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ABSTRACT

Imbalance in species richness among related clades is a pervasive, yet incompletely understood feature of biodiversity. Comparison of species-
poor and species-rich clades that have evolved within the same region can shed light on the mechanisms underlying this phenomenon. The
long-isolated island of Madagascar is an ideal place for doing this. Madagascar harbours at least ten clades of palms (Arecaceae) that have col-
onized the island independently and diversified to widely differing degrees, ranging from one to 180 known species. We estimated colonization
times and diversification rates for these clades based on an extensive phylogenomic dataset and tested the degree to which clades that arrived
in Madagascar earlier have more species (time-for-speciation effect), finding a moderate effect. For context, we tested for time-for-speciation
effects in other plant and animal lineages, finding variable but qualitatively similar results. Our findings suggest that variation in diversification
rate (i.e. speciation and/or extinction rate) is a major driver of species richness imbalance among Malagasy clades, both in palms and elsewhere.
We demonstrate that in palms, differences in diversification rates originated long before colonization of the island, suggesting a minor role of
classical ‘island radiation’ and a stronger role of heritable traits driving diversification rate. Ability to colonize new climates also appears to play a
role. Future work should address the interplay between the dynamic environment of Madagascar and the inherited traits of colonizing lineages
to fully explain the island’s intriguing mix of species-poor and species-rich clades.

Keywords: Arecaceae; climate; diversification rate effect; island radiation; niche evolution; Palmae; palms; phylogeny; phylogenomics; time-
for-speciation effect

INTRODUCTION to unpacking the drivers of imbalance in species richness. In

Imbalance in species richness among related clades is a pervasive Madagascar, this phenomenon occurs across an'lmals and plants,
feature of biodiversity, but the reasons for this pattern remain & 30t (Camacho et all. 2021), chameleons (Giles and Arbu.cl'de
debated (Wiens 2011, Harmon and Harrison 2015, Rabosky 2022), snakes (Burbrink et al. 2019), and the plant families
and Hurlbert 2015, Yu and Wiens 2024). Studies addressing this Cyatheaceae (]e'lnssen et a.l. 2098)’ Celastraceae (Bacon et al.
issue in a defined and controlled geographic setting are needed. 2016) and Rlﬂ:naceae (Kalnullamen et al. 2017). l.zor examPle,
Madagascar is a renowned biodiversity hotspot with extreme the lamprophiid snakes colonized Madagascar twice, resulting

levels of endemism (Myers ef al. 2000, Antonelli ef al. 2022, in clades of two and > 100 species, respectively (Burbrink et al.
2019). But perhaps the most striking example is the palm family

(Arecaceae), which colonized Madagascar multiple times, re-
sulting in clades ranging from a single to 180 known endemic
species (Dransfield and Beentje 1995, Dransfield et al. 2008,

Tietje et al. 2023 ), making it valuable as a well-delineated ‘natural
laboratory’ for studying in situ evolutionary processes (Vences
et al. 2009). Comprising many lineages of varying size that col-
onized the island independently, the Malagasy biota lends itself
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Eiserhardt et al. 2022). This pattern where impressive radiations
coexist with species-poor lineages is yet far from fully under-
stood and raises the question: why do some clades diversify ex-
tensively while others do not?

Variation in species richness among related clades can arise
in two fundamental ways. The simplest explanation is that the
largest clades are those that are oldest: the older a clade, the
more time it has had to accumulate species (‘time-for-speciation
effect, Stephens and Wiens 2003). Alternatively, clades may
differ in species richness because they produce and/or lose spe-
cies at different rates. All else being equal, a clade with a high
diversification rate (i.e. speciation minus extinction per unit
time) should be larger than a clade with a low diversification rate
(‘diversification rate effect e.g. Yu and Wiens 2024). These two
effects are complementary: any differences in clade species rich-
ness that are not due to time for speciation must, by definition,
be due to differences in diversification rate. Other hypothesized
drivers of species richness, such as ‘ecological limits’ (Rabosky
and Hurlbert 2015) may be important, but affect species rich-
ness indirectly via the rate of diversification (Wiens 2011).
Studies investigating the importance of the time-for-speciation
effect vs. differences in diversification rate have yielded con-
trasting findings (Wiens 2011, Rabosky et al. 2012, Scholl and
Wiens 2016, Yu and Wiens 2024). In Madagascar, a study on
vertebrates suggested that both effects play a role, but that diver-
sification rate variation had a stronger effect than time for spe-
ciation (Crottini et al. 2012). Similar studies for other taxa are
needed to fully evaluate how much variation in species richness
can be explained by time for speciation. Only once the extent
of the time-for-speciation effect is established can the historical,
environmental, or biological processes underpinning diversifi-
cation rate variation and, ultimately, differences in clade species
richness be meaningfully identified.

In an island setting, it is essential to understand if variation
in diversification rates among clades, if present, is associated
with colonization of the island or not. Classic adaptive radi-
ation theory predicts that colonization of an island should lead
to increased diversification if the island harbours unoccupied
ecological niche space (Stroud and Losos 2016). It is tempting
to think that this might not apply to an old continental frag-
ment like Madagascar, where habitats should be saturated with
species. However, Madagascar was severely affected by the
Cretaceous-Paleogene mass extinction event (66 Mya) and sub-
sequent climatic changes in the Cenozoic (Wells 2003, Samonds
et al. 2013), eradicating much of the island’s original biota and
creating ample new niche space. Most of Madagascar’s current
biodiversity descends from Cenozoic dispersal events (Crottini
etal. 2012, Buerki et al. 2013, Samonds et al. 2013, Antonelli et al.
2022) and any colonist lineage may have met considerable eco-
logical opportunities for adaptive radiation. Different lineages
would likely have reacted differently to these opportunities, as
some lineages are better able to speciate on an island of a given
size than others, depending on the spatial scale of gene flow
(largely determined by dispersal ability; Kisel and Barraclough
2010). Also, if different habitats are differently saturated with
species, e.g. due to different age or isolation (Steinbauer et al.
2016), colonist lineages may experience different levels of adap-
tive radiation depending on the habitat they are pre-adapted to.

Finally, the first colonists in any given lineage or functional guild
may experience the largest increases in diversification rates (pri-
ority effect, Gillespie et al. 2020), while the diversification op-
portunities of later colonists are limited by the descendants of
earlier ones. All these dynamics should be expressed as diversifi-
cation increases at the time of colonization. In contrast, diversifi-
cation rate shifts before or after colonization may reflect intrinsic
evolutionary developments (e.g. key innovations, Burress and
Muiioz 2021) or environmental dynamics on the island, such as
changes in geomorphology (e.g. Liu et al. 2024).

Besides ecological opportunity, intrinsic properties of lin-
eages can be important drivers of diversification rate and hence,
species richness (Vamosi and Vamosi 2011). One such intrinsic
property is the climatic niche, which strongly determines the
geographic distributions of species (Pearson and Dawson 2003)
and hence the dynamics of speciation and extinction (Gémez-
Rodriguez et al. 2015). In Madagascar, steep climatic gradients
are considered a primary driver of ecosystem structure and di-
versity (Rakotoarinivo et al. 2013, Antonelli et al. 2022), ren-
dering the climatic niche a prime suspect for differences in
species richness. This could happen in three main ways. Firstly,
diversification may be affected by the breadth of climatic con-
ditions that species can tolerate. The direction of this effect is
difficult to predict, as species with narrower climatic niches may
be both more prone to allopatric speciation and to extinction,
while species with wider niches may be more prone to adaptive
speciation (Gémez-Rodriguez et al. 2015). Secondly, lineages
that evolve their climatic niche easily may show higher diversifi-
cation rates, as they should be more likely to speciate adaptively
and less likely to experience extinction due to changing climate
(Gémez-Rodriguez et al. 2015, Castro-Insua et al. 2018). Finally,
climate per se may affect the rates of speciation and extinction,
as illustrated by the many studies investigating differences in di-
versification rates among climatically determined biomes (e.g.
Mittelbach et al. 2007, Tietje et al. 2022). For example, climate
is often assumed to affect mutation rates (Metabolic Theory of
Ecology, Allen et al. 2006, but see Tietje et al. 2022). However,
a relationship between climate and diversification rate may also
arise if assemblages in different climates are differently saturated
with species for historical reasons (see above). Further tests of
these hypotheses are needed, especially in plants.

Here, we use the palms of Madagascar (Fig. 1) to gain insights
into the biotic assembly of one of the world’s most remarkable
biodiversity hotspots and the drivers of clade species richness
in general. Using phylogenomic data, we build the first phylo-
genetic tree of nearly all Malagasy palm species, and date the
tree to infer the history of colonization of the island by palms.
Within this framework, we test the relative roles of time for spe-
ciation and diversification rate variation in explaining why some
Malagasy palm lineages have diversified spectacularly while
others have not. We compare palms to other Malagasy plant and
animal lineages to assess the relative impact of time for speci-
ation across the island’s biota. We identify major shifts in diver-
sification rate that affected the assembly of the Malagasy palm
flora, and test for connections between diversification and the
climatic niche. We synthesize the results to provide an integrated
account of the origin of one of Madagascar’s most important and
iconic plant groups.
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Figure 1. Morphological diversity within and across Malagasy palm clades. A-C subtribe Dypsidinae. A, Chrysalidocarpus lastellianus (Baill.)
Eiserhardt & W.J.Baker. B, Dypsis tenuissima Beentje with handheld GPS unit for scale. C, Marojejya darianii . Dransf. & N.W.Uhl with one

of the authors (W,J.B.) for scale. D, Ravenea sp. E, Orania trispatha (J.Dransf. & N.W.UhI) Beentje & J.Dransf. F, Beccariophoenix fenestralis
J.Dransf. & Rakotoarin. G, Borassus madagascariensis (Jum. & H.Perrier) Bojer ex Jum. & H.Perrier. H, Satranala decussilvae Beentje & J.Dransf.
1, Tahina spectabilis ] Dransf. & Rakotoarin. Photos WJ.B. (4, E, F), W.L.E. (B, C), M.R. (D), Ross P. Bayton (G), ].D. (H, I).
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MATERIAL AND METHODS
Model group

With 212 endemic species deriving from several independent
colonization events, the palms of Madagascar (Fig. 1) are an
ideal model for testing the drivers of differences in species rich-
ness among clades. Palms are a well-established model group
for studies of tropical plant ecology and evolution (Eiserhardt
etal. 2011, Couvreur and Baker 2013). Compared to other plant
groups on the island, the palms are exceptionally well served
with data (Dransfield and Beentje 1995, Rakotoarinivo et al.
2013, 2014, Antonelli ef al. 2022). Malagasy palms comprise
multiple independent clades scattered across the palm tree of life
(Dransfield et al. 2008, Baker et al. 2009, Baker and Couvreur
2013a, b). These clades vary greatly in size, ranging from one
species (e.g. the genera Voanioala and Tahina) to 180 in subtribe
Dypsidinae (Dransfield et al. 2008, Eiserhardt et al. 2022).

Taxon sampling

We used a published dataset with sequence data for all palm
genera (Bellot et al. 2024), augmented with sequence data for
as many species as possible of the 14 palm genera that have en-
demic species in Madagascar. This comprised published data
for subtribe Dypsidinae (Dypsis, Chrysalidocarpus, Marojejya,
Vonitra, Masoala, and Lemurophoenix, Biserhardt et al. 2022)
and newly generated data for the genera Orania, Ravenea,
Beccariophoenix, and Borassus (Supporting information, Table
S1).Intotal, we sampled 183 ofthe 215 native species of Malagasy
palms (c. 85%), with all Malagasy palm genera being fully sam-
pled except Dypsis (89 of 108 spp., 82%), Chrysalidocarpus (44
of 55 spp., 80%), Ravenea (17 of 21 species, 81%), and Masoala
(two of three species, 66%). For statistical analyses involving
species richness, we used species numbers that were correct on
10 July 2022, acknowledging that discovery and description of
Malagasy palm species new to science is ongoing (e.g. Eiserhardt
et al. 2018, Dransfield et al. 2023, Turk and Rakotoarinivo 2023 ).

Generation of new DNA sequence data

We generated novel DNA sequence data for 25 species of
Malagasy palms, as well as 15 species from other regions that were
needed to ascertain the relationships and ages of Malagasy palm
clades (Supporting information, Table S1). We targeted 176
nuclear loci developed specifically for palm phylogenomics by
Heyduk et al. (2016). Laboratory methods followed Eiserhardt
et al. (2022).

Raw sequence reads were cleaned with Trimmomatic v.0.39
(Bolger et al. 2014) using the ILLUMINACLIP and MAXINFO
algorithms with a strictness value of 0.5 and a minimum read
length of 36 bases. FastQC v.0.11.9 (Andrews 2010) was used
to assess sequence quality before and after trimming. We as-
sembled the trimmed reads into contigs with HybPiper v.1.3.1
(Johnson et al. 2016) using the SPAdes genome assembler
v.3.15.4 (Bankevich et al. 2012) and a target reference file for the
loci of Heyduk et al. (2016). We used standard settings except a
lowered coverage cut-off value of 3 to increase exon recovery. We
generated ‘supercontigs’, i.e. recovered homologues to the target
sequences (exons) plus flanking non-coding regions. We dis-
carded any contigs that were shorter than 150 bp or 20% of the
median contig length for the target gene, as very short contigs

are more likely to be assembly artefacts and can be difficult to
align.

Phylogenetic framework

Two phylogenetic analyses were conducted with different taxo-
nomic sampling. The first phylogenetic tree (the ‘genus tree’)
included one species for each genus of palm, using unaligned
contigs from Bellot ef al. (2024), focusing only on the loci of
Heyduk et al. (2016) for comparability with our other analyses.
The second phylogenetic tree (the ‘full tree’) used the same
dataset plus the data of Eiserhardt et al. (2022) for Dypsidinae
and our newly generated sequences, resulting in a tree that is
sampled at the genus level for the whole family, but at the species
level within genera that are present in Madagascar. The purpose
of building two trees was to test for potential impacts of hetero-
geneous sampling density across the full tree, which might result
in older age estimates in more densely sampled lineages.

Contigs were aligned using the L-INS-i method in MAFFT
v.7.490 (Katoh and Standley 2013 ), and the resulting alignments
were then cleaned using trimAL v.1.4. rev22 (Capella-Gutiérrez
et al. 2009). We used the optrimAl script of Shee et al. (2020)
to automatically determine the optimal trimming threshold for
each gene, testing different trimming thresholds between 5%
and 90% missing data for each alignment column. Subsequently,
we manually inspected all alignments and removed any obvious
alignment errors. Gene trees were computed using Maximum
Likelihood implemented in IQ-TREE v.2.1.3 (Minh et al.
2020), inferring the best substitution model using ModelFinder
(Kalyaanamoorthy et al. 2017), and estimating branch support
using the UFBoot2 algorithm (Hoang et al. 2018). We used
ASTRAL-III v.5.7.8 (Zhang et al. 2018) to infer a species tree
(one species per genus) from the gene trees. Following Baker
et al. (2022), we collapsed gene tree nodes with a UFBoot2-
support value < 30% before running ASTRAL-IIL

Divergence time estimation
We estimated divergence times for both the genus tree and
the full tree using a relaxed log-normal clock model in BEAST
v.1.10.4 (Drummond et al. 2012). Following Bellot et al. (2024),
we calibrated the tree using six high-quality fossils and a sec-
ondary calibration point on the root of the tree (Supporting in-
formation, Table S2). The root calibration was set as a normal
distribution with a 2.5% quantile (lower bound) corresponding
to the oldest fossil calibration point, and a 97.5% quantile (upper
bound) corresponding to the oldest stem age of palms inferred
in previous molecular studies (Bellot ef al. 2024; Supporting in-
formation, Table S2). For computational reasons, and because
gene tree conflict can severely bias divergence time estimates
(Carruthers et al. 2022), we only used the five genes with the
highest topological similarity to the species tree (identified using
SortaDate, Smith et al. 2018; Supporting information, Table S3)
to estimate divergence times. However, we fixed the topology
to the results of the ASTRAL-III analysis (see above) to still
capitalize on the topological information from the full dataset.
Substitution models were specified separately for the five genes
based on ModelFinder results (see above). We used a birth-
death tree prior with incomplete sampling to account for our
sparse sampling (one species per genus) across most of the palm
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family, setting a sampling fraction of 7.15% across the whole tree
(based on a total of c. 2600 species), and using default settings
otherwise. The mean clock rate prior was set to a log-normal dis-
tribution with a mean of 0.002 and standard deviation of 0.01
(in real space), resulting in a distribution with a 2.5% quantile
0£0.000011 and a 97.5% quantile of 0.013 substitutions per site
per year, reflecting previous rate estimates in the palm family
(Gaut et al. 1996). The Markov chain Monte Carlo (MCMC)
algorithm was set to 100 million generations with 10 000 trees
sampled (one tree per 10 000 generations) and visually assessed
using Tracer v.1.7.2 (Rambaut et al. 2018) to ensure an effective
sample sizes (ESS) above 200 for all priors. The resulting trees
were summarized in TreeAnnotator v.1.10.4. (Drummond et
al. 2012) to generate dated maximum clade credibility trees,
discarding the first 10% of the chain as burn-in.

Malagasy palm clades

Based on our phylogenetic results and the biogeographic ana-
lysis of Baker and Couvreur (2013a, b), we identified 10 clades
that represent independent colonizations of Madagascar.
Eight of these colonizations have resulted in at least one en-
demic species on the island. We refer to these as the Malagasy
palm clades (Table 1). Of these, five are strictly endemic. Two
(Dypsidinae, Ravenea) are mostly endemic but contain a few
species on small neighbouring islands (Comoros, Pemba) that
clearly originated via dispersal from Madagascar. These non-
Malagasy species were excluded from species counts in subse-
quent analyses. The three remaining clades contain species that
are not endemic to Madagascar. In the case of Borassus, it re-
mains unclear if the two Malagasy species originated from one or
two colonization events. We conservatively assume one event in
our main analyses to avoid pseudoreplication, but report results
for two events as well. Four species that are probably introduced
to the island ( Cocos nucifera, Elaeis guineensis, Phoenix dactylifera,
Raphia farinifera) were disregarded.

Time-for-speciation effect: Malagasy palms

We tested for a time-for-speciation effect sensu Wiens (2011)
by analysing the correlation between the colonization times of
Malagasy palm clades and the logarithm of their species rich-
ness. The time of colonization of each clade cannot be inferred
with certainty, but can be assumed to lie between the clade’s stem

and crown age. To account for this uncertainty, as well as uncer-
tainty in node age estimates, we calculated the correlation be-
tween colonization time and log(species richness) S0 000 times
as follows: for each of 5000 trees sampled from the posterior dis-
tribution of the BEAST analysis, we performed 10 correlations.
For each of those 10 correlations, we randomly sampled a colon-
ization time for each clade from a uniform distribution bounded
by the clade’s stem and crown age. Correlations were calculated
using Spearman’s rank correlation coefficient. We used the me-
dian of the 50 000 correlation coefficients as an estimate of the
overall time-for-speciation effect. Two clades each consisting
of a single non-endemic species (Hyphaene coriacea, Phoenix
reclinata) were excluded, as the timing of colonization cannot be
inferred from a phylogeny alone in those species.

Time-for-speciation effect: comparison with other plant and
animal lineages

We used data from a recent literature review on Malagasy clade
ages (Antonelli et al. 2022) to test for a time-for-speciation ef-
fect across plant and animal lineages and to set the results found
for palms into a broader context. This dataset includes informa-
tion on species richness and crown and stem node ages for 190
Malagasy clades of flowering plants (106 clades), mammals (11
clades), birds (12 clades), and reptiles (17 clades). Similar to our
analysis for palms, we calculated the correlation between col-
onization time and log(species richness) across clades 50 000
times. Here, however, no information on node age uncertainty
was available. Therefore, we simply calculated 50 000 correl-
ations sampling colonization time for each clade from a uniform
distribution bounded by its stem and crown age. This was done
separately for flowering plants, mammals, birds, and reptiles, re-
spectively.

Diversification analysis

We used the Bayesian Analysis of Macroevolutionary Mixtures
approach in BAMM 2.5.0 (Rabosky 2014) to test for differences
in diversification rates among Malagasy palm clades as well as
possible diversification rate increases associated with the colon-
ization of Madagascar. BAMM was applied to the dated full tree
(Maximum clade credibility tree), accounting for the propor-
tion of species sampled in each genus. To test if taxon sampling
influenced our conclusions on diversification rate differences

Table 1. Malagasy palm clades, ordered by their estimated time of arrival on the island. Estimates of arrival times assume colonization
sometime between a clade’s stem and crown age, taking the uncertainty of age estimates into account [median (95% confidence interval)].
Diversification rate: median diversification rate (speciation minus extinction) in Madagascar

Clade Subfamily Speciesin Madagascar ~ Endemicity ~ Arrival time (Mya)  Diversification rate (Myr™)
Dypsidinae Arecoideae 180 Subendemic®  54.3 (45.7-64.8) 0.0630
Bismarckia, Satranala ~ Coryphoideae 2 Endemic 48.8 (23.8-65.2) 0.0310
Ravenea Ceroxyloideae 21 Subendemic®  40.0 (26.6-59.6) 0.0388
Malagasy Orania Arecoideae 3 Endemic 39.4 (20.7-63.5) 0.0311
Voanioala gerardii Arecoideae 1 Endemic 332 (1.65-66.4) 0.0314
Tahina spectabilis Coryphoideae 1 Endemic 25.0 (1.18-56.5) 0.0313
Beccariophoenix Arecoideae 3 Endemic 18.8 (10.5-37.6) 0.0315
Malagasy Borassus Coryphoideae 2 Not endemic 8.2 (4.9-12.9) 0.0315

“Diversified mostly in Madagascar, but contains a few species that have spread to other Indian Ocean islands (Comores, Pemba).
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among Malagasy palm clades, we also applied BAMM to the
genus tree (one species per palm genus). Initial priors were es-
timated with BAMMtools (Rabosky et al. 2014). Based on this,
we first ran a preliminary analysis (as described below) with a
prior expectation of a single rate shift. As palms are known for
their heterogeneous diversification history (Baker and Couvreur
2013b, Couvreur et al. 2015, Cassia-Silva et al. 2019), and Bayes
factor analysis (Kass and Raftery 1995) of our preliminary re-
sults strongly supported three rate shifts, we then ran our final
analysis with a prior expectation of three shifts. We initially ran
three independent MCMC chains, running for 2 million gen-
erations and sampling event data every 1000 steps, to ensure a
global optimum was found. We used ESS for evaluating param-
eter estimate convergence. We hereafter re-ran a final analysis
for 5 million generations, sampling every 5000 steps, on which
our results are based. For each clade, we estimated the median
diversification rate from the crown node to the tips using the
getCladeRates function in the BAMMtools package (Rabosky
et al. 2014). To analyse the relationship between the diversi-
fication rate and species richness of Malagasy palm clades, we
ran a phylogenetic generalized least-squares (PGLS) regres-
sion between estimated diversification rates from BAMM and
log(species richness) using the R package caper v.1.0.1 (Orme
et al. 2018).

Climatic niches

In order to calculate climatic niche attributes of clades, we used a
dataset of georeferenced occurrence records derived from herb-
arium specimens of Malagasy palms in botanical institutions
with significant Malagasy holdings (AAU, FTG, GE, K, MO, NY,
P, TAN, TEF, ZT; herbarium acronyms following Thiers 2024).
This dataset is based on records compiled since 1986 (Dransfield
and Beentje 1995) and continuously updated by one of the au-
thors (M.R.; see also Rakotoarinivo et al. 2014). We thinned
the dataset keeping only a single occurrence per species within
0.5" grid cells, resulting in a final dataset of 2343 records (see
Supporting information, Table S4 for number of records per
species).

To calculate the climatic niche characteristics of Malagasy
palms, we followed the methodology of Castro-Insua et al
(2018). Initially, we downloaded climatic data at a resolution
of 0.5 (approximately 0.85 km) from the WorldClim database
(Fick and Hijmans 2017). We focused on three temperature
variables (BIO1: annual mean temperature, BIOS: maximum
temperature of the coldest month, BIO6: minimum tempera-
ture of the coldest month) and three precipitation variables
(BIO12: annual precipitation, BIO16: precipitation of the
wettest quarter, BIO17: precipitation of the driest quarter), as
temperature and precipitation are known important drivers of
species ranges and richness in palms (Kissling et al. 2012, Blach-
Overgaard et al. 2013). Using these climatic data, we calculated
three different features of species niches following Castro-Insua
et al. (2018). Firstly, the climatic breadth of each species for each
variable was determined as the difference between the minimum
and maximum values across the geographic records. These niche
breadths were then rescaled to a range between 0 and 1 based on
the minimum and maximum values across all species. Secondly,
we calculated the overall climatic niche breadth for each species
by multiplying the breadths for the six climate variables. Thirdly,

the species niche position for each climatic variable was deter-
mined by calculating the mean climatic conditions of the geo-
graphic records of the species, illustrating the climate where the
species are predominantly found.

We then calculated similar niche attributes for entire palm
clades in Madagascar. Specifically, we calculated (i) clade niche
breadth, being the difference between the minimum and max-
imum value of a climatic variable across all occurrences of all
species in the given clade, (i) mean species niche breadth, rep-
resenting the mean climatic niche breadth of the species within
the clade, (iii) temperature and precipitation niche position of
the clades, determined as the average of the niche positions of all
species within each clade.

Following Gémez-Rodriguez et al. (2015) we used the resid-
uals of a Phylogenetic generalized least squares (PGLS) regres-
sion between clade niche breadth and the average niche breadth
of the species within a clade as an indicator of niche divergence.
Specifically, when niche conservatism is dominant in a clade, the
mean of the species niche breadths and the total niche breadth
of the clade will be nearly the same. In contrast, large differences
in the residuals reflect little or no overlap of species’ climatic
niches within a clade, indicating high climatic niche divergence
(Gémez-Rodriguez et al. 2015).

We used the function fitContinuous in geiger v.2.0.10
(Pennell et al. 2014) to estimate the ancestral temperature
and precipitation niche, respectively, for each Malagasy palm
clade, focusing on mean annual temperature (BIO1) and an-
nual precipitation (BIO12). We fitted four different models
(Brownian motion, Ornstein-Uhlenbeck, early burst, and
white noise) to each clade, and chose the one with the lowest
sample-size corrected Akaike information criterion (AIC) to
estimate the ancestral state of mean BIO1 and BIO12, respect-
ively for each clade. We used the same analyses to estimate
the rate of temperature and precipitation niche evolution for
each clade. Since only the Brownian Motion model could be
fitted for all clades (including those with fewer than three
species), we used these to estimate the rate of niche evolution
in BIO1 and BIO12 (0*-parameter). Preliminary analysis
identified one Malagasy palm clade, Beccariophoenix (three
spp-), as a major outlier in terms of the rate of niche evolu-
tion. This is due to a single species, Beccariophoenix alfredii,
that recently switched from the humid forest to the dry high-
lands, causing an exceptionally high rate of niche evolution.
Due to this idiosyncrasy, we excluded Beccariophoenix from
subsequent analyses involving the rate of niche evolution as
an outlier.

Effects of climatic niche on diversification rate

Nine linear regression analyses were conducted to evaluate our
hypotheses on the association between diversification rate and
variables of the climatic niche of clades: (i) niche breadth, (ii)
mean species niche breadth, (iii) climatic niche divergence, (iv—
v) extant temperature and precipitation niche positions, (vi-vii)
temperature and precipitation ancestral niches, and (viii-ix)
temperature and precipitation niche evolution rate. To account
for the influence of shared phylogenetic history on regression
we utilized PGLS regressions using the R package caper v.1.0.1
(Orme et al. 2013). All analyses involving R were conducted in R
v.4.1.1 (R Core Team 2021).
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RESULTS

Malagasy palm clades and species richness

The phylogenetic data clearly show that palms colonized
Madagascar through multiple independent events. The ex-
tant Malagasy palm flora comprises five (or six) lineages from
subfamily Coryphoideae, four from Arecoideae, and one from
Ceroxyloideae. Of these, two are single, non-endemic species
(Hyphaene coriacea and Phoenix reclinata, both in Coryphoideae)
that are also widesperad in mainland Africa. For the purpose of
our study, we disregard these two colonisation events and focus
on those that have resulted in at least one endemic species (Fig.
2; Table 1). All Malagasy palm clades with more than one spe-
cies have maximum support (Local Posterior Probability = 1)
in the tree. Specifically, our results confirm the monophyly of
subtribe Dypsidinae, the most species-rich palm lineage on the
island (180 species in Madagascar). The only area of uncertainty
is in subfamily Coryphoideae, where the dispersal history of
genus Borassus remains ambiguous, i.e. it is unclear whether the
genus has colonized Madagascar once or twice.

Time-for-speciation effect in Malagasy palms

Colonization time varies greatly among Malagasy palm clades
(Fig. 3A; Table 1). Subtribe Dypsidinae has the earliest estimated
arrival time in Madagascar (median c. 54 Mya, Early Eocene),
while the species-poor Borassus lineage has the latest estimated
arrival time (median c. 8 Mya, Late Miocene). However, uncer-
tainties around estimated colonization times are large, espe-
cially in the monospecific lineages Voanioala and Tahina. Due
to these uncertainties, estimated correlations between arrival
time and species richness (time-for-speciation effect) are also
fraught with relatively large uncertainty (Fig. 3B; Supporting in-
formation, Table S7). When assuming a single colonization of
Madagascar by the genus Borassus, time for speciation explains
just over one quarter of variation in species richness among
clades (pseudo-R? = 0.27; Spearman’s @ = 0.52, 0.12-0.83, 95%
confidence interval). The correlation is slightly stronger when
two independent colonizations of Madagascar by Borassus spe-
cies were assumed (Supporting information, Table S7).

Time-for-speciation effect: comparison with other plant and
animal lineages

The median strength of the time-for-speciation effect (correl-
ation between colonization time and species richness) varies
greatly among lineages, from Q = 0.21 in birds to @ = 0.72 in
mammals (Fig. 3B; Supporting information, Table S7). The
overall time-for-speciation effect in flowering plants is slightly
lower than in palms (median @ = 0.4).

Diversification rate in Malagasy palms

The median diversification rate (speciation minus extinction)
of Malagasy palm clades obtained from BAMM varies be-
tween 0.031 Myr" and 0.063 Myr. The highest rates occur in
the species-rich subtribe Dypsidinae and the lowest rates occur
in the species-poor clade comprising the monotypic genera
Bismarckia and Satranala (Table 1). Regression between diver-
sification rate and species richness of clades shows a strong posi-
tive relationship (R* = 0.68; F ,=19.59, P =.002; Supporting
information, Fig. S1).

Ancestral high diversification rate and post-colonization rate
increases

Our analysis of diversification rate through time (Fig. 4) shows
that colonization of Madagascar was not associated with any
abrupt changes in diversification rate in seven out of eight
Malagasy palm clades. Only in Ravenea did we infer a small in-
crease in diversification for the same branch where colonization
also likely happened (Fig. 4). Meanwhile, subtribe Dypsidinae,
the largest palm lineage in Madagascar, was affected by diversi-
fication rate increases both before and after colonization. Most
importantly, we inferred an approximately three-fold increase in
diversification rate on the stem branch of tribe Areceae, which
includes Dypsidinae among 10 other subtribes. This increase,
which happened c. 17-40 Myr before Dypsidinae colonized
Madagascar, is supported by a very high cumulative posterior
probability of 0.92 and is the main reason why the diversification
rate is much higher in Dypsidinae than in any other Malagasy
palm clade (Fig. 4B). However, Dypsidinae experienced an
additional smaller increase in diversification rate after arrival in
Madagascar c. 50 Mya, i.e. in the branch leading to all genera ex-
cept Masoala (three spp.) and Lemurophoenix (two spp.). This
increase was followed by a slow and steady decrease in diversifi-
cation rate towards the tips from c. 45 Mya to present (Fig. 4B).

Climatic niche divergence linked to diversification

Out of the climatic niche variables potentially associated with
diversification rate, climatic niche breadth (i.e. the range of cli-
matic conditions occupied by the clade) and climatic niche
divergence (i.e. the extent to which species in a clade occupy dif-
ferent climates) are significantly positively related to the diversi-
fication rate of Malagasy palm clades (Fig. S; Table 2). None of
the other niche variables are significantly related to diversifica-
tion rate (Table 2). However, it appears that the most species-
rich clades, Ravenea and Dypsidinae, had the lowest temperature
preference when colonizing Madagascar. Also, these clades
show the highest rate of change in temperature niche (Fig. SD).
Treating the Malagasy Borassus species as two independent
clades yields the same conclusions. Models used to infer ances-
tral climatic niches and rates of niche evolution are reported in
the (Supporting information Table SS, S6).

DISCUSSION

Given the extreme long-term isolation of Madagascar, leading
to the evolution of a highly endemic biota, it is natural to as-
sume that imbalance in species richness among related clades
has arisen in situ through explosive radiations in some clades but
not others. However, our results suggest that this may in fact not
be the case, at least in palms, which are a prime example of spe-
cies richness imbalance on the island. Instead, we found that the
timing of colonization explains just over a quarter of the vari-
ation in species richness, suggesting that time-for-speciation ef-
fects are also important. The remaining variation largely relates
to the high diversification rate in subtribe Dypsidinae. However,
the shift to this elevated rate happened prior to the colonization
of Madagascar by this group. Counterintuitively, shifts in diver-
sification rate that occurred on the island are, in fact, few and
rather small, and therefore play only a minor role in explaining
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Figure 2. Time-calibrated phylogenetic tree of the palm family (Arecaceae) inferred from 159 nuclear genes and seven temporal calibrations,
including six high-quality fossils (C1-C6) and a secondary calibration on the stem node of palms (not shown). Species-level relationships
within genera collapsed for visualization purposes. The eight Malagasy palm clades are highlighted in colour. These clades are defined as (a)
having endemic Malagasy palm species and (b) being highly likely to have diversified in Madagascar after a single colonization event. Note that
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Figure 3. Time-for-speciation effect in Malagasy palms and other lineages. A, species richness (bars) and estimated colonization time (violin
plots) across the eight Malagasy palm clades shown in Figure 2. Insets in violin plots show the mean * one standard deviation. If time

for speciation was the sole driver of species richness, mean colonization time and log(species richness) should be perfectly correlated. B,
pseudo-R? from Spearman correlations between colonization time and log(species richness) in different Malagasy plant and animal clades.
The thickened line for palms reflects the data in (A). Data for other plants and vertebrates from Antonelli et al. (2022). Other flowering plants
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clades lade

variation in clade species richness. Moreover, evidence for the are lacking, but synthesizing age and species richness data for
impact of climate on diversification rate is weak, despite the many plant and animal clades (Antonelli et al. 2022), we found
known relationship between climate and local species richness ~ a similar time-for-speciation effect across flowering plants and
in Malagasy palms. Overall, it appears that the stark imbalance ~ vertebrates except mammals (4-31%; Fig. 3B; Supporting infor-
in species richness across Malagasy palm clades is mostly due to ~ mation, Table S7). In mammals, time for speciation was much
a combination of time for speciation and inherited variation in ~ more important (52%; Fig. 3B; Supporting information, Table
diversification rates due to intrinsic, lineage-specific properties. S7). Taken together, these results suggest that time for speci-
ation, while clearly playing a role, is insufficient to explain the
Time for speciation imbalance in clade species richness in Madagascar, and consider-
Time for speciation is known as a major reason for variation in ~ able variation in diversification rates must also be involved.
species richness across the tree of life (Wiens 2011), and it is
thus unsurprising that it plays a role in Malagasy palms. Palm lin- Timing of diversification rate shifts vs. timing of colonization
eages that colonized Madagascar earlier have had more time to ~ Perhaps the most surprising result of our analyses is that subtribe
diversify, and thus comprise more species. Subtribe Dypsidinae, =~ Dypsidinae, whichis widely celebrated as a ‘spectacular radiation’
by far the largest endemic Malagasy palm clade, was also first (Dransfield and Beentje 1995) in the context of Madagascar, is in
to colonize the island. However, time for speciation is unable  fact nota Malagasy radiation from a macroevolutionary perspec-
to fully explain the spectacular diversity of Dypsidinae, and tive. Rather, it is part of a much broader Indo-Pacific radiation
overall only explains just over a quarter of the variation in spe-  in the palm tribe Areceae, which is underpinned by a three-fold
cies richness among palm clades. Weak to moderate time-for-  increase in diversification rate (Fig. 4). This increase happened
speciation effects appear to be the rule for Madagascar. Crottini  elsewhere, perhaps in Eurasia (Baker and Couvreur 2013a), long
et al. (2012) found that time for speciation explained c. 10-23%  before the ancestor of Dypsidinae colonized Madagascar. An in-
of species richness variation among vertebrate clades, using a crease in diversification rate in the ancestor of Areceae was al-
similar approach to ours. Comparable studies on other lineages ~ ready predicted by Couvreur et al. (2015), and is confirmed here

Ravenea and subtribe Dypsidinae (in the genus Chrysalidocarpus) include some non-Malagasy species, but these have undoubtedly originated
from Malagasy ancestors. In Orania and Borassus, respectively, only a subclade of the genus is present in Madagascar; here, the coloured part
of the branch reflects the stem age of the Malagasy clade. Note also that in the genus Borassus, it remains unclear if the two species are derived
from one or two colonization events, but we (conservatively) assume a single event in our analyses. Bars indicate the species richness of each
genus according to POWO (2024).
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Figure 4. Diversification history of Malagasy palms within the context of the whole palm family, as estimated using BAMM. A, phylorate plot

of our full tree, which includes all palm genera and most species of Malagasy palms. Branch colour indicates the net diversification rate [Myr].
Dots mark four inferred diversification rate shifts (pp: posterior probability). The most pronounced rate shift (iii) is an increase in diversification
rate in tribe Areceae, which includes the largest Malagasy palm clade, subtribe Dypsidinae. Additional rate increases are inferred early in the
diversification history of Dypsidinae (iv) and the Malagasy genus Ravenea (i), respectively. The fourth inferred rate shift (jii) is unrelated to
Madagascar. Arrowheads () show inferred dispersals to Madagascar (cf. Table 1). B, average net diversification rate over time for all palms
(blue), Ravenea (red), Areceae including Dypsidinae (green), and Dypsidinae (orange). Shading around lines shows confidence intervals.

with species-level sampling. The reason for this increase in di-
versification rate—perhaps involving some intrinsic key innov-
ation—remains unknown and is the subject of ongoing research
(S.Bellot et al., unpublished data). Palms of subtribe Areceae are
diverse across the Indo-Pacific and perhaps their diversification

in Madagascar is merely part of their overall ‘success story’ across
this island-dominated region.

Notwithstanding their inherited elevated diversification rate,
Dypsidinae show evidence of a further, albeit relatively weak,
rate increase after their colonization of Madagascar (Fig. 4). This
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Figure S. Relationships between diversification rate and climatic niche variables across Malagasy palm clades. A, climatic niche breadth of
clades, based on three temperature and three precipitation variables, rescaled to a range of 0-1. B, climatic niche divergence, measured as the
residuals of a regression between overall clade niche breadth and the average niche breadth of the species within the clade. C, temperature
niche of the clade’s most recent common ancestor, i.e. the mean annual temperature across the range of the ancestral species, estimated from
temperature data for extant species using macroevolutionary models of continuous trait evolution. D, rate of temperature niche evolution
derived from Brownian Motion models of trait evolution. Regression lines from phylogenetic generalised least-squares regression (solid:
significant, dashed: non-significant, o = 0.05). 95% confidence intervals shown with grey shading for significant relationships.

might reflect the ‘early burst’ of an adaptive radiation (Gillespie
et al. 2020), especially considering that Dypsidinae were likely
the first of the extant palm lineages to colonize Madagascar (Fig.
3A), and thus likely met relatively empty ecological niche space.
This is circumstantially supported by the observation that the
diversification rate subsequently decreased again and is now
comparable to the rest of Areceae (Fig. 4). Interestingly, our re-
sults suggest that the rate increase did not happen immediately
after colonization, but rather c. 4-12 Myr later in the ancestor of
all Dypsidinae except Masoala (three spp.) and Lemurophoenix
(two spp.). This might indicate that a certain amount of

evolutionary change was necessary to enable the initial colon-
ists to diversify. Alternatively, radiation may have been delayed
by alack of suitable habitat, and only happened once the climate
had become sufficiently wet-tropical for palm diversity to unfold
(Wells 2003). Of note, a moderate diversification rate increase
was also inferred at a similar time in the ancestor of Ravenea (Fig.
3), suggesting that this group, too, underwent some degree of
adaptive diversification after colonizing Madagascar. However,
these inferences may also be artefacts of sampling, given that
only Malagasy palms are represented at the species level in our
analysis, and remain to be confirmed with a full species-level
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Table 2. Univariate phylogenetic generalized least-squares regression models testing the relationship between diversification rate and climatic
niche characteristics of Malagasy palm clades. Significant relationships at & = 0.05 are highlighted in bold. Adjusted R?, F-values on 1 and 9
degrees of freedom, and model slope with 95% confidence intervals (CI) are listed

Predictor variable Adj.R* F P Slope (95% CI)
(i) Species niche breadth

Mean species niche breadth 0 0.0052 0.94 -0.001 (£ 0.05)
(ii) Evolutionary flexibility of the niche

Clade niche breadth 0.68 20.18 0.002 0.024 (£ 0.12)
Niche divergence 0.71 13.1 0.022 0.601 (+0.46)
Rate of temperature niche evolution 0.40 0.088 0.16 0.30027 (£ 0.48)
Rate of precipitation niche evolution 0 0.1908 0.68 0.03 (+£0.025)
(iii) Different rates in different climates

Temperature niche position 0.056 1.532 0.25 -1.021 (£ 1.90)
Precipitation niche position 0 0.1933 0.672 0.1410 (£ 0.45)
Ancestral temperature niche 0.28 0.6226 0.19 -2.56 (£ 0.1652)
Ancestral precipitation niche 0.01725 0.070 0.8041 0.46254 (+ 4.84)

phylogeny of all palms. Why other palm clades did not experi-
ence diversification rate increases when colonizing Madagascar
remains unclear.

Diversification rate and climate

Our results tentatively support the idea that lineages with more
flexible climatic niches (i.e. less phylogenetic niche conserva-
tism) show higher diversification rates. In keeping with this
idea, we found that clades with higher diversification rates both
occupy a broader range of climates, and comprise species with
more divergent niches sensu Castro-Insua et al. (2018) (Table
2; Fig. SA, B). Rates of niche evolution as estimated from a
Brownian Motion model were also positively related to diversi-
fication rate (Fig. SD; Supporting information, Fig. S2E), albeit
not significantly (Table 2). While these relationships suggest
that diversification in Malagasy palms involves adaptation to new
climates, they cannot prove that this adaptation in fact drives di-
versification. However, this is still a significant insight, as it dem-
onstrates that the clades that diversified most vigorously clearly
did so by radiating broadly into the island’s different climates
(Fig. SA), rather than just utilizing the same climate space more
efficiently, for example, by evolving a variety of different growth
forms that co-occur locally. Meanwhile, we found no evidence
of faster-diversifying clades partitioning niche space more finely,
i.e. the average niche breadth of species was totally unrelated to
diversification rate (Table 2). Similar results have been obtained
globally in amphibians (Gémez-Rodriguez et al. 2015), birds
(Cooney et al. 2016), and mammals (Castro-Insua et al. 2018).
Intriguingly, we found little evidence of clades diversifying
more vigorously in certain climates than in others (Table 2, ex-
tant and ancestral temperature and precipitation niche). The ab-
sence of a precipitation effect seems particularly counterintuitive
considering that previous studies have emphasized the humid
forests of Madagascar as centres of recent diversification (Vences
et al. 2009, Antonelli et al. 2022), and precipitation is a major
known driver of local palm species richness in Madagascar
(Rakotoarinivo et al. 2013). In particular, two most species-rich
Malagasy palm clades, Dypsidinae and Ravenea, both have their
centre of diversity in the humid east. However, other clades that

have scarcely diversified (Voanioala, Malagasy Orania) are even
more narrowly adapted to humid conditions, preventing a sig-
nificant relationship (Supporting information, Fig. S2). This re-
sult in Malagasy palms is consistent with global findings showing
that diversification rates do not differ among palms occurring in
dry vs. humid forests (Céssia-Silva et al. 2019). However, there
seems to be a (non-significant) negative relationship between
temperature and diversification (Fig. SC; Supporting informa-
tion, Fig. S2B), probably reflecting the ability of Dypsidinae and
Ravenea to speciate along altitudinal temperature gradients.

The unknowable role of extinction

Although we have interpreted our results mostly in relation to
speciation, extinction may also play an important role in ex-
plaining diversity imbalance. However, this role is likely to re-
main unknown for the foreseeable future. Inferring extinction
from phylogenetic data with confidence is difficult, if not impos-
sible (Rabosky 2010, Louca and Pennell 2020). The fossil record
can provide important insights (Morlon et al. 2011) but is scarce
for plants in Madagascar (Antonelli et al. 2022), with no known
palm fossils. We see two main ways in which extinction may in-
fluence our results. Firstly, observed variation in diversification
rate may in fact be driven by variation in extinction. For example,
it is possible that some of the relatively old, species poor palm
clades (e.g. Voanioala, Tahina, Satranala/Bismarckia) with low
net diversification rates are in fact remnants of formerly more
diverse Malagasy radiations. Cyclic diversification of lineages
with initial radiation followed by low or negative diversification,
ultimately ending in extinction, is a well-known phenomenon
(Donoghue and Sanderson 2015) that may weaken the time-for-
speciation effect. In fact, it is entirely possible that our analysis
omits additional colonizations of Madagascar by palms that have
not left any extant descendants. Secondly, extinction of non-
Malagasy relatives may have biased our estimates of coloniza-
tion times, making species-poor lineages appear older. Although
the palm fossil record is relatively good overall (Dransfield et al.
2008, Bellot et al. 2024), there are undoubtedly many unknown
extinct lineages. This source of error is particularly likely to affect
Malagasy clades whose closest relatives are geographically highly

G20z AeN 90 U Josn SITVHNLYN AQ 2229182/920982)/1/€/3I0UE/UBSUUII0AS/WO0Y"dNODILSPEDE//:SA))Y WO PaPEOjUMO]


http://academic.oup.com/evolinnean/article-lookup/doi/10.1093/evolinnean/kzae026#supplementary-data
http://academic.oup.com/evolinnean/article-lookup/doi/10.1093/evolinnean/kzae026#supplementary-data
http://academic.oup.com/evolinnean/article-lookup/doi/10.1093/evolinnean/kzae026#supplementary-data
http://academic.oup.com/evolinnean/article-lookup/doi/10.1093/evolinnean/kzae026#supplementary-data

DRIVERS OF SPECIES RICHNESS IN MALAGASY PALM CLADES « 13

disjunct, with no obvious direct colonization routes (e.g. Tahina,
Voanioala). Overall, substantial new palaeobotanical discoveries
are probably our only hope of understanding the role of extinc-
tion in shaping species richness imbalance among Malagasy
palm clades.

CONCLUSION

We chose Madagascar as the setting to study the drivers of
imbalance of species richness among clades because it is a
well-established and relatively closed ‘natural laboratory’
for investigating in situ evolutionary processes (Vences et al.
2009). We fully expected to find the reasons for species rich-
ness imbalance in Madagascar, and hoped to gain insights into
the drivers of speciation on the island. To our surprise, how-
ever, we found that it is necessary to look elsewhere to under-
stand the tremendous imbalance in species richness among
Malagasy palm clades. To explain the spectacular diversifi-
cation of subtribe Dypsidinae on the island, we now need to
address the question: what kind of evolutionary change al-
lowed the palm tribe Areceae to sustain highly elevated diver-
sification rates in geographic settings as different as the Malay
Archipelago, the Pacific islands, and Madagascar? At the same
time, macroevolutionary analyses like the ones presented here
are too coarse to reveal what drives speciation in Madagascar.
Undoubtedly, evolutionary responses to environmental gradi-
ents and changes (such as climate and geomorphological dy-
namics, Wells 2003, Roberts et al. 2012, Liu et al. 2024) will
have affected speciation in some clades more than others, con-
tributing to species richness imbalance on Madagascar. We
believe that a better understanding of these effects is needed
before scaling up to clade-level comparisons, and landscape-
scale analyses of speciation are required to achieve this. In the
face of continuing rampant overexploitation and habitat loss
in Madagascar (Ralimanana ef al. 2022), such studies are not
only important, but also urgent if we wish to understand the
drivers underpinning Malagasy biodiversity before it is extin-

guished.

SUPPORTING INFORMATION

Supplementary data is available at Evolutionary Journal of the
Linnean Society online.

Table S1. Sequence data newly generated for this study.

Table S2. Fossil information and fossil prior settings in the
BEAST analysis.

Table S3. Results from SortaDate showing the five genes with
the highest topological similarity to the species tree (Bipartition).

Table S4. Number of unique occurrence records per palm spe-
cies at 0.5” (approximately 0.85 x 0.85 km).

Table SS. Model evaluation and rates of temperature niche
evolution.

Table S6. Model evaluation and rates of precipitation niche
evolution.

Table S7. Spearman’s rank correlation rho between estimated
clade arrival time and clade species richness for different organ-
ismal groups in Madagascar.

Figure S1. The relationship between diversification rate and
log(species richness) in Malagasy palm clades.

Figure S2. Relationships between diversification rate climatic
niche variables in Malagasy palm clades.

ACKNOWLEDGEMENTS

We thank Ben Kuhnhiuser and Tom Carruthers for sharing their ex-
periences on divergence time analysis, and Luis Valente, Holger Kreft,
Alejandro Ordonez, two anonymous reviewers, and the handling editor
for helpful comments on previous versions of this paper. Most of the
computing for this project was performed on the GenomeDK cluster.

FUNDING

This work was financially supported by grants from the European
Union FP7-People programme (grant 327259) and VILLUM
FONDEN (grant 0025354) to W.L.E. Data generation was further sup-
ported by grants from the Calleva Foundation and the Garfield Weston
Foundation to the Royal Botanic Gardens, Kew.

COMPETING INTERESTS

The authors declare no competing interests.

DATA AVAILABILITY

Data associated with this study are available here: https://doi.
org/10.5061/dryad.7d7wm383r

REFERENCES

Allen AP, Gillooly JF, Savage VM, et al. Kinetic effects of temperature on
rates of genetic divergence and speciation. Proceedings of the National
Academy of Sciences of the United States of America 2006;103:9130-35.
https://doi.org/10.1073/pnas.0603587103

Andrews S. 2010. FastQC: a Quality Control Tool for High Throughput
Sequence Data, v. 0.11.9. https://www.bioinformatics.babraham.
acuk/projects/fastqc/ (Accessed 2022).

Antonelli A, Smith RJ, Perrigo AL, et al. Madagascar’s extraordinary bio-
diversity: evolution, distribution, and use. Science 2022;378:eabf0869.

Bacon CD, Simmons MP, Archer RH, et al. Biogeography of the Malagasy
Celastraceae: multiple independent origins followed by wide-
spread dispersal of genera from Madagascar. Molecular Phylogenetics
and  Evolution  2016;94:365-82.  https://doi.org/10.1016/j.
ympev.2015.09.013

Baker WJ, Couvreur TLP. Global biogeography and diversification of
palms sheds light on the evolution of tropical lineages. I. Historical
biogeography. Journal of Biogeography 2013a;40:274-8S.

Baker WJ, Couvreur TLP. Global biogeography and diversifica-
tion of palms sheds light on the evolution of tropical lineages. II
Diversification history and origin of regional assemblages. Journal of
Biogeography 2013b;40:286-98.

Baker WJ, Savolainen V, Asmussen-Lange CB, et al. Complete generic-
level phylogenetic analyses of palms (Arecaceae) with compari-
sons of supertree and supermatrix approaches. Systematic Biology
2009;58:240-56. https://doi.org/10.1093/sysbio/syp021

Baker WJ, Bailey P, Barber V, et al. A comprehensive phylogenomic plat-
form for exploring the angiosperm tree of life. Systematic Biology
2022;71:301-19. https://doi.org/10.1093/sysbio/syab035

Bankevich A, Nurk S, Antipov D, et al. Spades: a new genome assembly
algorithm and its applications to single-cell sequencing. Journal of
Computational Biology 2012;19:455-77. https://doi.org/10.1089/
cmb.2012.0021

Bellot S, Condamine FL, Matsunaga KKS, et al. Early Cretaceous origin
and evolutionary history of palms (Arecaceae) inferred from 1,033

G20z AeN 90 U Josn SITVHNLYN AQ 2229182/920982)/1/€/3I0UE/UBSUUII0AS/WO0Y"dNODILSPEDE//:SA))Y WO PaPEOjUMO]


https://doi.org/10.5061/dryad.7d7wm383r
https://doi.org/10.5061/dryad.7d7wm383r
https://doi.org/10.1073/pnas.0603587103
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1016/j.ympev.2015.09.013
https://doi.org/10.1016/j.ympev.2015.09.013
https://doi.org/10.1093/sysbio/syp021
https://doi.org/10.1093/sysbio/syab035
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1089/cmb.2012.0021

14 + EISERHARDT ET AL.

nuclear genes and a new synthesis of fossil evidence. bioRxiv, https://
doi.org/10.1101/2024.06.23.600266, 28 June 2024, preprint: not
peer reviewed.

Blach-Overgaard A, Kissling WD, Dransfield J, et al. Multimillion-
year climatic effects on palm species diversity in Africa. Ecology
2013;94:2426-35. https://doi.org/10.1890/12-1577.1

Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for
illumina sequence data. Bioinformatics 2014;30:2114-20. https://
doi.org/10.1093/bioinformatics/btul70

Buerki S, Devey DS, Callmander MW, et al. Spatio-temporal history of the
endemic genera of Madagascar. Botanical Journal of the Linnean Society
2013;171:304-29. https://doi.org/10.1111/boj.12008

Burbrink FT, Ruane S, Kuhn A, et al. The origins and diversification of
the exceptionally rich gemsnakes (Colubroidea: Lamprophiidae:
Pseudoxyrhophiinae) in Madagascar. Systematic Biology2019;68:918—
36. https://doi.org/10.1093/sysbio/syz026

Burress ED, Mufioz MM. Ecological opportunity from innovation, not
islands, drove the anole lizard adaptive radiation. Systematic Biology
2021;71:93-104. https://doi.org/10.1093/sysbio/syab031

Camacho GP, Loss AC, Fisher BL, et al. Spatial phylogenomics of acrobat
ants in Madagascar—mountains function as cradles for recent di-
versity and endemism. Journal of Biogeography 2021;48:1706-19.
https://doi.org/10.1111/jbi. 14107

Capella-Gutiérrez S, Silla-Martinez JM, Gabaldén T. Trimal: a tool for
automated alignment trimming in large-scale phylogenetic ana-
lyses. Bioinformatics 2009;25:1972-3. https://doi.org/10.1093/
bioinformatics/btp348

Carruthers T, Sun M, Baker WJ, et al. The implications of incongru-
ence between gene tree and species tree topologies for divergence
time estimation. Systematic Biology 2022;71:1124-46. https://doi.
org/10.1093/sysbio/syac012

Cissia-Silva C, Freitas CG, Alves DMCC, et al. Niche conservatism drives
a global discrepancy in palm species richness between seasonally dry
and moist habitats. Global Ecology and Biogeography 2019;28:814-25.

Castro-Insua A, Gomez-Rodriguez C, Wiens J], et al. Climatic niche diver-
gence drives patterns of diversification and richness among mammal
families. Scientific Reports 2018;8:8781. https://doi.org/10.1038/
s41598-018-27068-y

Cooney CR, Seddon N, Tobias JA. Widespread correlations be-
tween climatic niche evolution and species diversification in
birds. The Journal of Animal Ecology 2016;85:869-78. https://doi.
org/10.1111/1365-2656.12530

Couvreur TLP, Baker WJ. Tropical rain forest evolution: palms
as a model group. BMC Biology 2013;11:48. https://doi.
org/10.1186/1741-7007-11-48

Couvreur TLP, Kissling WD, Condamine FL, et al. Global diversification
of a tropical plant growth form: environmental correlates and histor-
ical contingencies in climbing palms. Frontiers in Genetics 2015;5:452.
https://doi.org/10.3389/fgene.2014.00452

Crottini A, Madsen O, Poux C, et al. Vertebrate time-tree elucidates
the biogeographic pattern of a major biotic change around the K-T
boundary in Madagascar. Proceedings of the National Academy of
Sciences of the United States of America 2012;109:5358-63. https://
doi.org/10.1073/pnas.1112487109

Donoghue MJ, Sanderson MJ. Confluence, synnovation, and depauperons
in plant diversification. The New Phytologist 2015;207:260-74.
https://doi.org/10.1111/nph.13367

Dransfield J, Beentje H. The Palms of Madagascar. London, UK: Royal
Botanic Gardens, Kew & the International Palm Society, 1995.

Dransfield J, Uhl NW, Asmussen CB, et al. Genera Palmarum: the Evolution and
Classification of Palms. London, UK: Royal Botanic Gardens, Kew, 2008.

Dransfield J, Marcus J, Baker WJ. Chrysalidocarpus hankona. PALMS
2023;67:89-97.

Drummond AJ, Suchard MA, Xie D, et al. Bayesian phylogenetics
with BEAUti and the BEAST 1.7. Molecular Biology and Evolution
2012;29:1969-73. https://doi.org/10.1093/molbev/mss075

Eiserhardt WL, Svenning JC, Kissling WD, et al. Geographical ecology
of the palms (Arecaceae): determinants of diversity and distributions

across spatial scales. Annals of Botany 2011;108:1391-416. https://
doi.org/10.1093/aob/mcr146

Eiserhardt WL, Dransfield J, Rakotoarinivo M, et al. Four new species
of Dypsis (Arecaceae: Arecoideae) from Madagascar. Kew Bulletin
2018;73:1-12.

Eiserhardt WL, Bellot S, Cowan RS, et al. Phylogenomics and gen-
eric limits of Dypsidinae (Arecaceae), the largest palm radiation in
Madagascar. Taxon 2022;71:1170-95. https://doi.org/10.1002/
tax.12797

Fick SE, Hijmans RJ. Worldclim 2: new 1-km spatial resolution climate
surfaces for global land areas. International Journal of Climatology
2017;37:4302-15. https://doi.org/10.1002/joc.5086

Gaut BS, Morton BR, McCaig BC, et al. Substitution rate comparisons be-
tween grasses and palms: synonymous rate differences at the nuclear
gene Adh parallel rate differences at the plastid gene rbcL. Proceedings
of the National Academy of Sciences of the United States of America
1996;93:10274-9. https://doi.org/10.1073/pnas.93.19.10274

Giles SAW, Arbuckle K. Diversification dynamics of chameleons
(Chamaeleonidae). Journal of Zoology 2022;318:241-52. https://
doi.org/10.1111/j20.13019

Gillespie RG, Bennett GM, De Meester L, et al. Comparing adap-
tive radiations across space, time, and taxa. The Journal of Heredity
2020;111:1-20. https://doi.org/10.1093/jhered/esz064

Gomez-Rodriguez C, Baselga A, Wiens JJ. Is diversification rate re-
lated to climatic niche width? Global Ecology and Biogeography
2015;24:383-9S.

Harmon L], Harrison S. Species diversity is dynamic and unbounded at
local and continental scales. The American Naturalist 2015;185:584—
93. https://doi.org/10.1086/680859

Heyduk K, Trapnell DW, Barrett CF, et al. Phylogenomic analyses
of species relationships in the genus Sabal (Arecaceae) using tar-
geted sequence capture. Biological Journal of the Linnean Society
2016;117:106-20.

Hoang DT, Chernomor O, von Haeseler A, et al. Ufboot2: improving the
ultrafast bootstrap approximation. Molecular Biology and Evolution
2018;35:518-22. https://doi.org/10.1093/molbev/msx281

Janssen T, Bystriakova N, Rakotondrainibe F, et al. Neoendemism in
Madagascan scaly tree ferns results from recent, coincident di-
versification bursts.  Evolution 2008;62:1876-89. https://doi.
org/10.1111/j.1558-5646.2008.00408.x

Johnson MG, Gardner EM, Liu Y, et al. HybPiper: extracting coding
sequence and introns for phylogenetics from high-throughput
sequencing reads using target enrichment. Applications in
Plant  Sciences 2016;4:1600016. https://doi.org/10.3732/
apps.1600016

Kainulainen K, Razafimandimbison SG, Wikstrom N, et al. Island
hopping, long-distance dispersal and species radiation in the western
Indian ocean: historical biogeography of the Coffeeae alliance
(Rubiaceae). Journal of Biogeography 2017;44:1966-79. https://doi.
org/10.1111/jbi.12981

Kalyaanamoorthy S, Minh BQ, Wong TKEF, et al. ModelFinder: fast
model selection for accurate phylogenetic estimates. Nature Methods
2017;14:587-9. https://doi.org/10.1038/nmeth.4285

Kass RE, Raftery AE. Bayes factors. Journal of the American Statistical
Association 1995;90:773-95. https://doi.org/10.2307/2291091

Katoh K, Standley DM. MAFFT Multiple Sequence Alignment Software
Version 7: improvements in performance and usability. Molecular
Biology and Evolution 2013;30:772-80. https://doi.org/10.1093/
molbev/mst010

Kisel Y, Barraclough TG. Speciation has a spatial scale that depends
on levels of gene flow. The American Naturalist 2010;175:316-34.
https://doi.org/10.1086/650369

Kissling WD, Baker W], Balslev H, et al. Quaternary and pre-Quaternary
historical legacies in the global distribution of a major tropical plant
lineage. Global Ecology and Biogeography 2012;21:909-21.

Liu'Y, Wang YY, Willett SD, et al. Escarpment evolution drives the diver-
sification of the Madagascar flora. Science 2024;383:653-8. https://
doi.org/10.1126/science.adi0833

G20z AeN 90 U Josn SITVHNLYN AQ 2229182/920982)/1/€/3I0UE/UBSUUII0AS/WO0Y"dNODILSPEDE//:SA))Y WO PaPEOjUMO]


https://doi.org/10.1101/2024.06.23.600266
https://doi.org/10.1101/2024.06.23.600266
https://doi.org/10.1890/12-1577.1
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1111/boj.12008
https://doi.org/10.1093/sysbio/syz026
https://doi.org/10.1093/sysbio/syab031
https://doi.org/10.1111/jbi.14107
https://doi.org/10.1093/bioinformatics/btp348
https://doi.org/10.1093/bioinformatics/btp348
https://doi.org/10.1093/sysbio/syac012
https://doi.org/10.1093/sysbio/syac012
https://doi.org/10.1038/s41598-018-27068-y
https://doi.org/10.1038/s41598-018-27068-y
https://doi.org/10.1111/1365-2656.12530
https://doi.org/10.1111/1365-2656.12530
https://doi.org/10.1186/1741-7007-11-48
https://doi.org/10.1186/1741-7007-11-48
https://doi.org/10.3389/fgene.2014.00452
https://doi.org/10.1073/pnas.1112487109
https://doi.org/10.1073/pnas.1112487109
https://doi.org/10.1111/nph.13367
https://doi.org/10.1093/molbev/mss075
https://doi.org/10.1093/aob/mcr146
https://doi.org/10.1093/aob/mcr146
https://doi.org/10.1002/tax.12797
https://doi.org/10.1002/tax.12797
https://doi.org/10.1002/joc.5086
https://doi.org/10.1073/pnas.93.19.10274
https://doi.org/10.1111/jzo.13019
https://doi.org/10.1111/jzo.13019
https://doi.org/10.1093/jhered/esz064
https://doi.org/10.1086/680859
https://doi.org/10.1093/molbev/msx281
https://doi.org/10.1111/j.1558-5646.2008.00408.x
https://doi.org/10.1111/j.1558-5646.2008.00408.x
https://doi.org/10.3732/apps.1600016
https://doi.org/10.3732/apps.1600016
https://doi.org/10.1111/jbi.12981
https://doi.org/10.1111/jbi.12981
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.2307/2291091
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1086/650369
https://doi.org/10.1126/science.adi0833
https://doi.org/10.1126/science.adi0833

DRIVERS OF SPECIES RICHNESS IN MALAGASY PALM CLADES « 15

Louca S, Pennell MW. Extant timetrees are consistent with a myriad
of diversification histories. Nature 2020;580:502-S. https://doi.
org/10.1038/541586-020-2176-1

Minh BQ, Schmidt HA, Chernomor O, ef al. IQ-TREE 2: new models
and efficient methods for phylogenetic inference in the genomic era.
Molecular Biology and Evolution 2020;37:1530-1534. https://doi.
org/10.1093/molbev/msaa015

Mittelbach GG, Schemske DW, Cornell HV, et al. Evolution and
the latitudinal diversity gradient: speciation, extinction and
biogeography. Ecology Letters 2007;10:315-31. https://doi.
org/10.1111/}.1461-0248.2007.01020.x

Morlon H, Parsons TL, Plotkin JB. Reconciling molecular phylogenies
with the fossil record. Proceedings of the National Academy of Sciences
of the United States of America 2011;108:16327-32. https://doi.
org/10.1073/pnas.1102543108

Myers N, Mittermeier RA, Mittermeier CG, et al. Biodiversity hotspots
for conservation priorities. Nature 2000;403:853-8. https://doi.
org/10.1038/35002501

Orme D, Freckleton R, Thomas G, et al. caper: Comparative Analyses
of Phylogenetics and Evolution in R. The Comprehensive R Archive
Network 2018. https://cran.r-project.org/package=caper

Pearson RG, Dawson TP. Predicting the impacts of climate change on
the distribution of species: are bioclimate envelope models useful?
Global Ecology and Biogeography 2003;12:361-71. https://doi.
org/10.1046/j.1466-822x.2003.00042.x

Pennell MW, Eastman JM, Slater GJ, et al. Geiger v2.0: an expanded
suite of methods for fitting macroevolutionary models to phylogen-
etic trees. Bioinformatics 2014;30:2216-8. https://doi.org/10.1093/
bioinformatics/btul81

POWO. Plants of the World Online. Facilitated by the Royal Botanic
Gardens, Kew. 2024 http://www.plantsoftheworldonline.org/ (8 July
2024, date last accessed).

R Core Team. R: a Language and Environment for Statistical Computing.
Vienna, Austria: R Foundation for Statistical Computing, 2021.
https://www.R-project.org/

Rabosky DL. Extinction rates should not be estimated from mo-
lecular phylogenies. Evolution 2010;64:1816-24. https://doi.
org/10.1111/j.1558-5646.2009.00926.x

Rabosky DL. Automatic detection of key innovations, rate shifts,
and diversity-dependence on phylogenetic trees. PLoS One
2014;9:e89543. https://doi.org/10.1371/journal.pone.0089543

Rabosky DL, Hurlbert AH. Species richness at continental scales is dom-
inated by ecological limits. The American Naturalist 2015;185:572—
83. https://doi.org/10.1086/680850

Rabosky DL, Slater GJ, Alfaro ME. Clade age and species richness
are decoupled across the eukaryotic tree of life. PLoS Biology
2012;10:e1001381. https://doi.org/10.1371/journal.pbio.1001381

Rabosky DL, Grundler M, Anderson C, et al. BAMMtools: an R
package for the analysis of evolutionary dynamics on phylogenetic
trees. Methods in Ecology and Evolution 2014;5:701-7. https://doi.
org/10.1111/2041-210x.12199

Rakotoarinivo M, Blach-Overgaard A, Baker WJ, et al. Palaeo-
precipitation is a major determinant of palm species richness patterns
across Madagascar: a tropical biodiversity hotspot. Proceedings of the
Royal Society B-Biological Sciences 2013;280:20123048. https://doi.
org/10.1098/rspb.2012.3048

Rakotoarinivo M, Dransfield J, Bachman SP, et al. Comprehensive red list
assessment reveals exceptionally high extinction risk to Madagascar
palms. PLoS One 2014;9:¢103684. https://doi.org/10.1371/journal.
pone.0103684

Ralimanana H, Perrigo AL, Smith RJ, et al. Madagascar’s extraordinary
biodiversity: threats and opportunities. Science 2022;378:eadf1466.

Rambaut A, Drummond AJ, Xie D, et al. Posterior summarization
in Bayesian phylogenetics using Tracer 1.7. Systematic Biology
2018;67:901-4. https://doi.org/10.1093/sysbio/syy032

Roberts GG, Paul JD, White N, et al. Temporal and spatial evolution of
dynamic support from river profiles: a framework for Madagascar.
Geochemistry, Geophysics, Geosystems 2012;13:Q04004.

Samonds KE, Godfrey LR, Ali JR, et al. Imperfect isolation: factors
and filters shaping Madagascar’s extant vertebrate fauna. PLoS One
2013;8:e62086. https://doi.org/10.1371/journal pone.0062086

Scholl JP, Wiens JJ. Diversification rates and species richness across
the tree of life. Proceedings of the Royal Society B-Biological Sciences
2016;283:20161334. https://doi.org/10.1098/rspb.2016.1334

Shee ZQ, Frodin DG, Camara-Leret R, et al. Reconstructing the complex
evolutionary history of the Papuasian Schefflera radiation through
herbariomics. Frontiers in Plant Science 2020;11:258. https://doi.
org/10.3389/fpls.2020.00258

Smith SA, Brown JW, Walker JF. So many genes, so little time: a practical
approach to divergence-time estimation in the genomic era. PLoS One
2018;13:€0197433. https://doi.org/10.1371/journal.pone.0197433

Steinbauer MJ, Field R, Grytnes JA, et al. Topography-driven isola-
tion, speciation and a global increase of endemism with elevation.
Global Ecology and Biogeography 2016;25:1097-107. https://doi.
org/10.1111/geb.12469

Stephens PR, Wiens JJ. Explaining species richness from contin-
ents to communities: the time-for-speciation effect in emydid
turtles. The American Naturalist 2003;161:112-28. https://doi.
org/10.1086/345091

Stroud JT, Losos JB. Ecological opportunity and adaptive radiation.
Annual Review of Ecology, Evolution, and Systematics 2016;47:507-32.
https://doi.org/10.1146/annurev-ecolsys-121415-032254

Thiers BM. Index Herbariorum. https://sweetgum.nybg.org/science/ih/.
Updated continuously. (Accessed 7,2022).

Tietje M, Antonelli A, Baker WJ, et al. Global variation in diver-
sification rate and species richness are unlinked in plants.
Proceedings of the National Academy of Sciences of the United States
of America 2022;119:e2120662119. https://doi.org/10.1073/
pnas.2120662119

Tietje M, Antonelli A, Forest F, et al. Global hotspots of plant phylogen-
etic diversity. The New Phytologist 2023;240:1636-46. https://doi.
org/10.1111/nph.19151

Turk D, Rakotoarinivo M. Masoala ratsabotsyi, a new species from the
Ranomafana Arboretum, Madagascar. PALMS 2023;67:176-84.

Vamosi JC, Vamosi SM. Factors influencing diversification in angio-
sperms: at the crossroads of intrinsic and extrinsic traits. American
Journal of Botany 2011;98:460-71. https://doi.org/10.3732/
ajb.1000311

Vences M, Wollenberg KC, Vieites DR, et al. Madagascar as a model
region of species diversification. Trends in Ecology & Evolution
2009;24:456-65. https://doi.org/10.1016/j.tree.2009.03.011

Wells N. Some hypotheses on the Mesozoic and Cenozoic paleoenviron-
mental history of Madagascar. In: Goodman SM, Benstead JP (eds),
The Natural History of Madagascar. Chicago: University of Chicago
Press, 2003, 16-34.

Wiens JJ. The causes of species richness patterns across space, time, and
clades and the role of ‘ecological limits. Quarterly Review of Biology
2011;86:75-96. https://doi.org/10.1086/659883

Yu D, Wiens JJ. The causes of species richness patterns among clades.
Proceedings  Biological Sciences 2024;291:20232436. https://doi.
org/10.1098/rspb.2023.2436

Zhang C, Rabiee M, Sayyari E, et al. ASTRAL-IIL: polynomial time
species tree reconstruction from partially resolved gene trees. BMC
Bioinformatics 2018;19:153.

G20z AeN 90 U Josn SITVHNLYN AQ 2229182/920982)/1/€/3I0UE/UBSUUII0AS/WO0Y"dNODILSPEDE//:SA))Y WO PaPEOjUMO]


https://doi.org/10.1038/s41586-020-2176-1
https://doi.org/10.1038/s41586-020-2176-1
https://doi.org/10.1093/molbev/msaa015
https://doi.org/10.1093/molbev/msaa015
https://doi.org/10.1111/j.1461-0248.2007.01020.x
https://doi.org/10.1111/j.1461-0248.2007.01020.x
https://doi.org/10.1073/pnas.1102543108
https://doi.org/10.1073/pnas.1102543108
https://doi.org/10.1038/35002501
https://doi.org/10.1038/35002501
https://cran.r-project.org/package=caper
https://doi.org/10.1046/j.1466-822x.2003.00042.x
https://doi.org/10.1046/j.1466-822x.2003.00042.x
https://doi.org/10.1093/bioinformatics/btu181
https://doi.org/10.1093/bioinformatics/btu181
http://www.plantsoftheworldonline.org/
https://www.R-project.org/
https://doi.org/10.1111/j.1558-5646.2009.00926.x
https://doi.org/10.1111/j.1558-5646.2009.00926.x
https://doi.org/10.1371/journal.pone.0089543
https://doi.org/10.1086/680850
https://doi.org/10.1371/journal.pbio.1001381
https://doi.org/10.1111/2041-210x.12199
https://doi.org/10.1111/2041-210x.12199
https://doi.org/10.1098/rspb.2012.3048
https://doi.org/10.1098/rspb.2012.3048
https://doi.org/10.1371/journal.pone.0103684
https://doi.org/10.1371/journal.pone.0103684
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1371/journal.pone.0062086
https://doi.org/10.1098/rspb.2016.1334
https://doi.org/10.3389/fpls.2020.00258
https://doi.org/10.3389/fpls.2020.00258
https://doi.org/10.1371/journal.pone.0197433
https://doi.org/10.1111/geb.12469
https://doi.org/10.1111/geb.12469
https://doi.org/10.1086/345091
https://doi.org/10.1086/345091
https://doi.org/10.1146/annurev-ecolsys-121415-032254
https://sweetgum.nybg.org/science/ih/
https://doi.org/10.1073/pnas.2120662119
https://doi.org/10.1073/pnas.2120662119
https://doi.org/10.1111/nph.19151
https://doi.org/10.1111/nph.19151
https://doi.org/10.3732/ajb.1000311
https://doi.org/10.3732/ajb.1000311
https://doi.org/10.1016/j.tree.2009.03.011
https://doi.org/10.1086/659883
https://doi.org/10.1098/rspb.2023.2436
https://doi.org/10.1098/rspb.2023.2436

	Explaining extreme differences in species richness among co-occurring palm clades in Madagascar
	Introduction
	Material and methods
	Model group
	Taxon sampling
	Generation of new DNA sequence data
	Phylogenetic framework
	Divergence time estimation
	Malagasy palm clades
	Time-for-speciation effect: Malagasy palms
	Time-for-speciation effect: comparison with other plant and animal lineages
	Diversification analysis
	Climatic niches
	Effects of climatic niche on diversification rate

	Results
	Malagasy palm clades and species richness
	Time-for-speciation effect in Malagasy palms
	Time-for-speciation effect: comparison with other plant and animal lineages
	Diversification rate in Malagasy palms
	Ancestral high diversification rate and post-colonization rate increases
	Climatic niche divergence linked to diversification

	Discussion
	Time for speciation
	Timing of diversification rate shifts vs. timing of colonization
	Diversification rate and climate
	The unknowable role of extinction

	Conclusion
	Supporting information
	Acknowledgements
	References


