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Broad-scale patterns of species diversity have received much attention in the literature, yet the mechanisms behind their formation

may not explain species richness disparities across small spatial scales. Few taxa display high species diversity on either side of

Wallace’s Line and our understanding of the processes causing this biogeographical pattern remains limited, particularly in plant

lineages. To understand the evolution of this biogeographical pattern, a time-calibrated molecular phylogeny of Livistoninae palms

(Arecaceae) was used to infer the colonization history of the Sahul tectonic plate region and to test for disparities in diversification

rates across taxa and across each side of Wallace’s Line. Our analyses allowed us to examine how timing, migration history, and

shifts in diversification rates have contributed to shape the biogeographical pattern observed in Livistoninae. We inferred that each

of the three genera found in Sahul crossed Wallace’s Line only once and relatively recently. In addition, at least two of the three

dispersing genera underwent an elevation in their diversification rate leading to high species richness on each side of Wallacea.

The correspondence of our results with Southeast Asian geologic and climatic history show how palms emerge as excellent models

for understanding the historical formation of fine-scale biogeographic patterns in a phylogenetic framework.
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Since Darwin (1859) and Wallace (1878), biologists have hypoth-
esized about the mechanisms driving disparities in species diver-
sity across geographic space. Broad patterns of species diversity
have been the focus of most studies such as the disparities between
temperate and tropical regions (e.g., Middlebach et al. 2007) and
the Neotropics and Paleotropics (e.g., Phillips et al. 1994). There
are many potential explanations for differences in these large-
scale patterns including geological and climatic history, the size
of the geographic area, the extent of biotic interactions, and speci-
ation versus extinction rates. Outside of these large-scale patterns
are sharp differences in species diversity within relatively small
biogeographic regions and these discrete instances may lead to
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the understanding of local-scale processes that are fundamental
in shaping large-scale diversity patterns (e.g., Ricklefs 1987).
Southeast Asia is divided by one of the most widely rec-
ognized biogeographic barriers, Wallace’s Line (Wallace 1860).
Wallace’s Line separates the Asian (Sunda tectonic plate) and
Australian (Sahul plate) biotic regions and over a relatively
small geographic area many lineages exhibit a sharp break
in their distributions where groups are primarily found on
only one side and few are found on both sides. This dis-
tributional pattern was first observed in lineages that have
nearly complete differences in their taxonomic composition from
west to east, including birds and mammals (Wallace 1878;
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Mayr 1944; Simpson 1977; Mayr and Diamond 2001). After Wal-
lace’s original placement of the line, further study revealed that
a single line could not accommodate the species distribution pat-
terns observed across the tree of life (Huxley 1868; Lydekker
1896; Weber 1902). Although the exact location of the transition
in taxonomic composition varies, the existence of such a sharp
transition has long intrigued biogeographers.

In some taxonomic groups, Wallace’s Line causes a strong
discontinuity in their distribution, whereas other groups have been
reported to cross the biogeographic barrier once (e.g., Mercer
et al. 2003) or multiple times (e.g., Evans et al. 2003) during their
evolutionary history. This biogeographic barrier has been shown
to be weaker for plants (Whitmore 1982; Van Welzen et al. 2011)
and some insects (e.g., Beck et al. 2006), where increased dis-
persal ability is thought to have allowed species to colonize both
sides of the line (e.g., Aglaia, Muellner et al. 2008; Rhododen-
dron, Van Welzen et al. 2005). Despite this evidence, even species
known to have high dispersal abilities show discontinuities in their
distribution across Wallace’s Line (e.g., Atkins et al. 2008).

The complex geological history of the region, which com-
bines the reorganization of terrestrial habitats with the collision of
the Sunda and Sahul shelves, high volcanic activity, and repeated
fluctuations in sea level (Morley 2000; Hall 2009), has engen-
dered many opportunities for habitat fragmentation, migration,
and colonization of new habitats, and ultimately allopatric spe-
ciation (e.g., Beck et al. 2006; Esselstyn et al. 2009). Therefore,
the geological legacy of the region and the evolutionary history of
groups found on each side of Wallace’s Line together help us tease
apart the processes that have contributed to the generation of the
hyperdiversity in Southeast Asia where three of the 25 recognized
global biodiversity hotspots are located (Myers et al. 2000).

To further understand how diverse groups can be distributed
on each side of Wallace’s Line, the timing and the relative contri-
bution of migration events, and diversification rates within each
biogeographic region need to be examined. At one extreme, nu-
merous instances of migration across Wallace’s Line could be fol-
lowed by low in situ diversification. At the other extreme, a single
to few migration events could be followed by high in situ diversifi-
cation. Furthermore, rates of diversification can be influenced by
intrinsic morphological characteristics associated with particular
species (i.e., “key innovations” such as plant elaiosomes; Forest et
al. 2007), some extrinsic geological or environmental feature as-
sociated with the biogeographic region (e.g., episode of vicariance
or the onset of an ecological association; Moore and Donoghue
2009), or some combination of both (e.g., adaptive radiation of
morphotypes following colonization of a novel habitat; Baldwin
and Sanderson 1998; Losos et al. 1998; Schluter 2000; Wagner
et al. 2012). By estimating diversification rates using time-
calibrated phylogenies, the likelihoods of diversification models
with different rates for each biogeographic region, each taxonomic
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group, or a combination of both can be compared. Through the
synthesis of these results we can gain insight into the processes
that shape the patterns of diversity and further understand the
constraints that some clades have overcome when crossing bio-
geographic barriers, such as Wallace’s Line, and more generally
contributes to our understanding of why some groups are more
diverse than others.

Several groups of angiosperms are diverse in both Sunda and
Sahul with a reduction in species richness in Wallacea primar-
ily due to its comparatively small land area and this pattern is
suggested to be most pronounced in the palm family, Arecaceae
(Dransfield 1981, 1987; Baker et al. 1998; Baker and Couvreur
2012). The prevailing biogeographic pattern in Southeast Asian
palms is interesting because of the extreme biogeographical dis-
junction it forms across a relatively small area where from west
(Sunda) to east (Sahul) 302 palm species are found in Borneo,
62 in Sulawesi, and 243 in New Guinea. Within the palms, sub-
tribe Livistoninae (Arecaceae, Coryphoideae, Trachycarpeae) is
an ideal group to examine disparities in biogeographic patterns
across Wallace’s Line because it includes genera that are dif-
ferentially species rich on either side and, although intergeneric
relationships have remained tenuous, it has been the focus of
a recent phylogenetic study (Bacon et al. 2012). Livistoninae
comprise 198 species (Dransfield et al. 2008) in six genera—
Johannesteijsmannia (four species), Lanonia (eight; Henderson
and Bacon 2011), Licuala (144), Livistona (27), Pholidocarpus
(six), Saribus (nine; Bacon and Baker 2011). The ancestral stem
lineage of this monophyletic subtribe originated in the New World
in the Late Oligocene to Early Miocene (North and Central Amer-
ica and / or the Caribbean ca. 18.5-34 Ma; Bacon et al. 2012) and
the extant distribution of Livistoninae is from Bhutan and China
into Malesia and crosses Wallace’s Line into New Guinea and
Australia (Henderson 2009).

To understand the relative importance of migration between
biogeographic regions and diversification rates in shaping the dis-
tribution pattern observed in palm lineages in the Southeast Asian
region, we infer the tempo and mode of species diversification
in Livistoninae. We use a densely sampled and time-calibrated
phylogeny to test the monophyly of genera and the timing of
lineage origination and diversification. Likelihood models of his-
torical biogeography allow us to localize the timed lineages in
geographical space and infer the number of vicariance and dis-
persal events that occurred among ancestral ranges to test the
contribution of migration in patterns of species diversity. We
compare the likelihoods of various models of diversification to
determine whether constraints associated with either taxonomic
identity, biogeographic area, or both have contributed to shape
the patterns of diversification observed in Livistoninae. Taken
together, these analyses permit a synthesis of origin, diversifi-
cation, timing, and biogeography of species diversity patterns
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Figure 1. Map of Southeast Asia and Australia with the two ma-
jor tectonic plates, Sahul and Sunda, as well as the biogeographic
region Wallacea and the demarcation of Wallace’s Line.

into a geological and paleoclimatic framework to examine the
mechanisms that formed the biographic patterns and rich biodi-
versity found in the Southeast Asian hotspot today.

Materials and Methods

STUDY REGION—SOUTHEAST ASIA

The Sunda continental shelf spans southern Indochina, to the
Thai-Malay peninsula, and to Sumatra, representing the ancient
continental core of the region (Fig. 1; Hall and Morley 2004). To
the east is the Sahul shelf, which forms the Australian continent.
Within the suture zone between the Sunda and Sahul regions is
Wallacea, which is bounded to the west by Wallace’s Line, the
biogeographic demarcation between Asian and Australian biota.
Wallacea is the collision area between the two plates and consti-
tutes the most geologically complex part of Southeast Asia (Hall
2009). The sharp biotic differentiation on either side of Wallacea
has been maintained by a deep, cold-water oceanic trench (Nagao
and Selya 1995) and in general, Sunda and Sahul regions are char-
acterized by an ever-wet climate, whereas the intervening area of
Wallacea has a dry monsoonal climate (Van Welzen et al. 2005).

TAXON SAMPLING AND DNA SEQUENCING

Dense species-level sampling allowed for accurate assessments of
phylogenetic relationships and was based on Bacon et al. (2012)
with the addition of 26 species and DNA sequences for an addi-
tional nuclear gene (malate synthase [MS]; Table S1). The two
outgroups (Acoelorrhaphe wrightii H. Wendl and Serenoa repens
[W. Bartram] Small) were chosen based on previous analysis
(Bacon et al. 2012). Between 31% and 100% of species from
each Livistoninae genus were sampled and a total of 98 terminals
were included in the simultaneous analysis (Kluge 1989; Nixon
and Carpenter 1996). Total genomic DNA was extracted from sil-

ica gel—dried leaves following Alexander et al. (2007). Sequences
for three plastid (matK, ndhF, and trnD-T) and four nuclear loci
(CISP4, CISP5, MS, and RPB2) were generated (Fig. S1). Sin-
gle amplifications of the matK locus used primers matK-19F
and matK-1862R, with internal sequencing primers matK-300F,
matK-809F, and matK-971R to construct contiguous sequences
(Steele and Vilgalys 1994; Asmussen et al. 2006). Amplifications
of CISPs 4 and 5 followed Bacon et al. (2008), MS followed
Crisp et al. (2010), ndhF followed Cuenca and Asmussen-Lange
(2007), RPB2 followed Roncal et al. (2005), and trnD-T followed
Hahn (2002). Amplified products were purified using Qiagen PCR
Purification Kits and sequenced by the Cancer Research Center
DNA Sequencing Facility at the University of Chicago, IL. All
new sequences generated in this study have been deposited in
GenBank under accession numbers HQ720156-HQ720240 and
HQ720962-HQ721101 (Table S1).

PHYLOGENETIC ANALYSIS

Multilocus phylogenies enabled the testing of monophyly of
Livistoninae genera and biogeographic groups. Preliminary nu-
cleotide alignments were obtained independently for each of
the seven loci using default parameters in MUSCLE v3.6
(Edgar 2004) and manual adjustments were performed in Mac-
Clade v4.03 (Maddison and Maddison 2001) following Sim-
mons (2004). Gap characters, the inclusion of which often affect
the inferred tree topology and increases branch support values
(Simmons et al. 2001), were scored using modified complex in-
del coding (Simmons and Ochoterena 2000; Miiller 2006). Only
parsimony-informative gap characters were scored from unam-
biguously aligned regions and parsimony tree searches were con-
ducted using 1000 random addition tree—bisection—reconnection
(TBR) searches in PAUP* v4.0b10 (Swofford 2001) with a max-
imum of 10 trees held per replicate. Parsimony jackknife (JK)
analyses (Farris et al. 1996) were conducted using PAUP* and
1000 replicates were performed with 100 random addition TBR
searches per replicate. jModeltest v0.1.1 (Posada 2008) was used
to select the best-fit likelihood model for each data matrix using
the Akaike Information Criterion (Akaike 1974) without consid-
ering invariant-site models following Yang (2006). Searches for
optimal maximum likelihood trees (Felsenstein 1973) and 1000
bootstrap replicates (Felsenstein 1985) in the CIPRES Portal v2.2
used the RAXML-III algorithm (Stamatakis et al. 2005, 2008). The
simultaneous analysis was performed using the GTR + I" model
and the data matrix is available from TreeBase (study accession
11108).

BAYESIAN DIVERGENCE TIME ESTIMATION

We estimated divergence times using BEAST v1.5.4 (Drummond
etal. 2006; Drummond and Rambaut 2007) by reducing the matrix
to include only one individual per species. Because we do not
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know of any unambiguously identified fossils in Livistoninae, we
used a secondary calibration point obtained from a broader study
based on primary fossil calibrations (tribe Trachycarpeae; Bacon
et al. 2012). A normal distribution for the secondary calibration
point at the stem node of Livistoninae was implemented using a
mean of 26 Ma and a 2.7 standard deviation of the prior to capture
the variation around the mean (18-34 Ma Livistoninae stem age;
Bacon et al. 2012). The normal distribution has been shown to be
most appropriate for modeling secondary calibrations because it
reflects the uncertainty in imported date estimates (Ho 2007; Ho
and Phillips 2009).

The data were partitioned by locus to allow for variation in
substitution models, which can alleviate or remove the impact of
saturation caused by using relatively older fossils for inferences
directed at more recently evolved nodes (sensu Ho et al. 2005).
The analysis was run using an uncorrelated lognormal molecular
clock model, a Yule pure birth speciation model with no starting
tree, the GTR + I' model of nucleotide substitution with four
rate categories, and the default operator. The Markov chains were
run for 50 million generations and repeated 10 times to test for
Markov Chain Monte Carlo chain convergence and to ensure
effective sample sizes exceeded 200. After verifying that chains
had reached stationarity in Tracer v1.5, 10% was removed as burn-
in and BEAST log files were combined in LogCombiner v1.5.4.
Tree files were combined to estimate median node height and the
95% highest posterior density (HPD) in TreeAnnotator v1.5.4.

BIOGEOGRAPHICAL RECONSTRUCTIONS

To test whether disparity in species diversity is due to the history
of migration, we estimated the number of dispersal and vicariance
events along phylogenetic branches and the historical biogeogra-
phy of Livistoninae. Ancestral range patterns were inferred us-
ing five geographic areas: (A) southeastern North America; (B)
Africa and Arabia; (C) eastern Asia (India to Thailand, excluding
the peninsular region), China (including Hainan), and Japan; (D)
west of Wallace’s Line (peninsular Thailand and the Philippines to
Borneo), (E) east of Wallace’s Line (Sulawesi, New Guinea, and
Australia to Vanuatu). We separated continental (C) from insular
(D) areas of Sunda to account for the high amounts of geological
change in D. Biogeographic areas were delimited based on areas
of endemism in the tribe while also minimizing the total number
of areas and the number of polymorphic distributions (Sanmartin
and Ronquist 2004). Geographic areas were also set up to al-
low for explicit hypothesis testing of dispersal and its effects on
diversification rates where area D is west and area E is east of Wal-
lace’s Line. In applying character-state reconstruction methods to
ancestral distributions, we coded geographic ranges as discrete,
multistate characters that allowed for ranges spanning more than
one of these five geographic areas (e.g., Hardy and Linder 2005).
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A likelihood framework for examining historical range shifts
was implemented using the dispersal-extinction—cladogenesis
model (DEC; Ree et al. 2005) in Lagrange build 20120508 (Ree
and Smith 2008a). DEC has been shown to be a robust model
of inferring historical biogeography because it can incorporate
parameters such as divergence time estimates, dispersal capaci-
ties, extinction rates, and paleogeographic information between
regions in geological time (Ree and Smith 2008b). Lagrange es-
timates the relative likelihood of each possible ancestral range at
each node, given a particular probability of dispersal and extinc-
tion. The evolution of geographic range was simulated using a
rate matrix method that exponentiates branch-specific transition
probabilities and enabled the likelihood of the observed species
distributions to be evaluated for a given phylogeny. We used the
ultrametric tree generated by BEAST to infer ancestral distribu-
tions with default parameters for extinction rates and an equal
rate for dispersal capacity among all areas in the analysis. The
statistical support for biogeographic reconstructions is defined by
its relative probability (fraction of the global likelihood).

LIKELIHOOD ESTIMATION OF DIVERSIFICATION
RATES

To test whether shifts in diversification rates may have contributed
to the geographic and taxonomic disparities of species diversity,
we fit models of diversification to the consensus phylogeny of
Livistoninae inferred with BEAST using the R functions provided
as supplementary information in Morlon et al. (2011) and others
(H. Morlon, pers. comm. 2012). Outgroups were removed and
the tree was reduced to include only one individual per species
(Rabosky 2006), resulting in a tree with 74 terminals.

We fit models of diversification to the Livistoninae phylogeny
with speciation and extinction rates being constant (g, o) or
being allowed to vary linearly [A(¥) = o + M, p(®) = o +
wi] or exponentially [A(f) = Lo €%, w(f) = wo €] through time.
Given the location of the reconstructed migration events on the
phylogeny and given that Licuala, Livistona, and Saribus are
the three most diverse genera in the Livistoninae, we then fit
diversification models where the speciation and extinction rates
could vary among lineages, and be constant or vary through time.
In particular, we compared the likelihoods of models with shifts
in diversification rates that were associated with the taxonomic
identity of the lineages (i.e., different rates for Licuala, Livistona,
and Saribus), their extant biogeographic distribution (i.e., within
Sahul or outside of Sahul), or a combination of both. Therefore,
the models with the most shifts included different speciation and
extinction rates for the six following lineages: Licuala within
Sahul, Licuala outside of Sahul, Livistona within Sahul, Livistona
outside of Sahul, Saribus within Sahul, and other lineages (model
“A” in Table 1). In total, we assessed 17 hypotheses characterized
by zero to five shifts in diversification rate located at the nodes
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corresponding to the three genera and their extant biogeographic
distribution.

We assessed the fit of the models based on their corrected
Akaike information criterion (AICc) value (see Morlon et al.
2011). We used this criterion (1) to select the most likely mode of
diversification (pure-birth or birth-death; constant or time vary-
ing) for each subtree on which the speciation and extinction rates
were estimated (lower-case letters “a” through “v” in Table 1); (2)
to determine whether models that included shifts in diversifica-
tion rates during the radiation of the Livistoninae were more likely
(uppercase letters “A” though “Q” in Table 1). To ensure that the
maximum likelihood optimizations were converging on stable so-
lutions, we tested several combinations of starting parameters for
each of the diversification rate estimations.

We assigned missing taxa to the phylogeny using the best
estimate of the total number of species in each group based on
morphology, published and unpublished work, recent field expe-
ditions, and the World Checklist of Palms (http://apps.kew.org/
wcsp/home.do). The proportion of sampled species for each sub-
tree on which diversification rate estimations were performed was
calculated based on these assignments. The fraction of missing
species is accounted for in the likelihood formulation provid-
ing unbaised estimates of the diversification rates if the missing
species represent a random sample of the species pool. Given
that the unsampled species in our phylogeny do not represent a
random sample of the species pool, we tested whether this viola-
tion of the assumptions affected our conclusions. To this end, we
generated 500 phylogenies that included the missing species by
grafting random phylogenies for each group of missing species
onto the tree used in our previous analysis, based on the species
assignments. As constant pure-birth diversification models were
always favored when estimated on the incomplete phylogeny (see
Results), we fit constant pure-birth models on the subtrees corre-
sponding to each of the 17 hypotheses of shifts in diversification
rates on the simulated phylogenies. These hypotheses were then
ranked based on the sum of the ranks obtained for each one of
the 500 simulated phylogenies according to their AICc scores.
All the diversification analyses were performed in R 2.15.0 (R
Core Team 2012) using the ape (Paradis et al. 2004), multicore
(Urbanek 2011), doMC (Revolution Analytics 2012), and phy-
lobase (Bolker et al. 2011) packages.

Results

GENE TREE INCONGRUENCE AND SYSTEMATICS OF
LIVISTONINAE

Parsimony and maximum likelihood analyses similarly resolved
relationships across loci although incongruence was detected for
intergeneric relationships in three of the seven gene trees (Fig. S1).
The CISP4, matK, and RPB2 gene trees show differences in the
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position of Pholidocarpus and Livistona. In the CISP4 gene tree
Pholidocarpus is resolved as sister to Lanonia and Pholidocar-
pus + Lanonia are nested within a polytomy also encompassing
Johannesteijsmannia, Saribus, and Licuala. In the matK gene tree,
Pholidocarpus is resolved outside of the subtribe and in contrast
to both the CISP4 and matK gene trees, the RPB2 gene tree re-
solved Pholidocarpus in a clade with Licuala and Saribus. In
the simultaneous analysis, Lanonia is resolved as sister to Jo-
hannesteijsmannia, which together are sister to Saribus, Licuala,
and Pholidocarpus (Figs. S2 and S3). Furthermore, the parti-
tioned Bayesian analysis (BEAST) resolved the same topology
with similar branch-support values as the likelihood and parsi-
mony simultaneous analyses (Lanonia and Johannesteijsmannia
are sister with 1.0 PP). Despite these incongruences, our sam-
pling of one or two individuals per species and seven loci is
insufficient to determine the coalescent species tree for Livison-
tinae (sensu Fig. 10.7 in Knowles 2010). In agreement with pre-
vious studies (Asmussen and Chase 2001; Asmussen et al. 2006;
Baker et al. 2009; Bacon et al. 2012), Livistoninae was highly
supported as monophyletic (Figs. S1-S3). Each of the Liviston-
inae genera was resolved as monophyletic and highly supported
(Figs. S2 and S3) and our results also corroborate the recent
recognition of Lanonia, a new genus of palms (Henderson and
Bacon 2011).

DIVERGENCE TIMES IN LIVISTONINAE

Two metrics were used to evaluate the appropriateness of assum-
ing a model of uncorrelated rates of molecular evolution when
estimating divergence times. First, the covariance statistic was
examined in Tracer v1.5, which provides an approximation of
phylogenetic autocorrelation of molecular rates. The distribu-
tion for this analysis centers on zero (P = —0.0414, 95% HPD
of —0.1713 to 8.4707E~2], indicating that there is no support for
molecular rates to be inherited from parent to child nodes across
the entire phylogeny. Second, the coefficient of variation was also
examined in Tracer, which measures the proportion of the varia-
tion in molecular rates surrounding the mean. The distribution of
possible coefficients of variation is centered far from zero (0.5495
with 95% HPD of 0.4 to 0.7068), suggesting that rates vary more
than 55% about the mean and is indicative of the extreme rate
heterogeneity that was specifically accounted for in the model.
Our results indicate that the crown group of Livistoninae origi-
nated at ca. 24 Ma (Fig. 2; Table S2; 95% HPD of 16.1-28.5 Ma,
PP = 1.0). The three genera with distributions across Wallace’s
Line had monophyletic crown groups that originated between ca.
12 and 15.5 Ma and are the three oldest crown ages in the phy-
logeny. Despite this, the highest species diversity is in Licuala,
which did not have the oldest inferred age of the clades that
crossed Wallace’s Line.



DIVERSIFICATION OF LIVISTONINAE PALMS

p/bN2IT

pIuoUD] ? snqLIbs
o

—
o
>

DUOISINIT

+

30 25 20 15

10 5 0 Ma

Figure 2. The maximum clade credibility tree from the Bayesian-divergence-time analysis with the biogeographical reconstruction
produced from ancestral range analysis, where uncertainty in reconstructions is described in Table S3. The HPD range for each major
clade supported with greater than 0.5 posterior probability is indicated with node bars. The five biogeographic regions are color coded
and mapped to their geographic position where circles at nodes with two colors represent polymorphic distributions. The black line

in the two lower maps represents Wallace’s Line. Yellow branches for the three instances of successful dispersal across Wallace’s Line

and occur between ca. 3.2-12 Ma, which is highlighted in gray. Pholidocarpus and Johannesteijsmannia are abbreviated as Pho and Joh,

respectively and the portrait of A. R. Wallace is adapted from Popular Science Monthly 11 (1877).

BIOGEOGRAPHICAL RECONSTRUCTIONS

Estimation of historical ranges and biogeographical events (e.g.,
dispersal, vicariance) allowed for the localization of ancestral lin-
eages in geographical space. Coding of the distributions required
scoring the following five species as polymorphic: one (Saribus

rotundifolius) that is found from Borneo to New Guinea (areas D
and E) and four others (Licuala paludosa, L. spinosa, Livistona
saribus, and L. jenkinsiana) that are found in both eastern Asia
and Peninsular Thailand and the Philippines to Borneo and Java
(areas C and D). The nodes of interest with likelihood scores that
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were not significantly different between reconstructions (within
—2 In L; Ree and Smith 2008b) are shown in Table S3. The
“widespread ancestor problem” (Ree et al. 2005) was not de-
tected in the Livistoninae biogeographic reconstructions and only
six internal nodes were reconstructed as ranging in more than one
area (Fig. 2).

The backbone of the Livistoninae tree is inferred to have
ancestral distributions in eastern Asia (area C; Fig. 2). All other
Livistoninae genera are inferred to have either an eastern Asian
or Sunda origin (area D). From the consensus scenario of range
inheritance in Livistoninae 15 instances of dispersal, 13 local
extinctions, and two vicariance events were reconstructed. Five
instances of dispersal were reconstructed from the Sunda region
across Wallace’s Line into the Sahul region, all of which were in-
ferred in Licuala, Livistona, and Saribus. Despite this, only three
dispersal events resulted in further diversification (nodes 1-3 re-
spectively; Fig. 2). The number of biogeographic events per genus
that crossed Wallace’s Line also lends support to the hypothesis
that the history of migration may factor into species richness pat-
terns. No events were inferred to have occurred in the crown
lineages of Pholidocarpus and Johannesteijsmannia, whereas
Lanonia had three, Saribus four, Livistona six, and Licuala had
12 events inferred.

DIVERSIFICATION RATE SHIFTS IN LIVISTONINAE
For each diversification rate estimation (lowercase letters “a”
through “v”; Table 1), pure-birth models with constant rate
through time were consistently favored based on their AICc val-
ues. Models that included shifts in diversification rates were gen-
erally favored over the model with a single diversification rate for
the entire Livistoninae phylogeny (model “Q” ranked 16 out of
17 models for both the incomplete phylogeny and the simulated
phylogenies; Table 1), indicating that rates of diversification are
heterogeneous among Livistoninae lineages. The model with the
best AICc score included five diversification rates: Licuala within
Sahul, Licuala outside Sahul, Livistona within Sahul, Saribus
within Sahul, other species (Livistona outside Sahul, Saribus out-
side Sahul, Johannesteijsmannia, Pholidocarpus, and Lanonia;
Table 1; Fig. 3). More generally, models that included different
diversification rates for a combination of taxonomic identity and
biogeographic origin had better AICc scores than models with
different diversification rates based solely on taxonomic identity
(model “G” ranked 14 and 9 for the incomplete phylogeny and
the simulated phylogenies, respectively) or biogeographic origin
(model “P” ranked 8 and 15; Table 1).

Using either the incomplete phylogeny or the simulated phy-
logenies, the model of diversification that fit the data best inferred
five diversification rates with three shifts that corresponded to
the crossing of Wallace’s line, as well as one shift for Licuala
found outside of Sahul (model “B”; Table 1). This model was
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also favored in more than 98% of the 500 simulated phylogenies.
Overall, the models for which the ranks were most different when
estimated on the incomplete phylogeny compared to the simulated
phylogenies were the simpler models with fewer shifts.

The pure-birth speciation rates for model “B” estimated on
either the incomplete phylogeny or the simulated phylogenies are
higher after crossing Wallace’s Line than the rate for the ancestral
lineages of Licuala and Livistona (1.4 and 1.7 times higher based
on the estimates obtained from the simulated phylogenies, re-
spectively; Fig. 3). The magnitude of the shift in speciation is less
pronounced in Saribus and the direction of the shift is different
whether it is estimated from the incomplete phylogeny (specia-
tion rate increases from 0.146 to 0.152) or from the simulated
phylogenies (speciation decreases from 0.183 to 0.161).

Discussion

The potential explanations for broad-scale patterns in species
richness may apply generally to disparities across smaller spa-
tial scales. Despite this, explicit hypothesis testing to understand
sharp differences in species diversity at a local-scale may lead
to novel insights that can be applied to other regions and bio-
geographic patterns. In this study we focused on Southeast Asia
and specifically the biogeographic pattern in species richness be-
tween the Sunda and Sahul regions. Based on the evidence from
Licuala, Livistona, and Saribus, the distributions result from a few,
relatively recent migration events across Wallace’s Line followed
by in situ diversification within the Sahul region. Furthermore,
the biogeographic pattern is accentuated by the rapid diversifica-
tion of Licuala and Livistona, and to some extant Saribus in the
Sunda region. Although there are limitations to the method used
(e.g., secondary age estimates, difficulties with diversification
rate inference), our estimates, taken together, detect mechanisms
of species diversification that correspond to the geological and
climatic history of the region.

TAXONOMIC HYPOTHESES

The monophyly of Livistoninae has been previously recog-
nized, although intergeneric relationships within Livistoninae
were poorly understood due to weak branch support (Asmussen
and Chase 2001; Asmussen et al. 2006; Baker et al. 2009;
Bacon et al. 2012). Our data indicate that Livistona is the ear-
liest divergent genus in the tribe (Fig. S2) and corroborates pre-
vious results (Bacon et al. 2012). The CISP 5 gene tree resolved
a nonmonophyletic Livistona, with L. carinensis separated from
the rest of the genus by one poorly supported branch. In this
study, the other six gene trees, each genome partition, the com-
bined analysis, and the partitioned Bayesian analysis resolved a
monophyletic Livistona (Fig. S2). Nonmonophyly of Livistona
had been reported before (Crisp et al. 2010) and L. carinensis had
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been previously recognized as the separate genus Wissmannia
until 1983 (Dransfield and Uhl 1983). Based on morphology and
molecular results, Livistona is monophyletic and its distribution
is likely relictual because of past climate changes and shifts in
boreotropical forest distribution
(Dransfield 1987; Bacon et al. 2012).
Outside of Livistona and sister to the rest of the Liviston-

throughout the Miocene

inae, we resolved a sister relationship between Johannesteijs-
mannia and Lanonia (Fig. S2). Interspecific relationships of Jo-
hannesteijsmannia were poorly resolved in our analysis, with
two nonexclusive species, potentially reflecting misidentifica-
tions in the field or with botanical garden material. The clade of
Saribus + Pholidocarpus was resolved as sister to Licuala (Figs.
S2 and S3). Saribus has recently been resurrected as a genus
based on molecular and morphological data (Bacon et al. 2012)
and is further supported in this study with the additional sampling
of three other species (Fig. S2). Licuala is highly supported as
monophyletic, although interspecific relationships are poorly re-
solved (Fig. S3). The following three major groups within Licuala
were reconstructed: L. longicalycata + L. mattanensis, an In-
dochina grade, and an east-of-Wallace’s-Line clade (clades A-C;
Fig. S3).

TEMPORAL AND SPATIAL PATTERNS OF
DIVERSIFICATION

Although secondary calibration can be a potential source of es-
timation error (e.g., Graur and Martin 2004), our estimate was
derived from a broader study based on robust fossil data and the
uncertainty therein was incorporated in the credible interval at
the stem node of Livistoninae (Bacon et al. 2012). Our results
show that the dates estimated for Livistoninae correlate with the
fossil history of the group. For example, the Australian Oligocene
(26.5-28 Ma) trunk fossil Palmoxylon queenslandicum is sug-
gested to resemble Livistona and Licuala (Conran and Rozefelds
2003). The divergence times estimated for Livistoninae diversi-
fication overlap with the estimated age of the Palmoxylon fossil
substrate and the topological position of Livistona as the earliest
divergent genus also substantiates our divergence time results.
Furthermore, missing taxa could bias in the biogeographical re-
constructions if they were concentrated in one region but all of
the geographic regions used in the analysis were densely sampled
within each of the clades inferred.

The mean age estimated for the crown node of the tribe was
approximately 25 Ma (95% HPD: 19.64-30.39 Ma) and was re-
constructed in eastern Asia (area C; Fig. 2). The origin of the
tribe corresponds to one of the most important periods of plate-
boundary reorganization in the Cenozoic (formation of Southeast
Asia at 20-30 Ma; Hall 1998). Our biogeographical reconstruc-
tion analysis suggests that the ancestors of modern Livistoninae
dispersed into islands of the Sunda region five million years af-
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ter lineage origination (~16-21 Ma; Miocene; Fig. 2). Dispersal
from eastern Asia to insular areas in Southeast Asia coincides with
the timing of major tectonic activity and the collision between the
Sunda and Sahul plates that caused continental fragments to be
split off and be rearranged throughout the region (Hall 2002). Af-
ter the Early Miocene rejuxtaposition of land and changes in sea
level facilitated the dispersal of the terrestrial flora from Sunda
(area D; Fig. 2) into Sahul areas (area E; Fig. 2). During this time
period, the former oceanic barrier between the two continental
shelves in Wallacea had been reduced and included several small
islands that could serve as stepping stones for dispersal across
Wallace’s Line (Hall 2009).

DIVERSIFICATION IN LIVISTONINAE

To test our hypothesis that dispersal across Wallace’s Line in-
creased diversification rates and consequently contributed to the
disparity in species diversity across a narrow geographic area, a
rate increase would need to be detected in the vicinity of at least
one of the three instances of dispersal to the Sahul region (Fig.
2). Based on our diversification rate analysis, an increase in di-
versification rates was detected in at least two of the three genera
that dispersed across Wallace’s Line (Fig. 3). This increase in
diversification rate therefore drove elevated numbers of species
found on the eastern side of Wallace’s Line. In addition, our results
show no evidence for dispersal between major geographic areas in
Lanonia, Johannesteijsmannia, and Pholidocarpus, whereas
Licuala, Livistona, and Saribus experienced range expansions
into the Sahul regions of New Guinea and Australia to Vanuatu
(area E; Fig. 2).

The Livistoninae lineages that crossed Wallace’s Line all
generally share similar dispersal-related morphological charac-
teristics: fruits that are small in size (<1.5 cm; Henderson 2009)
are brightly colored (red in Licuala, blue to purple in Livistona,
orange to red in Saribus) and are inferred to be bird dispersed and
have high dispersal capability (Dowe 2009). In contrast, those
Livistoninae lineages that remained in the Sunda region have low
dispersal ability (e.g., Johannesteijsmannia, Pholidocarpus) with
large, green to brown fruits that are likely mammal dispersed
(3.5-12 cm; Zona and Henderson 1989).

Shifts in diversification rate are attributed to both intrin-
sic (i.e., morphological innovations) and extrinsic correlates (i.e.,
biotic and abiotic factors) by changing the direction and / or
the speed of diversification (e.g., Forest et al. 2007; Moore and
Donoghue 2007; Rabosky 2009; Rabosky and Glor 2010; Wagner
et al. 2012). The results of our study indicate that both interact to
generate the unusual diversity pattern exhibited in Livistoninae.
For instance, the best-fit diversification model supports the hy-
pothesis that recent diversification in Licuala is characterized by
a higher speciation rate compared to its ancestral lineage, which
further increased after dispersing into the Sahul region. The highly



DIVERSIFICATION OF LIVISTONINAE PALMS

dynamic nature of terrestrial habitats in Southeast Asia over the
last 10 Ma, and in particular the uplift of the New Guinean high-
lands in the last 5 Ma, has most likely generated multiple op-
portunities for speciation (Hall 2009), and the higher dispersal
abilities of Licuala, Livistona, and Saribus further contributed to
the colonization of these novel habitats. However, understanding
why New Guinea Licuala exhibit elevated diversification would
require a detailed analysis including both fine-scale distributional
data and morphological data to test for a correlation between
diversification and dispersal abilities.

WALLACE’S LINE AND PALM DISTRIBUTIONS
Dransfield (1981) first reported the unusual patterns of species dis-
tributions in Southeast Asian Livistoninae with high species rich-
nesses in Sunda and Sahul and lower richness in Wallacea. Drans-
field hypothesized that this pattern of species diversity, which he
referred to as bicentric, was caused by a combination of post-
Miocene migrations from the west and possibly the east (but see
Dransfield 1987), and Pleistocene climatic changes that increased
extinction rates in Wallacea. Three instances of dispersal were re-
constructed from the Sunda region across Wallace’s Line into the
Sahul region (area E; Fig. 2) indicating that Licuala, Livistona,
and Saribus ancestors most likely colonized Southeast Asia from
the west (Fig. 2) and refutes the idea that the group colonized
the region on two fronts. No dispersals out of the Sahul region
were inferred in Livistoninae, which may reflect the inability for
long-distance dispersal further east to the smaller island chains
such as Fiji, French Polynesia, and Hawaii.

Recent stable isotope data have shown that islands in South-
east Asia experienced a severe dry period in the Pleistocene that
likely caused major forest contractions (~125 Ka; Bird et al.
2005; Wurster et al. 2010). These dry conditions may have been
unfavorable for palm lineages (Bjorholm et al. 2006), leading to
their extinction and potentially affecting the biogeographic pat-
tern seen in the Livistoninae. Despite this, we did not detect
any significant declines in the diversification rate that could be
attributed to extinctions caused by climatic affects. Other ecolog-
ical factors may also have contributed to the lower diversity in
Wallacea, such as species—area relationships and / or competition
from ecologically similar species. Species—area relationships in
geologically complex systems such as Southeast Asia are difficult
to parse, but low species richness in Wallacea could also simply
be due to its smaller geographic area (e.g., MacArthur and Wilson
1967) and the fragmented nature of the insular habitats (e.g., the
Celebes), which compose Wallacea. Southeast Asia, specifically
Malesia, harbors the highest percent of global palm diversity with
50 genera and 992 species in comparison to 65 and 16 genera
and 730 and 65 species in South America and Africa, respec-
tively (Baker and Couvreur 2012). From this striking diversity,
Livistoninae lineages may have encountered ecologically similar

species (e.g., Areca, Calyptroclayx, Iguanura, Nenga, Pinanga,
Sommieria) that impeded establishment due to resource limitation
or led to competitive exclusion.

Conclusions

On a general scale, our divergence time and historical biogeog-
raphy results show a close correlation with geological events and
climatic oscillations that have shaped current distributions. The
fossil history and estimated divergence times for early divergent
Livistoninae show the influence of tectonic activity at the Sunda
and Sahul plate boundary and the dispersal of Licuala to New
Guinea corresponds to the timing of island formation and moun-
tain uplift. Plant lineages such as palms, legumes, and Annonaceae
have been suggested to be excellent systems to understand the evo-
Iution of tropical forests because their physiological requirements
largely restrict them to these biomes (Morley 2000) and have
been fossilized in the earliest records of rainforests (e.g., Wing
et al. 2009). Recent studies in Pseudovaria (Annonaceae) closely
mirror the biogeographic movements (Su and Saunders 2010)
of Livistoninae and are likely concordant with the evolutionary
change of Southeast Asian rainforests as a whole.

Although Wallace’s Line may be more strongly correlated
with extant mammal diversity, we have shown here that it and net
diversification rates played an important role in shaping palm dis-
tributions. We suggest that the dynamic history of Southeast Asia
has generated innumerable opportunities for allopatric speciation
and that comparisons with other Southeast Asian lineages should
provide general understanding of these spectacular biogeograph-
ical patterns. Furthermore, to understand broader scale species
diversity disparities, groups like palms may be an important ele-
ment to reveal general patterns.
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