic framework, uncertainty in absolute
ages predominantly arises from uncertainty in the calibrations.
Generally, fossils provide the most reliable data for the calibration
of a molecular clock, when carefully chosen (Parham et al., 2012),
while secondary calibrations are considered problematic (e.g.,
Graur and Martin, 2004; Sauquet, 2013; Schenk, 2016) and only
acceptable as a last resort when fossils are lacking, such as often
happens with tropical taxa (Sauquet, 2013; Hipsley and Müller,
2014). The major concern with secondary calibrations is that
error associated with the primary calibration is compounded
into them, thus producing age estimates of dubious reliability.
It has been argued that the error is even exacerbated when
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FIGURE 1 | Ancestral range estimation of Ochnaceae. The biogeographic reconstruction under the unconstrained DEC model (max. number of areas = 2;
dispersal = 0.0045, extinction = 0.0023) visualizes multiple LDD events which in part can be linked with putative past land bridges (North Atlantic land bridge,
Afro-Asian land bridge) or stepping-stone dispersal between South America and Africa (vertical bars show the periods when they were supposed to be extant). The
pie charts indicate alternative ancestral geographical ranges and their probabilities. The pie charts on the descendant branches show the ranges immediately after
the speciation event, whereas the pie charts on the nodes display the range changes along branches before the speciation event. Numbers below branches are for
the ancestral range that received that highest probability (only given for selected nodes), numbers above branches correspond to the node numbers in
Supplementary Figure 5 and Supplementary Table 4 containing the complete list of probabilities. Species were assigned to the four distribution areas A to D as
illustrated on the inset map and the respective tip ranges (colored squares with letter codes at tips). The legend below the inset map displays the color codes for
each area, including the area combinations as retrieved in the analysis. The classification system for Ochnaceae is based on Schneider et al. (2014); Lux.,
Luxemburgieae; MED., Medusagynoideae; QUII, Quiinoideae; T., Testuleeae.
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FIGURE 2 | Distribution areas together with the inferred most probable long-distance dispersal (LDD) events of Ochnaceae in Medusagynoideae, Testuleeae, and
Ochneae (A) and Sauvagesieae (B). LDD events and their direction are indicated by arrows; the arrow color indicates the time periods of LDD from old (green,
Paleogene) to mid-term (blue) and young (orange = Miocene/Pliocene) events. The numbers at the arrows correspond to the LDD events leading to (1) Medusagyne;
(2) Testulea; (3) Fleurydora; (4) SE Asian Sauvagesieae; (5) Lophira; (6) African Ochninae; (7) Asian Brackenridgea; (8) Campylospermum serratum; (9) Malagasy
Ochna (multiple LDD); (10) Asian Ochna; (11) Malagasy Brackenridgea and (12) Campylospermum. Sauvagesieae is species-poor in Africa with one LDD event
explaining the distribution of the monotypic Fleurydora (3) in West Africa (the approximate distribution area of Sauvagesia africana is also given on the map, but this
species was not included in the present study; the African occurrences of S. erecta are not indicated). The LDD of the African Ochninae (6) was only inferred by the
DIVA-like model.

secondary calibrations are taken from studies that were based
on single fossil calibration points, as in earlier studies (Graur
and Martin, 2004), or from studies targeting higher taxonomic
levels and more distant taxa, i.e., when rates differ between the
clade of the primary calibration and the study group (Hipsley and
Müller, 2014; Powell et al., 2020). These last points are, however,
considered less relevant sources of error in our study because we
chose the secondary calibration points from an analysis targeting
inter-familial relationships in Malpighiales based on plastome-
scale data and 16 fossils (Xi et al., 2012). Also, the primary
calibration in the clusioid sister group represents a clade of woody
species which are expected to have similar substitution rates as in
Ochnaceae. Ochnaceae are predominantly woody shrubs or small
trees (some taller trees in Brackenridgea, Lophira, and Testulea
Pellegr.) and only a few species of Sauvagesia are herbaceous.
So, we expect little impact on evolutionary rates arising from
differences in generation time (see Smith and Donoghue, 2008).

To account for the increased uncertainty associated with the
secondary calibrations, we set the age priors for the calibration
points to reflect the confidence intervals of the original age
estimates. Hence, we discuss biogeographic scenarios based on
rather broad confidence intervals including some extension that
mirrors the differences in deep and shallow nodes compared to

the ages of nodes in the study of the primary calibrations. For
example, the divergence times for the deepest nodes are slightly
younger (ca. 8–14 Ma) compared to those from previous studies,
whereas more recent ones differ only marginally, but rather tend
to be older compared to previous age estimates. For example,
crown-group Ochneae has an age of ca. 30 Ma in Xi et al. (2012;
therein represented by Elvasia, Lophira and Ochna) but 35.6–33.8
Ma in the present study. The same is observed for Quiinoideae—
one of our calibrated nodes—which are 3–4 Ma older than in Xi
et al. (2012; therein as Quiinaceae).

Discrepancies in divergence times have also recently been
attributed to branch lengths artifacts arising from the acceleration
of substitution rates following the K/Pg mass extinction (Berv
and Field, 2018). Such mass extinction is supposed to lead
to drastically reduced population sizes which entail higher
evolutionary rates. Although angiosperms seem to have been
less affected by the K/Pg mass extinction (Silvestro et al., 2015),
crown-group Ochnaceae began to radiate around the K/Pg
boundary according to the inferred divergence times which may
well be indicative of some prior depletion of generic diversity.
While difficult to reliably assess with the broad confidence
intervals of our divergence time estimates, a significant increase
in origination rates in the aftermath of the K/Pg mass extinction
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would be in agreement with the general pattern observed in
angiosperms (Silvestro et al., 2015).

The Ancestral Range of Ochnaceae
Our reconstruction of the biogeographic history of the
pantropical Ochnaceae revealed a high amount of uncertainty
regarding its ancestral range. However, a neotropical or West
Gondwanan (comprising South America and Africa) origin is
the most likely scenario given the time frame obtained from
molecular dating (Xi et al., 2012; Magallón et al., 2015) and
the likelihoods of a purely neotropical or neotropical-African
ancestral range in the present study. The alternative scenario of a
neotropical and Malagasy origin without Africa is not supported
by geological evidence because the Malagasy region was part of
East Gondwana and separated from West Gondwana between
175 and 140 Ma (McLoughlin, 2001; Morley, 2003; Upchurch,
2008) well before the more likely estimates for the origin of
Ochnaceae. A neotropical-African ancestral range was also
inferred for the clusioid sister clade (Ruhfel et al., 2016). With
the slightly older stem group age inferred for the clusioids in that
study and, thus, indirectly for Ochnaceae (which is also covered
by our confidence intervals), their origin falls in a time when
South America and Africa had begun to separate but were still
connected in some parts (the separation of both continents lasted
from 137 to 105 Ma; McLoughlin, 2001). Nonetheless, vicariance
might have occurred only along the stem of Ochnaceae because
the crown-group age interval is too young for any vicariance
scenario associated with the separation of South America and
Africa. While this is in contrast with other predominantly
tropical plant families that have genera with origins rooted
in the Gondwanan vicariance (e.g., Mello-Silva et al., 2011;
Cai et al., 2016), a LDD explanation for the post-Gondwanan
biogeographic history of many other transoceanic clades has
been increasingly suggested (e.g., Bartish et al., 2011; Bardon
et al., 2016; Dupin et al., 2017). Generally, the time lag between
the stem and crown Ochnaceae as well as the potential impact of
the K/Pg mass extinction leave a gap that impedes any further
inferences about the initial biogeographic history of the family.

Transoceanic Dispersal in Ochnaceae
Both the African and Malagasy components at the crown node
of Ochnaceae largely result from the two deep nodes with
long branches that lead to the monospecific Medusagynoideae
(an endemic of the Seychelles) and Testuleeae (from central-
west Africa). Such monospecific lineages branching off in deep
time are challenging because they might not only be the
result of low diversification rates (i.e., depauperons; Donoghue
and Sanderson, 2015) but remnants of formerly more diverse
and widespread clades, thus potentially containing a large
portion of hidden biogeographic history (e.g., Clayton et al.,
2009; Sanmartín and Meseguer, 2016). However, given the
time frame for the split of Ochnoideae from the MRCA of
Medusagynoideae and Quiinoideae, the most likely scenario
involves range expansion by LDD from the Neotropics to
Africa along the branch subtending Ochnoideae and leading
to Testulea (assuming a neotropical origin as inferred from
the probability for the stem of this subfamily) as well as to

the Malagasy region along the branch leading to Medusagyne
Baker. When Ochnoideae diverged from Medusagynoideae
and neotropical Quiinoideae at the end of the Cretaceous or
beginning of the Paleogene, East and West Gondwana were
long separated and Africa had severed from South America.
The Seychelles rafted together with India since the segregation
of both from East Gondwana 135 Ma until 66 Ma when they
split from the Indian plate (Chatterjee et al., 2013). Therefore,
dispersal across the western Indian Ocean to the Malagasy region
during the Paleocene-Eocene is the most likely explanation for
Medusagyne. This might have occurred directly from Africa or
by stepping-stone dispersal via Madagascar or the Indian plate
with subsequent survival only on the Seychelles, routes that were
inferred frequently for many plant groups (e.g., Strijk et al.,
2012; Stride et al., 2014; Kainulainen et al., 2017). There are
multiple ways that these taxa (Testuleeae, Medusagynoideae)
could have taken to reach Africa. The warm period around the
Paleocene-Eocene boundary, i.e., the Late Paleocene Thermal
Maximum and Early Eocene Climatic Optimum, allowed the
expansion of tropical vegetation toward higher latitudes in the
northern hemisphere, thereby opening the boreotropical route
with the NALB connecting the New and Old World (Tiffney,
1985; Bissiengou, 2014). Hence, both Testulea and Medusagyne
could be the result of dispersal from the Neotropics to Africa
through that route. While the boreotropics hypothesis is largely
plausible for many extant tropical transoceanic plant clades
that were once diverse in the northern hemisphere (Lavin and
Luckow, 1993; Herendeen et al., 2022), it is difficult to verify in
Ochnaceae because of the lack of a fossil record in support of
its former occurrence in the boreotropical flora. An alternative
route is via a stepping-stone connection between both continents
across the Walvis Ridge and the Rio-Grande Rise available
during large parts of the Paleocene-Eocene (Morley, 2003). This
would have allowed dispersal via island hopping, as for example
suggested for early branching Asteraceae (Katinas et al., 2013)
or Meliaceae (Muellner-Riehl and Rojas-Andrés, 2021), although
direct dispersal through rafting on floating islands (Renner, 2004;
van Duzer, 2004) cannot be ruled out. For the ancestral lineages
of Medusagynoideae, we might also assume a western route from
across the Americas and the BLB to Asia and further on to the
Seychelles. However, it is doubtful whether megathermal taxa had
used this route because the BLB was situated at much higher
latitudes and provided far less favorable climatic conditions
compared to the NALB (Tiffney and Manchester, 2001).

Apart from Testuleeae, the other tribes of Ochnoideae have
a neotropical (Luxemburgieae, Sauvagesieae) or neotropical-
African ancestral range (Ochneae). While in the first all
divergence events until the Oligocene were exclusively within
the New World, the deeper nodes of Ochneae until the Early
Miocene (i.e., from crown Ochneae to Ochninae) were all
inferred as widespread neotropical-African based on the DEC
model. However, here is some conflict between the DEC
and DIVA analysis because the latter suggests a neotropical
ancestral range for the nodes predating crown Ochninae
(node 89, Supplementary Figure 6). The DIVA-based inference
provides an intuitively more reasonable explanation, assuming
independent dispersals from the New World to Africa leading to
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Lophira and the ancestor of the African Ochninae, in contrast to
the assumption of a continuous widespread distribution between
the Eocene-Oligocene boundary and the Late to Mid Miocene
made by the DEC model. The cladogenetic event that led to the
African Lophira happened during the Paleocene-Oligocene, at a
time when the boreotropical route for overland dispersal between
the Americas and Eurasia/Africa was not available anymore.
Thus, direct transoceanic LDD seems to be the most likely route,
although island hopping via the Walvis Ridge or Rio-Grande Rise
across the Atlantic was still feasible at that time.

Within Sauvagesieae, two dispersals out of the Neotropics
occurred, both around the Oligocene-Miocene boundary, and
both in taxa with capsular fruits and most likely winged seeds
as an ancestral character state (Schneider et al., 2014). Our
data suggest transoceanic LDD to Africa for the West-African
endemic and monospecific Fleurydora, and there is only a
marginal probability for stepping-stone dispersal across the
Atlantic from the New World to Africa during the inferred time.
The shift to more mesic conditions with forested vegetation
in West Africa by the Middle Oligocene (Jacobs, 2004) may
have facilitated the establishment of this taxon after LDD, a
scenario supported by Melastomateae from closed habitats which
colonized Africa via LDD during a similar time frame and
which adapted to open habitats during subsequent aridification
(Veranso-Libalah et al., 2018). The second transoceanic dispersal
founded the SE Asian clade which gave rise to six endemic genera
that spread across continental SE Asia and the Indomalayan
archipelago. This coincided with the Early Miocene change
from seasonally wet to perhumid climates in the Sunda region
(Crayn et al., 2015; Morley, 2018) which might have facilitated
the successful colonization of SE Asia by the megathermal
taxa after the arrival from the Neotropics. Equally important
must have been the presence of sandy, nutrient-poor soils
because both the SE Asian taxa as well as many of their
neotropical allies generally grow on such sites (Amaral, 1991).
Successful trans-Pacific dispersal to and colonization of Pacific
islands and the Indomalayan archipelago was also inferred for
Chiococceae (Rubiaceae) during the same time (Manns et al.,
2012), supporting the view that the Early Miocene climate change
in this region was crucial for the establishment of elements
arriving from the Neotropics. Dispersal by wind or rafting via
India is unlikely because dispersal from Africa via Madagascar to
India was interrupted well before the appearance of the SE Asian
clade. Moreover, Sauvagesieae are poorly represented in Africa
(one species each in Sauvagesia and the monotypic Fleurydora)
and the MRCAs are all neotropical. With the Early Paleogene
land bridges unavailable at the time of dispersal, interoceanic
LDD across the Pacific is the only reasonable scenario. The
prevailing directionality of the equatorial currents would have
allowed rafting over the Pacific Ocean to Malesia. However, with
the low velocity of these currents, such a traverse would have
taken many months (Gillespie et al., 2011), rendering unlikely the
survival under the exposition to seawater, albeit not impossible
for a seed. There are also adaptations of seeds to dispersal by
water in some Sauvagesieae (Blastemanthus Planch., Wallacea
Spruce ex Benth. & Hook.f.) which grow in seasonally inundated
rainforests (Amaral, 1991). Nonetheless, it is unlikely that such

adaptations would have allowed the crossing of the ocean given
the small size of these seeds and the sustained exposition to
seawater. Bird dispersal also seems unlikely given the small seeds
and the lack of adaptations for epizoochorous dispersal as well as
the known flyways (see Gillespie et al., 2011). Thus, rafting across
the Pacific still seems the most reasonable explanation.

The genus Sauvagesia s.l. nicely illustrates how taxonomic
delimitation can have a profound impact on biogeographic
inferences. Earlier concepts of a broadly defined and pantropical
Sauvagesia (Sastre, 1971a; Amaral, 1991, 2006) suggested a
Malesian origin of the genus with subsequent dispersal to
Africa and the Neotropics (Sastre, 1971b). However, molecular
phylogenetic studies revealed that the Malesian elements, i.e.,
the former genera Indovethia Boerl. and Neckia Korth., are
independent from Sauvagesia s.l. and are part of the SE
Asian clade within Sauvagesieae (Schneider et al., 2014, 2020,
2021). Although we did not include the African species
S. africana (Baill.) Bamps in the present study, Sauvagesia s.l.
undoubtedly has a neotropical origin. A better sampling here
within paraphyletic Sauvagesia s.l. would also help us further
explore that its two independent lineages have each radiated
as ecologically and biogeographically distinct. Sauvagesia s.str.
is mostly comprised of widespread, herbaceous species with
a broad ecological amplitude and predilection to disturbance-
prone settings. The other Sauvagesia lineage has mostly
radiated in the open, grassy and rocky vegetation on the
mountaintops of the Brazilian Espinhaço range (e.g., Cardoso
and Harley, 2015; Queiroz-Lima et al., 2018), where many other
extraordinarily diverse plant radiations are often composed of
more geographically confined or narrowly endemic species (e.g.,
Ribeiro et al., 2014; Rando et al., 2016; Alcantara et al., 2018;
Vasconcelos et al., 2020; Rapini et al., 2021).

Transoceanic dispersal is also suggested for some of the
disjunct distributions in Ochninae. Following the DIVA analysis,
the African Ochninae originated from dispersal from the
Neotropics to Africa during the Miocene at a time when
land bridges or island connections were unavailable, contrary
to earlier assumptions of a Gondwanan vicariance (Amaral,
1991). Africa must have been reached by transoceanic LDD
followed by an extensive radiation, including the colonization
of savannas. This radiation occurred at a time when savannas
spread and diversified (Cerling et al., 1997; Jacobs, 2004; Simon
et al., 2009; Maurin et al., 2014), which might have opened up
new opportunities for LDD, for example, via drier corridors.
Alternatively, as inferred for Melastomateae (Veranso-Libalah
et al., 2018), the adaptation to drier open habitats post-dated
the establishment in Africa. Three of the five African genera
of Ochninae (thus, only those that also occur in East Africa)
further dispersed to the Malagasy region and Asia. All these
dispersal events occurred in a time period between about 10
and 5 Ma, when floristic exchange overland of megathermal
angiosperms between Africa and Asia was feasible via the Arabian
Peninsula as suggested, for example, for Annonaceae (Onstein
et al., 2019). This corridor became available after the closure
of the Thetyan seaway at about 20 Ma in the Early Miocene
(Patnaik, 2015) and due to more favorable conditions with
woodland and grassland vegetation (Kingston and Hill, 1999;
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Gilbert et al., 2014). Therefore, dispersal via this land connection
is a reasonable explanation for the presence of these taxa in
Asia. A further argument in favor of the overland dispersal
hypothesis is the existence of one Ochna species on the southern
Arabian Peninsula. Ochna is also the genus with the westernmost
distribution in Asia, occurring in India and Sri Lanka. So,
it is plausible to assume a more contiguous African-Asian
distribution area for this genus during that period. The disruption
of this distribution area across western South Asia may have
resulted from the increasing drought during the Late Miocene
to Pliocene (Morley, 2018). Although it seems reasonable that
Ochna had used this way to reach Asia, our analysis does not
preclude an alternative scenario which involves LDD directly
across the Indian Ocean as has been inferred for other fleshy-
fruited taxa (e.g., Bartish et al., 2011; de Wilde et al., 2011).

The other two disjunct genera, Brackenridgea and
Campylospermum s.l., are largely confined to areas far more
east, i.e., to mainland SE Asia and the Indomalayan archipelago
(Kanis, 1968), thus having much larger distribution gaps.
Therefore, we might also assume LDD across the Indian Ocean,
either directly or via the “Lemurian” stepping-stones (Schatz,
1996; Meimberg et al., 2001; Warren et al., 2010). The last must
have occurred via island hopping because there is no geological
evidence for a continuous land connection between these regions
(Schatz, 1996). The stepping stones included Madagascar, the
Seychelles and perhaps also some other islands of the Indian
Ocean that emerged during periods of low sea-level or due to
volcanic activity since the Late Miocene (Emerick and Duncan,
1982; Warren et al., 2010; Weigelt et al., 2016). The presence
of Ochninae on several of these islands further supports this
hypothesis, which has also been invoked to explain similar
disjunctions in other plant genera (e.g., Yuan et al., 2005;
de Wilde et al., 2011). However, our ancestral range analysis
indicates that the Asian taxa do not descend from the taxa of the
Malagasy region in Brackenridgea and Campylospermum.

The strongest biogeographic link of the Malagasy biodiversity
is with Africa (Yoder and Nowak, 2006) as is true for many
plant families (Buerki et al., 2013), including Ochnaceae. Earlier
dispersal to Madagascar via rafting from Africa (e.g., on floating
islands) was facilitated by the eastward sea currents that prevailed
from the Eocene to the Oligocene. Later, with the beginning
of the Miocene, these currents shifted and were perennially
directed toward Africa, thereby impeding the seaway to the
Malagasy region (Ali and Huber, 2010). Given the Miocene-
Pliocene ages of the dispersal to the Malagasy region, it is
unlikely that Ochninae have used this way. Alternatively, they
have been transported by birds, which are supposedly the
main dispersers of these fleshy-fruited taxa (Amaral, 1991).
This is a commonly invoked explanation (e.g., Renner, 2004;
Kainulainen et al., 2017). However, Africa is comparatively poor
in frugivorous bird species (Kissling et al., 2009), and few
Malagasy species are actually frugivorous and none of them
is migratory (Hawkins and Goodman, 2003; Albert-Daviaud
et al., 2018). This paucity of frugivorous avian dispersal suggests
that such dispersal events have occurred only sporadically,
which is also reflected in the high degree of endemism
(Kainulainen et al., 2017).

Interestingly, transoceanic LDD in Ochnaceae is not confined
to fleshy-fruited taxa. Both major dispersal units of Ochnoideae—
fleshy drupelets in Ochninae and capsular or samaroid to nut-like
fruits, in part with winged seeds, in Lophira and Sauvagesieae (see
Schneider et al., 2014)—were able to disperse via transoceanic
LDD. The multiple colonization events of the Malagasy region
from Africa by Ochninae (at least three in Ochna and one
each in Brackenridgea and Campylospermum) and potentially
further on to Asia confirm that such events occurred sufficiently
frequent as is also documented by the hundreds of disjunct plant
genera for which transoceanic exchange of diaspores between
Africa, the Malagasy region and Asia is likely (e.g., Thorne,
1973; Schatz, 1996; Renner, 2004; Yuan et al., 2005; Yoder and
Nowak, 2006; de Wilde et al., 2011; Strijk et al., 2012; Kainulainen
et al., 2017; Razafimandimbison et al., 2020). Whether dispersal
occurred the way back to Africa in Ochna, as suggested in one
instance by our data, remains to be corroborated with a more
complete taxon sampling.

CONCLUSION

Ochnaceae is another example of a pantropically distributed plant
clade for which continental disjunctions are too young to be
explained by vicariance. The here inferred LDD events involved
either direct dispersal across oceans or via land connections or
stepping stones, all but one in eastward direction. Two taxa
might have used the NALB and the boreotropical route to
reach Africa and the Malagasy region from the Neotropics, and
some Ochninae could have used the Afro-Asian corridor via
the Arabian Peninsula on their way to Asia. At least two of the
Asian lineages of the Ochninae genera resulted from independent
dispersal events from Africa, not from the Malagasy region. The
latter was colonized at least three times independently from
Africa in Ochna, confirming the importance of Africa as a source
of dispersal to the Malagasy region. However, due to the limited
intrageneric taxon sampling in Ochninae in the present study,
especially in Ochna, the number and direction of dispersal events
associated with the colonization of the Malagasy region and Asia
as well as the radiation and dispersal within the Malagasy region
remain to be uncovered. Thus, future research should focus on
genus-level reconstructions of the historical biogeography with a
comprehensive taxon sampling of these target taxa.

Here we have revealed new insights into the understanding
of Ochnaceae interchange across biogeographic regions. Beyond
further exploring the impact of geography (e.g., geographic
barriers) on the historical biogeography within Ochnaceae, a
denser, more complete taxon sampling would also enable us to
understand how ecology has shaped the evolutionary history of
the family. Lessons from globally distributed plant clades that are
ecologically confined within biomes suggest the ease with which
lineages can transcend geographic barriers (e.g., Lavin et al., 2004;
Crisp et al., 2009; Thiv et al., 2011; Gagnon et al., 2019; Ringelberg
et al., 2020), i.e., for such groups it seems to be “easier to
move than to evolve” (Donoghue, 2008). More biogeographically
realistic models have been developed (Landis et al., 2021a,b)
that explicitly model the evolutionary accessibility of distinct
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environments (biomes) that create geographical opportunity
(Edwards and Donoghue, 2013), i.e., permitting to reveal when
lineages switch between biomes depending on the temporal
availability and geographical connectivity of biomes (Landis et al.,
2021a,b). Thus, such models are hoped to better describe how
phylogenetic biome conservatism, evolutionary biome switches,
and geographic (vicariance) processes shaped the Ochnaceae
diversification history across the global biogeographic regions.
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Supplementary Figure 1 | Maximum clade credibility tree obtained from BEAST
analysis with divergence times of Ochnaceae based on the nuclear loci. Numbers
on branches are posterior probabilities (PP) < 1 (all other nodes had PP = 1). The
bars at nodes are the 95% HPD ranges (mean heights). The circles on nodes
(A–C) indicate the secondary calibration points as obtained from Xi et al. (2012).
The geological time scale includes the epochs for the periods of Paleogene,
Neogene and Quaternary (Paleo., Paleocene; Oligoc., Oligocene). The
classification system for Ochnaceae is based on Schneider et al. (2014); Elvas.,
Elvasiinae; Lux., Luxemburgieae; MED., Medusagynideae; QUII,
Quiinoideae; T., Testuleeae.

Supplementary Figure 2 | Maximum clade credibility tree obtained from BEAST
analysis with divergence times of Ochnaceae based on the plastome data
(alignment length: 117,923 bp). Numbers on branches are posterior probabilities
(PP) < 1 (all other nodes had PP = 1). The bars at nodes are the 95% HPD ranges
(mean heights). The circles on nodes (A–C) indicate the secondary calibration
points as obtained from Xi et al. (2012). The classification system for Ochnaceae is
based on Schneider et al. (2014); Elvas., Elvasiinae; Lux., Luxemburgieae; MED.,
Medusagynideae; QUII, Quiinoideae; T., Testuleeae.

Supplementary Figure 3 | Maximum clade credibility tree obtained from BEAST
analysis with divergence times of Ochnaceae based on the plastome data with
sites removed at a threshold of 10% gaps (alignment length: 33,636 bp). Numbers
on branches are posterior probabilities (PP) < 1 (all other nodes had PP = 1). The
bars at nodes are the 95% HPD ranges (mean heights). The circles on nodes
(A–C) indicate the secondary calibration points as obtained from Xi et al. (2012).
The classification system for Ochnaceae is based on Schneider et al. (2014);
Elvas., Elvasiinae; Lux., Luxemburgieae; MED., Medusagynideae; QUII,
Quiinoideae; T., Testuleeae.

Supplementary Figure 4 | Infinite-sites plot for the nuclear and plastid data of
Ochnaceae. Each point corresponds to an internal node of the maximum clade
credibility tree. The 95% HPD width is the difference of the 97.5 and 2.5% limits.
The slope indicates the increase in uncertainty in the posterior HPD for every
million years of species divergence.

Supplementary Figure 5 | Maximum clade credibility tree obtained from BEAST
analysis with node numbers. The node numbers refer to Supplementary Table 4.

Supplementary Figure 6 | Ancestral range estimation of Ochnaceae based on
the Dispersal-Vicariance Analysis (DIVA-like). The pie charts indicate alternative
ancestral geographical ranges and their probabilities. Numbers above branches
correspond to the node numbers in Supplementary Figure 5. Species were
assigned to the four distribution areas A–D as illustrated on the inset map and the
respective tip ranges (colored squares with letter codes at tips). The classification
system for Ochnaceae is based on Schneider et al. (2014); Lux., Luxemburgieae,
MED., Medusagynoideae, QUII, Quiinoideae, T., Testuleeae.
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