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Abstract
Aim: Since Wallace's and Engler's 19th- century biogeographical schemes, biogeog-
raphers have sought to classify the world into biogeographical regions according to 
patterns in biotic distribution. Yet, while most of the world's plant biodiversity can be 
found in the tropics, basic phytogeographical relationships and boundaries within this 
zone remain debated. We investigated whether palms, a species- rich, well- studied 
pantropical family, reflect traditional floristic schemes or support a recently published 
phylogenetic regionalisation that contests the traditional views on phytogeographical 
tropical regions.
Location: Tropics and subtropics.
Taxon: Palm family (Arecaceae).
Methods: We use a species- level dated phylogenetic tree of palms along with a data-
set of all palm species distributions to calculate pairwise phylogenetic beta diversity 
among palm assemblages. From these pairwise dissimilarity values, we compute the 
relationship between assemblages in NMDS ordination space and use hierarchical 
clustering to define biogeographical units for palms.
Results: We found a Neotropical versus Palaeotropical division of palm assemblages 
as the major biogeographical split. Two Neotropical and four Palaeotropical clusters 
were identified with the following relationships: ((Southern Neotropical, Northern 
Neotropical), ((Indian Ocean), ((African), (Eurasian- Australian, Melanesian- Pacific)))).
Main Conclusions: Our analysis supports many delineations suggested in traditional 
floristic schemes, most importantly a clear Neotropical versus Palaeotropical divi-
sion and units resembling Takhtajan's African, Indo- Malesian, New Caledonian and 
Polynesian Palaeotropical subkingdoms. However, as recently suggested in phy-
logenetic regionalisation, our results also show a clustering of Southeast Asian and 
Australian assemblages, substantiating the suggestion of a combined Asian- Australian 
region. Biogeographical regionalisation for palms does not support the existence of 
trans- continental dry tropical or subtropical phytogeographical clusters that have 
recently been found in dicot trees, despite known Northern Hemisphere connec-
tions for palms. Further modern regionalisations based on multiple datasets with 
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1  |  INTRODUC TION

Biogeographical regions widely serve as a framework for biodiver-
sity and conservation studies (e.g. Baker & Couvreur, 2013a, 2013b; 
Kissling, Eiserhardt, et al., 2012; Myers et al., 2000), representing the 
biogeographical history that has shaped the distribution of species. 
The main taxa used to define established biogeographical regions 
are vertebrates (Holt et al., 2013; Wallace, 1876) and vascular plants 
(e.g. Good 1964, Slik et al., 2018; Takhtajan, 1986). Biogeographical 
regions for plants (phytogeographical regions) and animals (zoogeo-
graphical regions) show many similarities but also important dif-
ferences reflecting the fundamentally different ecologies of those 
two groups (Cox, 2001). The global system of zoogeographical re-
gions, dating back to Wallace (1876), has recently been overhauled 
substantially using modern distributional data and phylogeny (Holt 
et al., 2013; Procheş & Ramdhani, 2012). However, a similar global 
update is lacking for the world's phytogeographical regions, which 
thus remain controversial, especially in the tropics, where most of 
the world's species are found.

Focusing on tropical forests, a recent study using modern dis-
tributional data and phylogeny partly challenged the traditional 
phytogeographical regions of the tropics (Slik et al., 2018). Global 
phytogeographical schemes, such as Engler (1879), Good (1964) and 
Takhtajan (1986), all suggested a Neotropical versus Palaeotropical 
split as the major biogeographical division of the tropics. This view 
has been upheld for more than two and a half centuries, first noted 
for animals by Buffon in 1761 and for plants by von Humboldt in 1816 
(Nelson, 1978). Contradicting this traditional view, the results of Slik 
et al. (2018) group tropical African forests with tropical American 
forests, thus suggesting a split between a combined American- 
African and an Indo- Pacific region as the primary biogeographical 
division of the tropics. Interestingly, a recent study using deep phy-
logenetic relationships to group Good's phytogeographical regions 
did not recover a pronounced Neotropical versus Palaeotropical split 
either (Procheş & Ramdhani, 2020).

The phytogeographical subdivision of both Neotropics and 
Palaeotropics is also controversial. Good (1964) divided his 
Palaeotropical kingdom into separate African, Indo- Malayan and 
Polynesian subkingdoms, with Madagascan and Neocaledonian 
subkingdoms added later by Takhtajan (1986). Meanwhile, the 
Neotropical kingdom has largely been treated as one coherent 
floristic unit. Takhtajan’s (1986) hierarchical classification, consist-
ing of 5 phytogeographical regions with 12 provinces within the 

Neotropical kingdom and 13 regions with 52 provinces within the 5 
Palaeotropical subkingdoms, has been used extensively as a frame-
work for later studies on plant diversity patterns. Again, the tropical 
forest dataset of Slik et al., (2018) challenged the traditional views 
by suggesting Indo- Pacific, African and American regions as well as 
a subtropical and a dry tropical cluster, both of which are disjunctly 
distributed on multiple continents, and thus primarily environmental. 
Focusing on deep phylogenetic patterns, the analysis of Procheş and 
Ramdhani (2020) provided yet a different picture, suggesting a rel-
atively  homogeneous tropical belt within which tropical- temperate 
Asia and the dry parts of sub- Saharan Africa and Australia, respec-
tively, are most distinct.

Growing distribution datasets and the use of statistical multi-
variate methods have resulted in more objective conclusions in bio-
geographical regionalisation (Kreft & Jetz, 2010). Meanwhile, the 
increasing availability of phylogenetic trees in recent decades has 
permitted biogeographical delineations that reflect evolutionary his-
tory (e.g. Holt et al., 2013). However, these methods are not a pana-
cea for biogeographical research as the outcome also depends on the 
quality and specific features of the datasets used. While many recent 
studies used statistical methods and phylogenetic data, much of the 
underlying data are geographically, ecologically and phylogenetically 
limited, including the study of Slik et al. (2018). Comprehensive bio-
geographical regionalisation as it has been done for birds, mammals 
and amphibians (Holt et al., 2013) is simply not possible for plants 
at this point due to much more limited availability of geographical 
and phylogenetic data (Cornwell et al., 2019). Additional quantita-
tive biogeographical studies on plants using independent datasets 
are needed to test whether traditional phytogeographical regional-
isations will stand the test of time, as it has largely been the case in 
zoogeography (Holt et al., 2013), or if new patterns will emerge.

Here, we infer biogeographical affinities among tropical and 
subtropical regions in a large, mostly tropical plant family, the palms 
(Arecaceae). Palms are a characteristic element of tropical forests 
worldwide and have served as a long- standing model group for geo-
graphical ecology (Eiserhardt et al., 2011) and tropical forest evolu-
tion (Couvreur & Baker, 2013). Given their pantropical distribution, 
geographical variation in phylogenetic composition and availability 
of advanced geographical and phylogenetic datasets, palms are an 
excellent model group for tropical biogeography. We compare our 
findings to the traditional phytogeographical schemes and recent 
quantitative analyses including phylogenetic data. Specifically, we 
address the following questions:

complementary strengths are needed to establish a credible set of phytogeographical 
regions for the tropics.

K E Y W O R D S
Arecaceae, biogeographical regionalisation, conservation biogeography, evolutionary 
distinctiveness, Palmae, phylogenetic beta diversity, phyloregions, phytogeographical regions, 
transition zones
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1. Does the biogeography of palms support the traditional 
Neotropical versus Palaeotropical division, or an alternative, 
such as the Africa- New World grouping reported by Slik et 
al. (2018)?

2. Which of the previously suggested phytogeographical units 
within the Old World tropics are supported by palms, if any?

3. Do palms support the existence of a subtropical and/or a trans- 
continental dry tropical phytogeographical cluster?

To answer these questions, we combined a species- level phy-
logenetic tree with global distribution data for the palm family to 
show phylogenetic turnover among species assemblages and define 
a hierarchy of phylogenetically distinct biogeographical regions. 
Relationships among assemblages and clusters were inferred with 
hierarchical clustering analysis.

2  |  MATERIAL S AND METHODS

2.1  |  Distribution data

We obtained distribution data for all 2532 palm species from the 
World Checklist of Arecaceae (Govaerts et al., 2019). This dataset 
provides a list of all known palm species for each ‘botanical coun-
try’ (level 3 units defined by the International Working Group on 
Taxonomic Databases [TDWG]) obtained from literature such as flo-
ras, monographs and species descriptions, and validated by experts. 
The botanical countries mostly correspond to sovereign nations, but 
some islands are treated as single units despite consisting of (parts 
of) multiple countries (e.g. Borneo, New Guinea), and large nations 
are subdivided into lower- level administrative units (e.g. states in 
the United States). Records of introduced, cultivated or locally ex-
tinct species were excluded from the analysis resulting in a total of 
5305 occurrences in 197 botanical countries. The World Checklist 
of Arecaceae is the most spatially and taxonomically complete 
 geographical dataset available for palms, and the go- to resource for 
macroecological research in this family (e.g. Kissling, Baker, et al., 
2012; Onstein et al., 2020). To test whether the geographical ex-
tent of our study had an impact on the results, especially regarding 
our comparison with the findings of Slik et al., (2018), we also used 
a reduced dataset solely including the 76 botanical countries that 
overlap geographically with the dataset used by Slik et al., (2018).

2.2  |  Phylogeny

We used an all- evidence species- level phylogeny of palms (Faurby 
et al., 2016) that combines all available molecular information with 
morphological data and taxonomic constraints in a Bayesian frame-
work. We generated a dated maximum clade credibility tree with 
branch lengths in TreeAnnotator v. 1.10.4 (Rambaut & Drummond, 
2018) from the 1000 posterior distribution trees provided by Faurby 
et al., (2016).

2.3  |  Pairwise phylogenetic dissimilarity

Phylogenetic dissimilarity was calculated for all pairwise combina-
tions of botanical countries using the phylogenetic equivalent of 
Simpson's index (p�sim). This index is preferable to other beta diver-
sity metrics as it is regarded as being insensitive to differences in 
species richness among geographical units, allowing an unbiased 
estimation of compositional turnover (Kreft & Jetz, 2010; Leprieur 
& Oikonomou, 2014). The index is calculated for each pair of assem-
blages as:

where ‘a’ is the total length of the phylogenetic tree connecting all 
species that are found in both assemblages, and ‘b’ and ‘c’ are the 
lengths of the phylogenetic trees connecting all the species that are 
unique to each of the two assemblages. Pairwise pβsim dissimilarity 
values range from 0 (=all species are shared between two compared 
assemblages and thus all phylogenetic branches are identical) to 1 (=no 
shared phylogenetic branches between compared botanical coun-
tries). Consequently, species assemblages sharing many phylogenetic 
branches (e.g. having many species and genera in common) will show 
low pβsim dissimilarity values, whereas assemblages sharing few phylo-
genetic branches (e.g. having no tribes or subfamilies in common) will 
show high values. The computation was conducted in R 3.5.1. (R Core 
Team, 2018) using the following R packages: ‘Phytools’ (Revell, 2012), 
‘Ape’ (Paradis & Schliep, 2018) and ‘Vegan’ (Oksanen et al., 2019).

Furthermore, we calculated the mean phylogenetic distance 
(mean pβsim) between all identified phytogeographical clusters. This 
was done by calculating the average of the pβsim values for all  possible 
combinations of botanical countries in cluster i with botanical coun-
tries in cluster j. We also calculated the phylogenetic distinctiveness 
of each phytogeographical cluster as the mean pβsim between the 
botanical countries in a given phytogeographical cluster and all other 
botanical countries not included in that cluster.

2.4  |  Cluster analysis and number of clusters

We used hierarchical clustering based on pairwise phylogenetic 
dissimilarity values to assign botanical countries to clusters repre-
senting biogeographical regions. The UPGMA clustering algorithm 
outperformed all other algorithms as shown by the highest calcu-
lated cophenetic correlation coefficient (CCC; Sokal & Rohlf, 1962) 
(Table S1.1 in Appendix S1) and was therefore chosen for our analy-
sis. Results from the hierarchical clustering analysis were illustrated 
by dendrograms and maps using the R packages ‘Rgdal’ (Bivand et al., 
2019), ‘Rgeos’ (Bivand & Rundel, 2019) and ‘Maptools’ (Bivand & 
Lewin- Koh, 2019).

How to choose the right number of clusters from a dendrogram 
is a long- standing issue in biogeographical regionalisation (Kreft 
& Jetz, 2010; Leprieur & Oikonomou, 2014; Milligan & Cooper, 
1985). We implemented two methods that have been used in recent 

p�sim = 1 −
a

min (b, c) + a
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regionalisations to calculate the optimal solution on the number of 
clusters from our dendrogram, the Penalty function (Kelley et al., 
1996) and the L- method (Salvador & Chan, 2004). We conducted 
these analyses using the ‘maptree’ (White & Gramacy, 2012) and 
‘GMD’ R packages (Zhao et al., 2011), respectively.

2.5  |  NMDS ordination and PERMANOVA

We performed non- metric multidimensional scaling (NMDS) ordina-
tions to further visualise the phylogenetic distances among palm as-
semblages. NMDS allows the reduction of the number of dimensions 
for data interpretation without any assumptions about data linearity 
or normality (Minchin, 1987). As one of the objectives of this bio-
geographical regionalisation is to identify phylogenetically distinct 
geographical areas, we used NMDS ordination to examine how 
well- separated the inferred clusters were in ordination space. This 
is necessary as hierarchical clustering methods may be unable to 
differentiate between unique biogeographical regions consisting of 
long- time isolated phylogenetic lineages and biogeographical transi-
tion zones (Kreft & Jetz, 2010, 2013). Finally, we assessed whether 
the biogeographical cluster centroids from the p�sim values differ 
using permutational MANOVA (PERMANOVA) (Anderson, 2001); 
999 permutations. NMDS ordination and PERMANOVA were con-
ducted using the ‘vegan’ R package (Oksanen et al., 2019).

3  |  RESULTS

Using the Kelley– Gardner– Sutcliffe function and the L- method, six 
clusters (k = 6) were identified as the best solution in the cluster-
ing dendrogram (Figure S1.1). The first split in this UPGMA den-
drogram showed a clear Neotropical versus Palaeotropical division 
(Figure 1) for both the full dataset and the reduced dataset match-
ing the geographical extent of Slik et al. (2018) (Figure S1.2). The 
six main clusters identified by our analysis were all geographically 
largely coherent (Figure 2), with some important exceptions (de-
tailed below). The New World tropics were divided into a ‘Southern 
Neotropical cluster’ (South America) and a ‘Northern Neotropical 
cluster’ (North and Central America and the Caribbean), the latter 
also including the remote Pacific archipelagos Hawaii, Tuamotu and 
Cook Islands. The boundary between those two clusters in Central 
America was not entirely clear- cut, with Southern- dominated palm 
floras as far north as Belize, and northern- dominated palm floras as 
far south as Nicaragua and Aruba.

The Old World tropics were divided into four clusters (Figures 1 
and 2). The ‘Indian Ocean cluster’ consisted of the Mascarenes and 
Seychelles, but not Madagascar and Comoros. This cluster also in-
cluded the remote Marquesas Islands (Pacific Ocean), a methodolog-
ical artefact discussed below. The ‘African cluster’ included most of 
Africa except the extreme north- west, as well as Madagascar and 
much of the Middle East. The widespread ‘Eurasian- Australian clus-
ter’ occupied western North Africa, Eurasia excluding the Middle 

East, as well as Australia. This biogeographical cluster was ren-
dered geographically disjunct by the African cluster protruding into 
Eurasia. The ‘Melanesian- Pacific cluster’ extended from Wallace's 
line eastward, grouping the islands of the Sahul shelf with most 
Pacific islands, except the above- mentioned Marquesas, Cook 
Isl., Tuamotu and Hawaii. Of those four clusters, the Indian Ocean 
cluster was most distinct, followed by the African cluster, with the 
Eurasian- Australian cluster and the Melanesian- Pacific cluster being 
phylogenetically closest (Figure 1).

The African cluster showed a much higher phylogenetic distance 
to the two Neotropical clusters (mean pβsim > 0.72) than to the geo-
graphically adjacent Eurasian- Australian and Indian Ocean clusters 
(mean pβsim = 0.525 and 0.627, respectively). Calculation of phyloge-
netic distinctiveness of the six biogeographical clusters shows simi-
lar values ranging from 0.622 to 0.665 but with the exception of the 
Eurasian- Australian cluster that shows a much lower phylogenetic 
distinctiveness of 0.566.

The three- dimensional NMDS produced good congruence 
between the observed and ordinated distances (non- metric fit 
R2 = 0.97, linear fit R2 = 0.75) with a reasonable fit between three- 
dimensional configuration and predicted values from distance 
regression (stress = 0.18; Figure S1.7 in Appendix S1). NMDS or-
dination revealed marked geographical structure in phylogenetic 
composition, supporting the clustering results, but it also showed 
patterns of continuous transitions at the geographical boundaries 
between the clusters described above (Figure 3, Figure S1.6– S1.8). 
However, none of the six phytogeographical clusters showed indi-
cations of being a transition zone wrongly identified as a distinct 
biogeographical region, that is, placed in between two other clus-
ters in NMDS ordination space (Figure S1.6– S1.8) and/or showing 
intermediate RGB colours between two biogeographical clusters in 
ordination (Figure 3). Also, PERMANOVA showed significant differ-
ence among the six biogeographical cluster centroids, based on the 
p�sim distance matrix (F = 77.5, r2 = 0.67, p = 0.001), with all pairwise 
comparisons of clusters significantly different (p=0.001 for all pair-
wise comparisons).

Reducing the extent of our study to match Slik et al., (2018) re-
sulted in few changes in the order of which the phytogeographical 
regions are identified as distinct and only minor clustering changes, 
thus illustrating the robustness of our analysis (Figure S1.2– S1.5).

4  |  DISCUSSION

The UPGMA clustering dendrogram grouped all New World botani-
cal countries against all Old World units (Figure 1), therefore support-
ing a Neotropical versus Palaeotropical phytogeographical division 
as suggested in traditional schemes (Table 1). The isolation of the 
New World is also reflected in the two Neotropical biogeographical 
clusters showing high phylogenetic distances to the Palaeotropical 
clusters and by having the highest floristic distinctiveness values 
(Table 2). These results are consistent with previous studies on the 
historical biogeography of palms (Baker & Couvreur, 2013a, 2013b) 
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which showed that the rich neotropical palm flora (>730 species) 
has arisen from very few deep colonisation events, reflecting the 
historical isolation of the Neotropics (Seton et al., 2012). They also 
agree with hierarchical clustering based on taxonomic turnover from 
vegetation in seasonally dry tropical areas (Dexter et al., 2015) and 
global zoogeographical regionalisations (e.g. Holt et al., 2013; Kreft 
& Jetz, 2010). Neotropical forests also stand out in forest structure 

properties on a global scale (Bastin et al., 2018), a pattern that is also 
reflected in the distribution of palm growth forms (Muscarella et al., 
2020) and may be related to the distinctive phylogenetic composi-
tion of this region.

The Neotropical versus Palaeotropical phytogeographical divi-
sion in palms does not mirror recent results for dicot trees, which 
suggested a combined tropical American- African region (Slik et al., 

F I G U R E  1  UPGMA clustering dendrogram showing relationships between the 197 TDWG level 3 units (‘botanical countries’) that 
hold a native palm flora (see Figure S1.9 and Table S1.2). Clustering is based on pairwise pβsim dissimilarity values. The coloured ring and 
dendrogram branch colour signify the six major phytogeographical clusters (also, see Figure 2): Yellow, Southern Neotropical; Purple, 
Northern Neotropical including the Pacific archipelagos Hawaii, Tuamotu and Cook Islands; Red, Indian Ocean; Green, African, including 
Madagascar and Middle East assemblages; Blue, Eurasian- Australian, including western North African assemblages; Brown, Melanesian- 
Pacific cluster
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2018) (see Figure S1.3). These divergent results may stem from 
differences in data types and methods used, but likely also reflect 
biological differences between the studied taxa. We ruled out dif-
ferences in spatial extent as a potential cause (Figure S1.3) while 
gauging the effect of other parameters, such as spatial grain, tax-
onomic completeness and phylogenetic resolution is more difficult. 
In any case, the different history of different study taxa is likely to 
have played a major role. Specifically, events happening between 
the crown age of mesangiosperms (ca. 160 Ma; Ramírez- Barahona 
et al., 2020) and the crown age of palms (ca. 100 Ma; Couvreur 

et al., 2011;Ramírez- Barahona et al., 2020) would have influenced 
the results of Slik et al., (2018), but not ours. Of note, geographical 
turnover of old plant lineages (≥100 Ma; Procheş & Ramdhani, 2020) 
does not reflect a Neotropical versus Palaeotropical division either. 
Together, these results indicate that this important biogeographical 
split may be mainly a product of continental configurations during 
the last 100 million years.

At a smaller scale, the boundaries between the six phytogeo-
graphical clusters identified here show many similarities to traditional 
floristic schemes, and support some of the phyloregions proposed 

F I G U R E  2  Palm phytogeographical scheme resulting from UPGMA hierarchical clustering based on pairwise pβsim dissimilarity values 
between botanical countries. Colours in map signify the six major phytogeographical clusters shown in Figure 1: Yellow, Southern 
Neotropical; Purple, Northern Neotropical including the Pacific archipelagos Hawaii, Tuamotu and Cook Islands; Red, Indian Ocean; Green, 
African, including Madagascar and Middle East assemblages; Blue, Eurasian- Australian, including western North African assemblages; 
Brown, Melanesian- Pacific cluster. Map in Behrmann projection

TA B L E  1  (Sub)tropical biogeographical regions (kingdoms) previously proposed in phytogeographical schemes

Floristic Kingdom (biogeographic cluster) Suggested in traditional floristic schemes: Suggested by Slik et al., (2018)?
Supported by 
palms?

Neotropics All: Diels (1908), Engler (1879), Good 
(1964), Takhtajan (1986), Cox (2001)

Yes Yes (Northern- 
Southern 
Neotropics)

Palaeotropics All No Yes, further 
division 
into four 
clusters.

Afrotropics Cox (2001), recognised as a subkingdom by 
Good (1964) and Takhtajan (1986).

Yes Yes

Southeast Asian- Australian No Yes Yes

Australian Diels (1908), Good (1964), Takhtajan (1986), 
Cox (2001)

No No (Australian 
assemblages 
forms a 
unique 
cluster at 
k = 22)

Holarctic (Northern Hemisphere 
connections at the edge of palm 
distribution)

All Slik et al. show this for (sub)
tropical forests.

No

Dry tropical region No Yes No

The right column states if the kingdom was supported by palms.
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for dicot trees (Slik et al., 2018), but with marked differences to the 
latter (Table 1). First, our results supported a Neotropical kingdom 
recognised by all previous floristic schemes. Despite the fact that 
palms are mostly tropical, we did not find just a single cluster in the 
New World, but two. The southern cluster corresponded mostly 
to the Neotropical kingdom as previously recognised but excluded 
most of Central America and all of the Caribbean, which is usually 
included in the Neotropics (Cox, 2001). In our results, Central and 
North America and the Carribean formed a distinct cluster, per-
haps driven by lineages such as subfamily Coryphoideae and tribe 
Cyclospatheae that remained and diversified within the Laurasian 
landmasses on which palms are thought to have originated (Baker & 
Couvreur, 2013b). Despite a known boreotropical connection within 
Coryphoideae (Baker & Couvreur, 2013a, 2013b; Bjorholm et al., 
2006), the Northern Neotropical cluster was not related to the Old 
World, but closely linked with the Southern Neotropics (Figure 1). 
This is consistent with results from ancestral area reconstruction 
showing several dispersals between North and South America, but 
hardly any dispersal from other continents into these areas (Baker & 
Couvreur, 2013a, 2013b; Cano et al., 2018). Continental- scale stud-
ies within the Neotropics have also shown considerable turnover in 
palm phylogenetic diversity (e.g. Velazco et al., 2020), which is partly 

related to geography and partly to environmental factors (Eiserhardt 
et al., 2013).

Our Palaeotropical clusters show strong similarities to the 
African, Indo- Malesian and Polynesian subkingdoms (Good, 1964; 
Takhtajan, 1986), providing good support for these traditional delin-
eations from a new phylogenetic perspective. The Madagascan and 
Neocaledonian subkingdoms (Takhtajan, 1986) were also supported, 
albeit only at slightly lower levels (8th and 7th clusters, respectively; 
Figure 1). Also, we found the Mascarenes and Seychelles to form a 
distinct biogeographical cluster deep within the dendrogram, consis-
tent with this region being part of a renowned biodiversity hotspot 
with many endemic plant and animal lineages (Myers et al., 2000). 
This also applies to the palm flora of the region with several old 
endemic lineages, such as Lodoicea and subtribe Verschaffeltiinae 
(Seychelles), subtribe Oncospermatinae (shared) and Hyophorbe 
(Mascarenes) (Baker & Couvreur, 2013a). The unexpected clus-
tering of the Mascarenes and Seychelles with the Pacific Ocean 
Marquesas islands is likely a methodological artefact, showing that 
quantitative biogeographical regionalisation is not infallible. The 
palm flora of the Marquesas is extremely depauperate with only 
two native species, one of which was missing from our analysis as it 
was described after the publication of the phylogeny. If added to the 

TA B L E  2  Mean pβsim distances between the six major palm phytogeographical clusters

African
Southern 
Neotropical

Northern 
Neotropical

Eurasian- 
Australian

Melanesian- 
Pacific

Indian 
Ocean

Floristic 
distinctiveness

African 0.746 0.723 0.525 0.704 0.627 0.638

Southern Neotropics 0.746 0.539 0.665 0.604 0.694 0.665

Northern Neotropics 0.723 0.539 0.577 0.696 0.751 0.639

Eurasian- Australian 0.525 0.665 0.577 0.604 0.694 0.566

Melanesian- Pacific 0.704 0.604 0.696 0.604 0.555 0.623

Indian Ocean 0.627 0.694 0.751 0.694 0.555 0.622

The shown distances (ranges from 0 to 1) are the average pβsim between all the TDWG level 3 unit found between two compared phytogeographical 
regions, for example, African assemblages and Southern Neotropical assemblages. Floristic distinctiveness (column to the right in bold) is calculated 
as the mean pβsim between the TDWG level 3 units in the focal biogeographical cluster and the TDWG level 3 units in all other clusters.

F I G U R E  3  Global phylogenetic turnover between palm assemblages (botanical countries) inferred from non- metric multidimensional 
scaling (NMDS) ordination using pairwise pβsim values. (a) Three- dimensional NMDS ordination showing placement of TDWG level 3 units 
(botanical countries) in ordination space. The three- dimensional RGB (Red- Green- Blue) colours of botanical countries reflect their position in 
ordination space. (b) Map of the same botanical countries as in (a), using the same colours. Black dotted lines illustrate boundaries identified 
from UPGMA clustering

(a) (b)
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analysis, this species (Pritchardia tahuatana) would surely unite the 
Marquesas with the Northern Neotropical cluster, where most of its 
congeners occur (Hawaii, Tuamotu and Cook Islands). However, this 
issue highlights that clustering may not be entirely reliable for very 
species- poor floras, despite the alleged insensitivity of the method 
to species richness (Holt et al., 2013).

The widespread Eurasian- Australian cluster shows a markedly 
lower phylogenetic distinctiveness value than the other biogeograph-
ical clusters (0.56 vs. >0.62, Table 1). This finding is in  accordance 
with global historical biogeography of palms suggesting Eurasia to be 
the most important source of dispersing lineages (Baker & Couvreur, 
2013a, 2013b) as well as sink region for many palm colonisations result-
ing in much shared phylogenetic history with other regions. Of note, 
this cluster includes the Australian palm flora, a link that is not rec-
ognised in the schemes such as Diels (1908), Cox (2001), Good (1964) 
and Takhtajan (1986). Yet, the clustering of Australia with continental 
Asia was also suggested by Slik et al., (2018), indicating a stronger 
phylogenetic link than previously recognised. This is consistent with 
many examples of plant migration and colonisation events between 
Asia and Australia starting in the late Oligocene to early Miocene 
(Kooyman et al., 2020) despite the lack of direct land connections be-
tween the two regions, even at glacial maxima when sea levels were 
up to 120 m lower than present- day levels (Hanebuth et al., 2000). 
However, the relationships of the Australian palm flora are not en-
tirely clear- cut: although the entire continent groups with Southeast 
Asia (excluding New Guinea) in the clustering results (Figure 1), NMDS 
ordination (Figure 3) suggests a close relationship of Australia's rain-
forest palm flora (Queensland region) with New Guinea, reflecting the 
complex migration history of the region (Kooyman et al., 2020).

We show a distinct Melanesian- Pacific cluster for palms that in-
cludes many endemic palm lineages, resulting almost exclusively from 
dispersal events from Eurasia, such as the endemic ‘Pacific clade’ 
within tribe Areceae (Baker & Couvreur, 2013a, 2013b). This Pacific 
cluster is similar to Takhtajan's Polynesian subkingdom plus New 
Guinea, the Bismarck Archipelago and the Solomon Islands. New 
Guinea and surrounding islands might have been expected to group 
with Malesia and/or Australia (Kooyman et al., 2020), but perhaps the 
palm flora of this young (~5 Ma) island has been subject to similar dis-
persal filters as the Polynesian floras. The fact that the ancient con-
tinent of Australia has had more time than the younger Melanesian 
islands to accrue migrants from continental Asia/Sundaland has pre-
viously been suggested as a driver of floristic relationships in palms 
(e.g. Livistona and rattans: Baker & Couvreur, 2013a). However, the 
complex history of plant dispersal events between Southeast Asian 
and the Pacific (Baker & Couvreur, 2013a, 2013b; Hanebuth et al., 
2000; Kooyman et al., 2020) hinders a hard delineation between the 
two biogeographical regions.

We did not find a phylogenetic link between the Asian and 
North American subtropical assemblages (Slik et al., 2018), al-
though Northern Hemisphere taxonomic connections through 
boreotropical dispersal routes (i.e. the Bering-  and North Atlantic 
Land Bridge) have been shown for palm subfamily Coryphoideae 

and tribe Cyclospatheae (Bacon et al., 2012; Baker & Couvreur, 
2013a; Bjorholm et al., 2006). Rather, we found a phylogenetic 
cluster of subtropical botanical countries in North America, but 
separate from the Asian subtropical assemblages (Figure 1). 
Furthermore, our analysis did not support trans- continental phy-
logenetic clustering of dry tropical assemblages for palms as 
 recently suggested for other angiosperm groups (Ringelberg et al., 
2020; Slik et al., 2018). However, this is not unexpected given 
that more than 90% of all palms are restricted to moist  forest 
(Couvreur & Baker, 2013).

5  |  CONCLUSION

Our results provide a new angle on the phytogeographical division 
of the tropics by utilising the rich data resources available for an ex-
ceptionally well- documented plant family, the palms. Palms are syn-
onymous with the tropics and have been used to illuminate many 
aspects of tropical plant evolution, ecology and biogeography. Palms 
show a clear Neotropical versus Palaeotropical division, supporting 
the traditional view on the major phytogeographical divide of the 
World's tropics. Our results also reflect the African, Indo- Malesian 
and Polynesian subkingdoms proposed by Takhtajan (1986), as well 
as the Madagascan and New Caledonian subkingdoms at shallower 
levels. Consequently, this study provided empirical support to many 
traditional plant biogeographical delineations from a new phyloge-
netic perspective. Our results also agree with several aspects of a 
recent large- scale phylogenetic regionalisation for tropical dicot 
trees (Slik et al., 2018), including a stronger link between the main-
land Australian and Indomalayan floras than previously recognised. 
However, they disagree with other aspects of that study, especially 
the relationships among regions.

Overall, our study adds to a long line of studies attempting to 
uncover biogeographical connections and boundaries in the tropics. 
The abundant disagreement among these attempts highlights the 
need for a comprehensive biogeographical regionalisation of plants 
in the tropics and worldwide, as it has already been achieved for 
animals (Holt et al., 2013). Until suitable data become available for 
such an endeavour, studies based on multiple datasets with comple-
mentary strengths are required to establish a credible set of phyto-
geographical regions for the tropics.
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