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ABSTRACT

Aim The family Rutaceae (rue family) is the largest within the eudicot order

Sapindales and is distributed mainly in the tropical and subtropical regions of

both the New World and the Old World, with a few genera in temperate zones.

The main objective of this study is to present molecular dating and

biogeographical analyses of the subfamily Spathelioideae, the earliest branching

clade (which includes eight extant genera), to interpret the temporal and spatial

origins of this group, ascertaining possible vicariant patterns and dispersal routes

and inferring diversification rates through time.

Location Pantropics.

Methods A dataset comprising a complete taxon sampling at generic level

(83.3% at species level) of Spathelioideae was used for a Bayesian molecular

dating analysis (beast). Four fossil calibration points and an age constraint for

Sapindales were applied. An ancestral area reconstruction analysis utilizing the

dispersal–extinction–cladogenesis model and diversification rate analyses was

conducted.

Results Dating analyses indicate that Rutaceae and Spathelioideae are probably

of Late Cretaceous origin, after which Spathelioideae split into a Neotropical and

a Palaeotropical lineage. The Palaeotropical taxa have their origin inferred in

Africa, with postulated dispersal events to the Mediterranean, the Canary Islands,

Madagascar and Southeast Asia. The lineages within Spathelioideae evolved at a

relatively constant diversification rate. However, abrupt changes in diversification

rates are inferred from the beginning of the Miocene and during the Pliocene/

Pleistocene.

Main conclusions The geographical origin of Spathelioideae probably lies in

Africa. The existence of a Neotropical lineage may be the result of a dispersal

event at a time in the Late Cretaceous when South America and Africa were still

quite close to each other (assuming that our age estimates are close to the actual

ages), or by Gondwanan vicariance (assuming that our age estimates provide

minimal ages only). Separation of land masses caused by sea level changes during

the Pliocene and Pleistocene may have been triggers for speciation in the

Caribbean genus Spathelia.

Keywords

Ancestral area reconstruction, diversification rates, LTT plots, molecular dating,

pantropical distribution, phylogeny, Rutaceae, Spathelia, Spathelioideae.
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INTRODUCTION

The family Rutaceae (rue family) is the largest within the

eudicot order Sapindales and contains approximately 155

genera and 2100 species (Kubitzki et al., 2011). Members of

the family are mainly distributed in the tropical and subtrop-

ical regions of both the New World and the Old World, with

only a few genera present in temperate zones. The highest

species diversity is found in Australasia (Kubitzki et al., 2011).

To date, only two dated phylogenies are available for

Rutaceae, and both focus on only a part of the family

(Aurantioideae: Pfeil & Crisp, 2008; the Ruta and Cneoridium/

Haplophyllum clades: Salvo et al., 2010). A detailed, dated

phylogeny and an ancestral area reconstruction (AAR) of the

whole family are not yet feasible due to the lack of resolution

and support, as well as incomplete taxon sampling in the clade

that contains the majority of taxa. This clade contains the

former subfamilies Toddalioideae and Flindersioideae, as well

as most former Rutoideae, with the exception of the type genus

Ruta L. and its relatives (Ruteae) (Chase et al., 1999; Groppo

et al., 2008; Salvo et al., 2010). This clade is hereinafter named

Toddalioideae s.l.

The present study focuses on the subfamily Spathelioideae

(= Cneoroideae sensu Kubitzki et al., 2011), which is the

earliest branching clade of Rutaceae whose generic and tribal

limits have recently been addressed (Appelhans et al., 2011).

Because it is sister to the rest of Rutaceae, an AAR analysis

of Spathelioideae is of particular interest for the whole

family.

Spathelioideae is a species-poor subfamily showing consid-

erable morphological diversity (Appelhans et al., 2011). The

subfamily consists of 29 species in eight genera: Bottegoa

Chiov. (one species), Cedrelopsis Baill. (eight species), Cneorum

L. (two species), Dictyoloma A.Juss. (one species), Harrisonia

R.Br. ex A.Juss. (three species), Ptaeroxylon Eckl. & Zeyh. (one

species), Sohnreyia K.Krause (four species) and Spathelia L.

(nine species) (Appelhans et al., 2011). Harrisonia is wide-

spread in tropical Africa and Southeast Asia to northern

Australia, while the remaining genera have rather narrow

distribution ranges (e.g. Cedrelopsis, endemic to Madagascar;

Cneorum, endemic to the western Mediterranean and the

Canary Islands; Spathelia, endemic to the Caribbean) (Ap-

pelhans et al., 2011). Furthermore, most species of Spathelia

are also narrow endemics (Beurton, 2008). Despite the small

and largely non-overlapping distribution areas of the genera

and their low number of species, the subfamily as a whole is

distributed pantropically. Spathelioideae is divided into two

clades, one being strictly Neotropical and the other being

Palaeotropical.

The combination of monotypic genera, narrow endemicity

and pantropical distribution of the group makes the Spat-

helioideae particularly interesting for biogeographical studies.

The small number of taxa overall makes a biogeographical

analysis at species level feasible. The goals of this study are:

(1) to identify when Spathelioideae emerged and to assess

whether the split into strictly Neotropical and Palaeotropical

subclades indicates a vicariance pattern (break-up of Gondw-

ana) or a long-distance dispersal pattern; (2) to determine

the biogeographical history within the clades, especially for

taxa on islands (Canary Islands, Caribbean Islands, Mada-

gascar); (3) to investigate whether diversification rates were

constant through time or changed, correlating with climatic

fluctuations in different geological epochs; and (4) to shed

further light on the geographical origin of the Rutaceae

family.

MATERIALS AND METHODS

Taxon sampling

The taxon sampling used in this study is largely based on that

used to produce the phylogeny of Spathelioideae by Appelhans

et al. (2011) and it contains all eight genera of Spathelioideae

and 83.3% of its species (25 out of 30, 29 described and one

undescribed species; see Appendices S1 & S2 in Supporting

Information). Only one species of Sohnreyia and four species

of Cedrelopsis were not sampled in this study. Additionally, we

included taxa from all families and subfamilies of Sapindales in

order to use a published age constraint (Magallón & Castillo,

2009) for Sapindales in the molecular dating analyses. Theob-

roma cacao L. and Gossypium hirsutum L. (both Malvaceae)

from one of the sister orders of Sapindales (Malvales; Wang

et al., 2009) were chosen as outgroups in the phylogenetic

analyses and T. cacao alone was used as an outgroup in the

molecular dating analyses.

Our alignment is based on the chloroplast regions atpB, rbcL

and trnL–trnF, and we obtained the majority of sequences

from GenBank (http://www.ncbi.nlm.nih.gov; see Appen-

dix S1 for accession numbers). Although these three markers

have been used in phylogenetic analyses in all Sapindales

families, some markers were missing for certain taxa. For Orixa

japonica Thunb., Ptelea baldwinii Torr. & A.Gray (both

Rutaceae), Cedrela odorata L., Khaya grandifoliola C.DC. (both

Meliaceae) and Kirkia acuminata Oliv. (Kirkiaceae) we had

fresh leaf material at our disposal and sequenced the missing

markers. The sequences have been deposited in the EMBL

Bank (http://www.ebi.ac.uk/embl/) under the accession num-

bers given in Appendix S1 and voucher information is

specified in Appendix S3.

Laboratory work

Total DNA of Orixa japonica, Ptelea baldwinii, Cedrela odorata,

Khaya grandifoliola and Kirkia acuminata was extracted using

the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany)

following the manufacturer’s instructions and polymerase

chain reactions (PCRs) were performed under a standard

protocol (see Appelhans et al., 2011) using a primer annealing

temperature of 53 �C, and extension at 72 �C for 1.25 min.

The chloroplast markers atpB, rbcL and trnL–trnF were

amplified and sequenced using universal primers (Taberlet

et al., 1991; Les et al., 1993; Hoot et al., 1995).

M. S. Appelhans et al.
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Sequence alignments and phylogenetic analyses

Complementary strands were assembled and edited using

Sequencher 4.08 (Gene Codes Corp., Ann Arbor, MI, USA).

Separate alignments for each marker were assembled manually

in MacClade 4.08 (Sinauer Associates Inc., Sunderland, MA,

USA). Indel coding was carried out for 15 sites in the trnL–trnF

alignment, summing to 67 bp. All indels were between 4 and

6 bp long. We used simple indel coding (Simmons &

Ochoterena, 2000; Simmons et al., 2007) and treated indels

as separate characters. All alignments are available from the

corresponding author on request.

The best performing model of sequence evolution was

determined separately for each marker using the Akaike

information criterion (AIC) as implemented in MrModel-

test 2.2 (Nylander, 2004). The AIC proposed the

GTR + C + I for all markers, but GTR + C was selected in

all cases, as C (Gamma distribution) and I (proportion of

invariant sites) are strongly correlated and thus not indepen-

dent (Ren et al., 2005).

Phylogenetic analyses were first performed independently for

each marker using MrBayes 3.1.2 (Ronquist & Huelsenbeck,

2003) and the single alignments were then combined into one

matrix. The Bayesian analyses of the single markers and the

concatenated dataset each included two runs of four chains

each, which were monitored for 5 million generations, sampling

every thousandth generation. The temperature coefficient of the

chain-heating scheme was set to 0.1 in order to ensure sufficient

chain swapping. All runs reached stationarity within 5 million

generations. Tracer 1.5 (Rambaut & Drummond, 2007) was

used to check for convergence of the model likelihood and

parameters between the two runs and the first 10–15% of the

calculated generations were discarded as burn-in. A 50%

majority rule consensus tree was calculated in MrBayes 3.1.2.

Fossil selection and age constraints

The only fossils for Spathelioideae are a seed and a leaf fossil

from Brazil (Duarte & Da Conceição Mella Filha, 1980). The

fossils clearly resemble the extant genus Dictyoloma, but the

imprecise age ‘Cenozoic’ makes the fossils unsuited for a

molecular dating analysis.

A number of well-identified and dated fossils are available

for Rutaceae and other families of Sapindales, and we used

four fossil calibration points in total: three within Rutaceae

and one in the closely related Simaroubaceae. We decided not

to use fossil calibration points from other Sapindales families

because only Rutaceae and Simaroubaceae had a sufficiently

high taxon sampling with almost no missing data in our

alignments, allowing us to place the fossils. Moreover, a

calibration point within Rutaceae and Simaroubaceae would

have a much higher impact on our estimates for Spathelioideae

than a more distant fossil in the phylogeny.

We used a leaf fossil of Clausena Burm.f., dated to

27.36 ± 0.11 Ma (Pan, 2010) for the stem lineage of Clausena.

A leaf fossil of Skimmia tortonica Palamarev & Usunova,

described from the Miocene (Tortonian) (Palamarev &

Usunova, 1970; Salvo et al., 2010), was used to calibrate the

node between Skimmia Thunb. and Dictamnus L. The third

Rutaceae fossil is a seed from the late Palaeocene to late Eocene

that has been named Phellodendron costatum Chandler, and

later Euodia costata (Chandler) Tiffney (Tiffney, 1981). The

genus Euodia J.R.Forst. & G.Forst. has been reduced from

about 200 species (Engler, 1931; Hartley, 1981) to seven species

(Hartley, 1981, 2001) and many species have been moved to

Tetradium Lour. and Melicope J.R.Forst. & G.Forst. The extant

‘Euodia’ species that Tiffney (1981) considered closely related

to the Euodia costata fossil have all been transferred to

Tetradium. Apart from Hartley’s (1981, 2001) revision work,

there is molecular evidence that confirms Hartley’s generic

boundaries (Harbaugh et al., 2009). Euodia costata may

therefore not be used as calibration point for Euodia. There

are two possibilities for the placement of the Euodia costata

fossil. A conservative calibration scheme places the fossil at the

node between the sister genera Tetradium and Phellodendron

Rupr. (calibration scheme 1), considering that the fossil also

has similarities with Phellodendron, to which it was assigned

first (Tiffney, 1981). Following Hartley’s (2001) reasoning, the

fossil should be placed at the node that leads to Tetradium

(calibration scheme 2). We performed dating analyses with

both possibilities. A seed fossil of Ailanthus Desf. (Simaroub-

aceae) dated to about 52 Ma (Corbett & Manchester, 2004)

was used as calibration point outside Rutaceae. Ailanthus has

an excellent fossil record, beginning at 52 Ma and becoming

prominent in all northern continents by the middle Eocene

(Corbett & Manchester, 2004), which makes it particularly well

suited for molecular dating analyses, and it is commonly used

in biogeographical studies within Sapindales (Muellner et al.,

2006, 2007; Pfeil & Crisp, 2008; Clayton et al., 2009). In

concordance with Pfeil & Crisp (2008) and Clayton et al.

(2009), the Ailanthus fossil was used to calibrate the Ailanthus

stem.

Fossils of Ptelea L. (Call & Dilcher, 1995) are easily

recognizable because of their conspicuous samaroid fruits.

Nevertheless, we did not use Ptelea fossils because the

phylogenetic position of this genus within Rutaceae is unclear

(Groppo et al., 2008; Kubitzki et al., 2011). The oldest fossil

that can be clearly assigned to Rutaceae is a seed named

Rutaspermum biornatum Knobloch & Mai, dated to the Late

Cretaceous (Knobloch & Mai, 1986; Gregor, 1989). We did not

use this fossil because it is not clear whether it should be placed

as a minimum age for Rutaceae s.s. (without Spathelioideae) or

Rutaceae s.l. (including Spathelioideae).

Apart from the fossils, we used an age estimate for

Sapindales inferred by a penalized likelihood analysis of

angiosperms (Magallón & Castillo, 2009). Magallón & Castillo

(2009) performed two analyses: in their ‘relaxed’ dating they

included 125 Ma as a maximum age for the eudicot crown

node, and in the ‘constrained’ dating they used 130 Ma as

maximum constraint for the angiosperm crown node. The age

constraint we specified for Sapindales covers the range of both

analyses by Magallón & Castillo (2009).

Age and historical biogeography of Spathelioideae
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Molecular dating analyses

A likelihood ratio test (LRT; Felsenstein, 1988) indicated that

our combined dataset did not evolve in a strict clock-like

manner (P < 0.001 for all markers).

The beast 1.6.1. package (Drummond & Rambaut, 2007)

was used for the molecular dating analyses. The beast input

files were created using BEAUti 1.6.1, in which three

partitions, one for each marker, were created; an uncorrelated

relaxed clock model assuming a lognormal distribution of rates

was used (Drummond et al., 2006); and the GTR + C model

of sequence evolution was selected. A randomly generated

starting tree was used and the tree prior was set to the birth–

death process. All fossil calibration points were assigned a

lognormal prior. Rutaceae have an abundant fossil record

(Gregor, 1989), and fossils of ‘Euodia’, Toddalia Juss., Zanth-

oxylum L. and Ailanthus (Simaroubaceae) have a particularly

robust record (Gregor, 1979, 1989; Tiffney, 1980; Corbett &

Manchester, 2004). It has been argued that in taxa with a

robust fossil record, the dates of the oldest fossils are close to

the actual ages of the taxa (Givnish & Renner, 2004; de

Queiroz, 2005). Except for Clausena, we defined a narrow age

range for the fossils accordingly. Only a single fossil of

Clausena is known and we therefore set a broad age range for

this node, allowing a much older age (soft upper boundary of

about 45 Ma). We initially planned to apply the same

calibration settings in the analyses using two different calibra-

tion schemes for the ‘Euodia costata’ fossil. However, beast

crashed repeatedly when analysing calibration scheme 2 and we

had to enlarge the standard deviation from 0.75 to 0.95

(Table 1). The prior for the root height (= age constraint for

Sapindales; Magallón & Castillo, 2009) was defined with a

normal prior. Prior settings for the calibration points are

displayed in Table 1. All other priors were kept as defaults.

Two separate analyses (two analyses each for both calibra-

tion schemes for the ‘Euodia costata’ fossil) with 50 million

generations each were carried out. Tracer 1.5 was used to

check for convergence between the runs and to determine the

amount of burn-in. The two runs were combined, discarding

the initial 10% as burn-in, using Logcombiner 1.6.1 (http://

code.google.com/p/beast-mcmc/downloads/list) and a maxi-

mum clade credibility tree using a posterior probability limit

of 0.5 was calculated using TreeAnnotator 1.6.1 (http://

code.google.com/p/beast-mcmc/downloads/list).

Ancestral area reconstruction

We performed AAR analyses using the dispersal–extinction–

cladogenesis model as implemented in Lagrange (version

from 17 January 2011; Ree et al., 2005; Ree & Smith, 2008).

Python scripts were created with the help of the Lagrange

online configurator (http://www.reelab.net/lagrange/configu-

rator/index). Only an ingroup (Spathelioideae) dataset was

used for AAR. A Bayesian analysis was carried out in beast

based on combined rbcL, atpB and trnL–trnF sequences using

the settings described above with a maximum age constraint

for Spathelioideae taken from our molecular dating analyses

(calibration scheme 1). We enforced the monophyly of

Cedrelopsis in this analysis based on the results of Razafiman-

dimbison et al. (2010). Ptaeroxylon appeared as nested within

Cedrelopsis in our previous analyses (Appelhans et al., 2011),

but without support. Thus, the results of Razafimandimbison

et al. (2010), although inferred from a lower taxon sampling,

deliver the only statistically supported information about the

relationship of the two genera. The resulting maximum clade

credibility tree was used as input for Lagrange.

Eight areas were delimited based on the distribution of the

genera/species: A, central-western and central Africa; B,

Southeast Asia (including parts of tropical Australia); C,

western Mediterranean and Canary Islands; D, central eastern

Africa; E, southern Africa; F, Madagascar; G, northern South

America; H, the Caribbean (Fig. 1). Areas A and D were

separated because Bottegoa is only present in central eastern

Africa (D) while Harrisonia abyssinica occurs throughout both

areas. Area G describes the distribution of Dictyoloma and

Sohnreyia. Their distribution overlaps in the western part,

while only Dictyoloma occurs in the disjunct areas of eastern

Brazil and north-eastern Argentina. We did not separate the

Table 1 Settings of fossil calibration points and root height in the molecular dating analyses of Sapindales. Euodia 1 and 2 correspond to

the two placements of the Euodia costata fossil: at the common stem of Tetradium and Phellodendron (Euodia 1) and at the stem of

Tetradium (Euodia 2). The age ranges fit the time frame given by the authors of the fossils and the authors of earlier molecular dating

analyses: Miocene (Tortonian) for Skimmia (Palamarev & Usunova, 1970; Salvo et al., 2010), Palaeocene for ‘Euodia’ (Tiffney, 1981), and

early Eocene for Ailanthus (Clayton et al., 2009; Corbett & Manchester, 2004). The age range for Clausena has been extended due to the poor

fossil record (it has been found only once). The age for the Sapindales includes the age of 98.01–98.51 Ma estimated by Magallón & Castillo

(2009).

Clausena Skimmia ‘Euodia 1’ ‘Euodia 2’ Ailanthus Sapindales

Prior distribution Lognormal Lognormal Lognormal Lognormal Lognormal Normal

Offset 26.3 6.3 54.7 54.7 52.0 –

Mean 1.0 1.0 1.0 1.0 1.0 98.3

Standard deviation 1.2 0.55 0.75 0.95 0.55 3.0

Median age (Ma) 29.02 9.02 57.42 57.42 54.72 98.3

Lower and upper boundary

(5% and 95%) (Ma)

26.68–45.87 7.4–13.02 55.49–64.09 55.49–64.09 53.1–58.72 93.37–103.2

M. S. Appelhans et al.
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disjunct areas from area G, because the same species

(D. vandellianum) is recognized throughout the whole distri-

bution area (Groppo, 2010) and we were not able to include a

specimen from the disjunct areas in our analyses. Detailed

information on the distribution of all species is given in

Appendix S1.

The maximum number of areas in ancestral ranges was set

to three and all geographical ranges that were considered

biologically implausible (largely disjunct areas) were excluded

from the analyses. Dispersal rates between all areas were

configured according to the distance from each other and

existing barriers (e.g. oceans), defined as ‘symmetric’ (meaning

that no spatial direction of dispersal is favoured) and allowed

to vary through time. For this, we defined four time slices with

slightly changed dispersal rates (Fig. 1). The time slices

correspond to the Quaternary and Neogene (0–23 Ma; time

slice 1), the Oligocene (23–34 Ma; time slice 2), the Eocene

(34–56 Ma; time slice 3) and the Palaeocene and Late

Cretaceous (56–75 Ma; time slice 4). The dispersal rates

between most areas were not varied through time. Only the

rates dealing with a trans-Atlantic dispersal and dispersal from

South America to the Caribbean were given different values at

different time slices (Fig. 1).

Diversification analyses

We generated lineage-through-time (LTT) plots and evaluated

the fit of the LTT plots to three generalized models of

diversification (Paradis, 1998; see McKenna & Farrell, 2006)

based on the maximum clade credibility tree from the

molecular dating analyses. We chose to use only the maximum

clade credibility tree from calibration scheme 1, as both trees

(calibration scheme 1 and 2) were identical in topology and

differed only slightly in their estimated node ages. In order to

obtain a chronogram that only included the ingroup, we

manually deleted all non-Spathelioideae taxa from the max-

imum clade credibility tree. We also deleted specimens of

species of which more than one specimen was included in the

previous analyses in order not to artificially enlarge the

number of lineages. The resulting tree contained 25 taxa that

represent 100% of the Spathelioideae genera and 83.3% of the

species (see ‘Taxon sampling’ above).

The LTT plots represent a schematic visualization of the net

diversification rate and the gradient of the curve represents the

diversification rate. By means of LTT plots, changes of

diversification rates can be determined throughout the evolu-

tionary history of a taxon. The LTT plots were conducted using

E F

C

B

H

A
D

G

Figure 1 Delimitation of the eight areas used for ancestral area reconstruction of the subfamily Spathelioideae and probability of dispersal

throughout four defined time periods (0–23 Ma, Quaternary and Neogene; 23–34 Ma, Oligocene; 34–56 Ma, Eocene; 56–75 Ma, Palaeocene

and Late Cretaceous). Area designations are as follows: A, central-western and central Africa; B, Southeast Asia (including the distribution of

Harrisonia brownii in tropical Australia); C, western Mediterranean and Canary Islands; D, central eastern Africa; E, southern Africa;

F, Madagascar; G, northern South America; H, Caribbean region. More detailed information on the distribution of all species is provided

in Appendix S2.

Age and historical biogeography of Spathelioideae
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laser 2.3 (Rabosky, 2006) implemented in R. Despite the high

taxon sampling at species level, we tested for an effect of

incomplete taxon sampling. We used PhyloGen 1.1 (Ram-

baut, 2002) to generate 100 phylogenetic trees of a random

dataset of 30 taxa of which 25 were sampled (= 83.3% taxon

sampling on species level). The replicates were generated under

the assumption of a constant birth–death rate. Based on these

trees, a mean LTT curve plus a 95% confidence interval were

generated and compared with the LTT plots of the Spathe-

lioideae dataset.

laser 2.3 was also used to test the fit of the Spathelioideae

LTT plot to three generalized diversification models proposed

by Paradis (1998; see also McKenna & Farrell, 2006), which

are: a model of constant diversification rate (model A), a

gradually increasing or decreasing diversification rate (model

B) or model of an abrupt change of diversification rates

(model C) (McKenna & Farrell, 2006). Likelihood values

(calculated by the AIC) for all three models were estimated

using laser 2.3 as implemented in R and plotted through time

in intervals of 2.5 Ma.

The LTT plots and the test for the fit of the diversification

models were performed on the ingroup tree (= Spathelioideae)

and separately on the Neotropical and Palaeotropical groups in

order to check for differences between these groups.

RESULTS

Phylogeny

The topologies and support values from the Bayesian analyses

carried out in MrBayes and beast are highly similar (Figs 2 &

3). No supported differences are present throughout the

consensus trees. Rutaceae are monophyletic with strong

support and are sister to Meliaceae and Simaroubaceae:

(Rutaceae, (Meliaceae, Simaroubaceae)). Also the subfamily

Spathelioideae is monophyletic and highly supported. Spathe-

lioideae are sister to the remainder of Rutaceae and contain a

Neotropical subclade consisting of Dictyoloma, Sohnreyia and

Spathelia, and a Palaeotropical subclade (extending to sub-

tropical areas) including Bottegoa, Cedrelopsis, Cneorum,

Harrisonia and Ptaeroxylon. The relationships within Spathe-

lioideae are largely congruent with those described by

Appelhans et al. (2011) and the further grouping within

Rutaceae agrees with previous phylogenetic analyses (Chase

et al., 1999; Groppo et al., 2008; Salvo et al., 2008, 2010).

The other families of Sapindales appear to be monophyletic

in our analyses and their relationships among each other are

congruent with previous analyses (e.g. Muellner et al., 2007).

Molecular dating

Only the dates inferred from the first fossil calibration scheme

(placement of the ‘Euodia costata’ fossil at the stem lineage of

Phellodendron and Tetradium) are discussed here. The age

estimates from the second calibration scheme (placement of

the ‘Euodia costata’ fossil at the stem lineage of Tetradium;

white star in Fig. 3) are highly similar to those from fossil

calibration scheme and therefore a comparison between the

dates is only carried out for the most important nodes, namely

Rutaceae and Spathelioideae.

The effective sample size (ESS) and the trace of parameters

(visualized in Tracer) confirmed that the two runs had

converged and that 50 million generations were sufficient. The

maximum clade credibility tree from the beast analysis is

shown in Fig. 3. The age estimates for most families within

Sapindales are between 60 and 80 Ma. A mean age of 82 Ma

was estimated for Rutaceae with a credible interval ranging

from 74 to 87 Ma, suggesting an origin of Rutaceae in the Late

Cretaceous. The age of Rutaceae s.s. (without Spathelioideae)

was estimated to 70 Ma (Late Cretaceous; 62–73 Ma). Spat-

helioideae and the split into Neotropical and Palaeotropical

subclades were dated to 74 Ma (Palaeocene or Late Cretaceous;

58–78 Ma). The split of Harrisonia from the other genera in

the Palaeotropical subclade possibly occurred in the early

Eocene or Palaeocene (mean age 58 Ma; credible interval 42–

65 Ma). Our estimates suggest a split between Cneorum and

Ptaeroxyleae (Appelhans et al., 2010; Bottegoa, Cedrelopsis,

Ptaeroxylon) in the Oligocene or late Eocene (40 Ma; 24–

42 Ma). The split of the two species of Cneorum was dated to

the Miocene (17 Ma; 9–24 Ma) and the split between Bottegoa

and Cedrelopsis/Ptaeroxylon dated to the Miocene or late

Oligocene (27 Ma; 14–29 Ma).

Within the Neotropical lineage, divergences occurred later

than in the Palaeotropical subclade. Sohnreyia possibly split

from Dictyoloma and Spathelia in the early Miocene, Oligocene

or late Eocene (31 Ma; 22–41 Ma). The divergence of Dictyo-

loma and Spathelia may have occurred in the early Miocene or

Oligocene (19 Ma; 16–33 Ma), and Spathelia brittonii poten-

tially diverged from the other Spathelia species in the late or

mid-Miocene (9 Ma; 5–14 Ma).

The age of Rutaceae s.s. (excluding Spathelioideae) as inferred

from the second calibration scheme was about 2 million years

(Myr) older (84 Ma; 75–88 Ma) than that from the first

calibration scheme and the credible intervals were almost

identical. A similar observation was made for the inferred age of

Spathelioideae, for which the age estimate from the second

calibration scheme was about 4 Myr older and the credible

intervals were also largely congruent (78 Ma; 59–80 Ma). Only

minor differences between the two calibration schemes were

observed for the age estimates within Spathelioideae.

Ancestral area reconstruction

Most of the ancestral areas and splitting of areas were

unambiguous and, with the exception of two nodes, the

relative probability values for the areas at the nodes shown in

Fig. 4 and Table 2 were at least 10% higher than the second

option of area combinations suggested by Lagrange. Out of

the 39 nodes in the tree, 35 had AARs supported by more than

50% relative probability and 29 nodes had AARs supported by

at least 90% relative probability. The AARs for nodes (1) and

(2) (Fig. 4, Table 2) were the least congruent, but the AARs

M. S. Appelhans et al.
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Figure 2 Phylogeny of the order Sapindales. The 50% majority rule consensus tree of the combined atpB, rbcL and trnL–trnF dataset from

the Bayesian analysis is shown. Posterior probability values are indicated above the branches (next to the branches or marked with an arrow

in the case of limited space). The branches for all families except Rutaceae were collapsed. Information about included taxa is given in

Appendix S1.
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remained fairly similar. For node 1, the alternative to a central

and southern African lineage (AE) is a central and eastern

African lineage (AD). For node 2, the alternative ancestral

areas are different combinations of the adjacent areas central-

western and central Africa (A), central eastern Africa (D) and

southern Africa (E).

The base of Fig. 4 shows the split into an African lineage and

a South American lineage (A–G). The splitting into the

Harrisonia – and the ‘Cneorum & Ptaeroxyleae’ – lineages is

inferred to have occurred in the African area A. The Lagrange

results suggest a wide ancestral distribution area (ABD)

for Harrisonia from which two Southeast Asian lineages

[H. brownii, H. perforata, (B)] and one widespread African

lineage [H. abyssinica, (AD)] diverged. The ‘Cneorum &

Ptaeroxyleae’ lineage split into a northern [Cneorum, (C)]

and a more eastern and/or southern lineage [(AE or AD),

Table 2], and the latter split into an eastern African [Bottegoa,

(D)] and later a southern African [Ptaeroxylon, (E)] and a

Madagascan [Cedrelopsis, (F)] lineage.

Within the South American subclade, dispersal from the

South American mainland (G) to the Caribbean Islands is

inferred [Spathelia, (H)]. A split between a western Cuban

lineage (S. brittonii) and a combined eastern Cuban, Jamaican

and Bahamian lineage (all other species) can be observed.

Diversification analyses

The curve of the empirical LTT plot is approximately parallel

to the curve of the simulated LTT plots (Fig. 5a), and runs

slightly below the curve of the simulated LTT plots and its 95%

confidence interval throughout the whole range. The gradient

of the curve of the empirical LTT plot is generally lower,

between 35 and 75 Ma, than in the following time span (35 Ma

until present). Between about 18 and 32 Ma, the gradient of

Figure 3 Maximum clade credibility tree of the combined atpB, rbcL and trnL–trnF dataset of the order Sapindales from the beast analysis.

The fossil calibration points are indicated with a black star. The alternative position of the ‘Euodia costata’ fossil is pictured as a white star.

Families in which there are no fossil calibration points are shown by ‘triangles’ formed by collapsed branches. Mean age estimates for

Sapindales, the families (except for Biebersteiniaceae and Kirkiaceae of which only one taxon was sampled), major lineages within Rutaceae,

as well as the nodes within Spathelioideae, are displayed next to the branches. The bars indicate age intervals (credible intervals). Geological

periods: Cretaceous (145.5–65.5 Ma), Palaeocene (65.5–55.8 Ma), Eocene (55.8–33.9 Ma), Oligocene (33.9–23.03 Ma), Neogene (23.03–

2.588 Ma), Quaternary (2.588–0 Ma).

Figure 3 Continued
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Figure 4 Ingroup (Spathelioideae) chronogram showing the results of the ancestral area reconstruction (AAR) analysis using Lagrange.

The AARs with the highest likelihood values are shown as boxes at each node. Single boxes or combined boxes indicate ancestral ranges

confined to a single or two or three areas. Boxes separated by a space indicate a split of areas. For the nodes marked with (1) and (2), the

likelihood values were low and alternative AARs within a 10% range of relative probability exist (see Table 2). For these nodes, all alternative

areas are displayed. Area designations are as follows: A, central-western and central Africa; B, Southeast Asia (including the distribution of

Harrisonia brownii in tropical Australia); C, western Mediterranean and Canary Islands; D, central eastern Africa; E, southern Africa; F,

Madagascar; G, northern South America; H, Caribbean region. Geological periods: Cretaceous (145.5–65.5 Ma), Palaeocene (65.5–55.8 Ma),

Eocene (55.8–33.9 Ma), Oligocene (33.9–23.03 Ma), Neogene (23.03–2.588 Ma), Quaternary (2.588–0 Ma).
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the empirical curve increases during three separate small time

periods. A significant increase of the gradient in the empirical

curve can also be observed in the last 2–3 Myr.

Figure 5(b) shows the testing of a model of constant

diversification rate (model A), a model of gradually increasing

or decreasing diversification rate (model B) and a model of an

abrupt change of diversification rates (model C) (McKenna &

Farrell, 2006). Apart from the very beginning, a model with a

constant rate of diversification best fits the empirical data.

Models B and C have very similar likelihood values through

time and the curve for model C winds around the line for

model B until about 10 Ma. It is interesting that within the last

5 Myr, the curve for model C approaches the values for model

A. Also, the curve for model C forms a valley at about 20 Ma,

which stands for an increase of the likelihood for an abrupt

change in diversification rates.

The separate analyses for the Neotropical and Palaeotropical

clades (results not shown) delivered very similar results to the

combined analyses. Unlike the curve for the combined and the

Neotropical analyses, the curve of the Palaeotropical clade does

not show a further increase in diversification rate in the

Pliocene–Pleistocene period. The model testing analyses for the

Neotropical and the Palaeotropical clades (not shown) also

show similar results to the combined analysis. In both cases,

model A is suggested to be most likely throughout time and

the likelihood for model C increases at about 20 Ma. In

accordance with the empirical LTT plots, an increase of

likelihood for model C in the Pliocene–Pleistocene is not

observed in the Palaeotropical clade.

DISCUSSION

Spathelioideae: age and biogeographical patterns

Our analyses (Fig. 3) reveal an age of 74 Ma (58–78 Ma) and

therefore point to a Late Cretaceous origin of Spathelioideae.

The age of Spathelioideae also marks the divergence of the

Neotropical and Palaeotropical lineages and the AAR reveals a

split into a South American and an African lineage [(A–G),

Fig. 4]. The origin of the Spathelioideae stem lineage remains

unclear because we did not include outgroups in the AAR

analyses. The outgroup in our analysis would have been

Rutaceae s.s., but it was not feasible to include Rutaceae s.s.

because the ancestral distribution of the family is not known
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Figure 5 Lineage-through-time (LTT) plot and test for the fit of

three diversification models of the ingroup (Spathelioideae). (a)

The LTT plot. The black line shows the empirical LTT plot for

Spathelioideae, the dark grey line equates to the simulated LLT

plot and the light grey lines delimit the 95% confidence interval of

the simulated LTT curve. Values on the x-axis are given in million

years ago (Ma), those on the y-axis are logarithmic values of the

numbers of lineages. (b) The fit of three diversification models to

the Spathelioideae dataset. Model A describes a constant diversi-

fication rate; in model B, the diversification rate is gradually

increasing or decreasing; model C is a model of abrupt changes of

diversification rates. The values on the x-axis are in Ma and the

y-axis shows likelihood values calculated by Akaike’s information

criterion (AIC).

Table 2 Alternative ancestral areas and area splits for nodes 1 and

2 from the ancestral area reconstruction of the subfamily Spat-

helioideae (Fig. 4). For all other areas at the nodes of Fig. 4, the

relative probability from the Lagrange analysis was at least 10%

higher than the second suggestion for an area combination. Area

designations are as follows: A, central-western and central Africa;

C, western Mediterranean and Canary Islands; D, central eastern

Africa; E, southern Africa; F, Madagascar.

Split of areas Relative probability (%)

Node 1 A,E/C 26.59

A,D/C 19.71

Node 2 E/A 11.32

D/D 8.61

E/D 8.10

E/E 7.77

A,E/D 6.02

F/D 5.23

E,F/A 5.20
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(Kubitzki et al., 2011). This is primarily due to the lack of

resolution and support in the Toddalioideae s.l. clade in which

most American taxa are nested. American Rutaceae outside

Toddalioideae s.l. and Spathelioideae only include Cneoridium

Hook.f. and Thamnosma Torr. & Frém. Both genera belong to

otherwise Palaeotropical clades (Ruta clade, Cneoridium/

Haplophyllum clade; Groppo et al., 2008; Salvo et al., 2010)

and are probably cases of long-distance dispersal. Cneoridium

might have diverged from its sister group (Haplophyllum or

Haplophyllum + Aurantioideae) in the Eocene (Salvo et al.,

2010, 2011) and Thamnosma possibly originated in the

Miocene (Thiv et al., 2011). A Palaeotropical origin of all

main clades except Toddalioideae s.l. and Spathelioideae is

evident, so there is some evidence that Rutaceae have a

Palaeotropical origin, possibly a North Tethyan origin

(Kubitzki et al., 2011). Assuming Rutaceae to be Palaeotrop-

ical, an origin of the Spathelioideae stem lineage in Africa and

a dispersal event to South America is more probable than an

origin in South America with subsequent dispersal to Africa.

The last connections between South America and Africa

existed between 119 and 105 Ma (McLoughlin, 2001), which is

at least 25 Myr older than the upper limit of our credible

interval (Fig. 3). Based on this and the assumption that

molecular dating on taxa with a robust fossil record results in

age estimates that might be close to actual ages, a transoceanic

dispersal event at a time when South America and Africa were

still quite close to each other may have brought Spathelioideae

to South America.

Alternatively, assuming that age estimates based on fossil

evidence provide only minimal ages, we cannot exclude the

possibility that the actual ages are significantly older than our

estimates. Given this assumption, a Gondwanan origin of

Spathelioideae is possible and the split of the major lineages

would be explained by vicariance (the break-up of South

America and Africa).

The ancestor of Harrisonia may have diverged from the

other Palaeotropical members either in the Eocene or Palae-

ocene (Fig. 3) and has an African origin. By the time of the

first diversification of Harrisonia in the Miocene, Oligocene or

late Eocene, the genus may already have had a broad

distribution in Africa and Asia [Fig. 4, (ABD)]. Assuming a

broad distribution of the ancestor, we suppose that Harrisonia

dispersed to Asia only once. Harrisonia brownii is distributed

in the eastern part of Malesia and northern Australia and it is

possible that its ancestor separated from the remainder of

Harrisonia by dispersal in an eastward direction. The presumed

widespread ancestor of H. abyssinica and H. perforata might

have gone extinct in Arabia, western Asia and India, so that the

African and Southeast Asian populations were isolated. An

alternative to this scenario is that the ancestor of Harrisonia

dispersed to Asia and the ancestor of H. abyssinica dispersed

back to Africa after the separation from H. perforata. Nothing

is known about the dispersal vector(s) of Harrisonia, but

judging from its wide distribution and its fleshy fruits, it seems

to be a good disperser and both described scenarios of

ancestral dispersal seem possible.

Cneorum has usually been regarded as a very old genus

because of its isolated position as inferred from morphology

and due to the description of a Cneorum species from Cuba

(Borhidi, 1991; Riera et al., 2002). However, it has been shown

that the Cuban C. trimerum is conspecific with C. tricoccon L.

(Mediterranean) and is apparently a recent introduction by

humans and became extinct again in Cuba soon after its

introduction (Lobreau-Callen & Jérémie, 1986; Oviedo et al.,

2009; Appelhans et al., 2010). Based on this, we did not include

a Caribbean distribution of Cneorum in our analyses. However,

there has been no dated phylogeny of Cneorum prior to this

study and we suggest that, based on molecular dating, Cneorum

is not a relict genus. Our results (Fig. 3) show that the common

ancestors of Cneorum and Ptaeroxyleae diverged in the

Oligocene or late Eocene and that the ancestors of the two

extant species of the genus split in the Miocene. This split is

consistent with the age of the Canary Islands, which is inferred

to be around 20 Ma (Hoernle & Carracedo, 2009). Cneorum

pulverulentum is endemic to the Canary Islands and our age

estimates deliver evidence that the species is a neoendemic to

the Canaries. If the split was older, a distribution of

C. pulverulentum in north-western Africa or the Palaeo

Canaries (Fernández-Palacios et al., 2011) prior to the emer-

gence of the Canary Islands might be conceivable. Based on our

results and the current distribution of Cneorum, we are unable

to draw conclusions about a former occurrence of the genus in

north-western Africa, although the dispersal of Cneorum seeds

(both species) by lizards (Traveset, 1995a,b; Riera et al., 2002)

would make a direct dispersal from the Mediterranean to the

Canary Islands unlikely. It is noteworthy that the lizard genus

Gallotia Arribas, which is endemic to the Canary Islands and

disperses C. pulverulentum seeds, originated in the same period

(Miocene) as the C. pulverulentum lineage (Cox et al., 2010).

Ptaeroxyleae unambiguously have an African origin; how-

ever, the ancestral areas for the Ptaeroxyleae lineage are not

well resolved (nodes 1 and 2; Fig. 4, Table 2). The presence of

area A at theses nodes appears counterintuitive, because no

taxon of Ptaeroxyleae occurs in this area. The explanation for

this is that we defined high dispersal rates between the adjacent

areas A, D and E and that a taxon could move from area D to

area A simply by range expansion. Given the low likelihood

values for a particular area or combination of areas, nodes 1

and 2 (Fig. 4) should simply be treated as ‘tropical Africa’ or

‘sub-Saharan Africa’. The relationship between Ptaeroxylon

and Cedrelopsis is not clear from our analyses (Ptaeroxylon

nested within Cedrelopsis but without support; Figs 2 & 3).

However, Razafimandimbison et al. (2010) resolved a sister

group relationship of both genera. Our results (Fig. 4) show

that the stem lineage of Cedrelopsis split from a southern

African ancestor. Madagascar has had no direct connection to

Africa for the past 160 Myr (Goodman, 2009) while our results

suggest a split in the Miocene, so a long-distance dispersal

event to Madagascar is the most likely scenario explaining the

present distribution. Dispersal might have occurred by air due

to the winged seeds of Ptaeroxylon and Cedrelopsis. Alterna-

tively, assuming that Ptaeroxylon is indeed nested within
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Cedrelopsis, dispersal from central eastern Africa (area D)

might have brought the ancestor of Ptaeroxylon and Cedrelopsis

to Madagascar and the ancestor of Ptaeroxylon dispersed back

to Africa subsequently.

The ancestral area for the Neotropical clade of Spathelioi-

deae is inferred to be northern South America (area G).

Conclusions about biogeographical patterns within this area

are not feasible, especially because of incomplete knowledge of

Sohnreyia. Two of the four species are known from their type

locality only, so the actual area of distribution of the genus

cannot be determined reliably. Dictyoloma has a large distri-

bution, which may be explained by its light and winged seeds

(da Silva & Paoli, 2006).

From area G, one dispersal event to the Caribbean Islands is

inferred, potentially in the Miocene or Oligocene. The fruits of

Spathelia are winged (Appelhans et al., 2011), so we would

assume that the ancestor of Spathelia colonized the Caribbean

Islands by anemochorous dispersal. However, the fruits are

relatively heavy and the wings are rather narrow, so they might

not be suited for transportation over such a long distance.

Nevertheless, Caribbean hurricanes have been hypothesized as

vectors for Spathelia (Parra-O, 2005). Another possibility for

dispersal to the Caribbean would be island hopping or

dispersal via a land bridge. A connection between Cuba and

South America via a series of islands functioning as stepping-

stones was available from the early Miocene onwards (Hei-

nicke et al., 2007) and is congruent with the splitting of the

Dictyoloma/Spathelia lineage (19 Ma; credible interval 16–

33 Ma). Remnants of these connections are the Lesser Antilles,

Puerto Rico and Hispaniola, and dispersal via this route would

explain the absence of Spathelia from Central America and

Mexico. Iturralde-Vincent & MacPhee (1999) proposed a land

bridge, called the GAARlandia land span, similar to the

scenario of Heinicke et al. (2007). They postulated a contin-

uous land connection between South America and Cuba

between 33 and 35 Ma. The importance of this land bridge has

recently been questioned (Ali, 2011) and it seems to be too old

for the Spathelia lineage considering our age estimates.

However, the GAARlandia period is still within the upper

boundary of our credible interval for the split of Dictyoloma

and Spathelia (Fig. 3).

The resolution and support for the relationships among

Spathelia species is low (Fig. 2), but S. brittonii, the only

species from western Cuba, is clearly sister to the other species,

which are distributed in eastern Cuba, Jamaica and the

Bahamas. Cuba is characterized by mountainous areas sur-

rounded by lowlands (Woods & Sergile, 2009), and S. brittonii

may have been isolated during fragmentation of the island

through rising sea levels (Woods & Sergile, 2009). Lowering

sea levels in the late Pliocene and Pleistocene (McNeill et al.,

2008; Woods & Sergile, 2009) might have facilitated dispersal

to Jamaica. As the Jamaican group (2.5 Ma, 1–4 Ma; Fig. 3) is

monophyletic (Fig. 2), we conclude that a single dispersal

event took place. A fairly recent colonization event brought

Spathelia to the Bahamas (Spathelia bahamensis). The subaerial

exposure of the Bahamas started at 2.5–3 Ma (McNeill et al.,

2008), and since then many elements of the flora and fauna

have dispersed from Cuba and Hispaniola to the Bahamas

(Woods & Sergile, 2009).

Diversification rates through time

Although the model-fit test globally suggests a constant

diversification rate through the evolution of Spathelioideae

(Fig. 5b), the empirical LTT shows that the diversification rates

from 35 to 75 Ma were slightly lower than in the following

time periods (Fig. 5a). Between 18 and 32 Ma there are three

time periods with increased diversification rates. The last and

most abrupt of these periods (± 18–20 Ma) corresponds to the

beginning of the Miocene, so climate change may have

triggered speciation. The distinct increase of the diversification

rate in the last 2–3 Ma observed in the empirical LTT plot

mainly relates to speciation within the genus Spathelia (Fig. 3).

In the curves of the model-fit test, a tendency towards a change

in diversification rates is already apparent from about 8 Ma

onwards. In addition to the speciation in Spathelia, the biggest

percentage of missing lineages through missing taxa (mainly

Cedrelopsis) is expected to fall into this period as well, given the

estimated age of the genus (Fig. 3). Thus, the likelihood for

model C would probably be even higher in a complete dataset

(100% of the species). The increase in diversification rate

might correspond to Pliocene and Pleistocene sea-level changes

(McNeill et al., 2008; Woods & Sergile, 2009).

CONCLUSIONS

Our results suggest an origin of Rutaceae and its subfamily

Spathelioideae in the Late Cretaceous. This view is consistent

with previous molecular dating studies of sapindalean taxa

(Weeks et al., 2005; Muellner et al., 2006, 2007; Clayton et al.,

2009; Nie et al., 2009). The ancestral distribution of Rutaceae

is not evident because the backbone phylogeny of Toddalioi-

deae s.l. is not resolved and supported. However, most early

branching clades are inferred to be of Palaeotropical origin,

suggesting a Palaeotropical origin of the whole family. Based

on that, Africa (rather than South America) would be a likely

ancestral area for Spathelioideae, with dispersal events to the

Mediterranean, the Canary Islands, Madagascar and Southeast

Asia–Australia. The occurrence of Spathelioideae in the

Neotropics may be explained by a transoceanic dispersal event

at a time when South America and Africa were still quite close

to each other (assuming that our age estimates are close to the

actual ages according to the robust fossil record of Rutaceae),

or by vicariance (the break-up of South America and Africa,

assuming that our age estimates provide minimal ages).

Diversification analyses show that the lineages within

Spathelioideae probably evolved with a constant diversification

rate throughout their evolution. Only during the early

Miocene and the sea level changes in the Pliocene and

Pleistocene are abrupt changes in diversification rates more

probable. These changes mainly relate to speciation events

within Spathelia, the largest genus of the subfamily.
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Zeitschrift, 55, 185–190.

Traveset, A. (1995a) Reproductive ecology of Cneorum tricoc-

con L. (Cneoraceae) in the Balearic Islands. Botanical Journal

of the Linnaean Society, 117, 221–232.

Traveset, A. (1995b) Seed dispersal of Cneorum tricoccon L.

(Cneoraceae) by lizards and mammals in the Balearic

Islands. Acta Oecologica–Oecologia Plantarum, 16, 171–178.

Wang, H., Moore, M.J., Soltis, P.S., Bell, C.D., Brockington,

S.F., Alexandre, R., Davis, C.C., Latvis, M., Manchester, S.R.

& Soltis, D.E. (2009) Rosid radiation and the rapid rise of

angiosperm-dominated forests. Proceedings of the National

Academy of Sciences USA, 106, 3853–3858.

Weeks, A., Daly, D.C. & Simpson, B.B. (2005) The phyloge-

netic history and biogeography of the frankincense and

myrrh family (Burseraceae) based on nuclear and chloro-

plast sequence data. Molecular Phylogenetics and Evolution,

35, 85–101.

Woods, C.A. & Sergile, F.E. (2009) Antilles, biology. Encyclo-

pedia of islands (ed. by R.D. Gillespie and D.A. Clague), pp.

20–29. University of California Press, Berkeley, CA.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the

online version of the article:

Appendix S1 Taxa studied in the molecular phylogenetic

analyses.

Appendix S2 Detailed information about the distribution of

Spathelioideae taxa and the inclusion of taxa in our analyses.

Appendix S3 Voucher information for the additionally

sequenced species.

As a service to our authors and readers, this journal provides

supporting information supplied by the authors. Such mate-

rials are peer-reviewed and may be re-organized for online

delivery, but are not copy-edited or typeset. Technical support

issues arising from supporting information (other than

missing files) should be addressed to the authors.

BIOSKETCH

Marc Appelhans completed his doctorate from the Botanic

Garden (Hortus Botanicus) and the Netherlands Centre for

Biodiversity Naturalis in Leiden in November 2011. He started

a post-doctoral fellowship at the Smithsonian Institution in

Washington DC, USA, in February 2012. His main research

interests are the evolution, biogeography and systematics of

Rutaceae and related families. Parts of this publication were

presented at the Biosystematics conference in Berlin, Germany,

in February 2011 and received the first prize for the best

student presentation.

Author contributions: M.S.A., P.J.A.K., E.S., S.G.R. and S.B.J.

conceived the ideas; M.S.A. and S.B.J. collected and analysed

the data; M.S.A. led the writing and all authors made

significant comments on and improvements to the manu-

script.

Editor: Pauline Ladiges

M. S. Appelhans et al.

1250 Journal of Biogeography 39, 1235–1250
ª 2012 Blackwell Publishing Ltd


	NIEUW Template embargo 6 maanden Repository Taverne (24).pdf
	​Naturalis Repository 


