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ARTICLE INFO ABSTRACT

Keywords: We explored the biogeographical history of a group of spore-bearing plants focusing on Phlegmariurus
Biogeography (Lycopodiaceae), a genus of lycophytes comprising ca. 250 species. Given its wide distribution in the Southern
Molecular phylogeny Hemisphere, Phlegmariurus provides a good model to address questions about the biogeographical processes
Ez:sifl’hytes underlying southern distributions, notably in Madagascar and surrounding islands, also called the Western

Indian Ocean (WIO). Our aims were (i) to discuss the systematics of the Malagasy species in the light of mo-
lecular phylogenetic results, (ii) to provide the first dating analysis focused on Phlegmariurus and (iii) to un-
derstand the relative role of vicariance, dispersal and diversification in the origin of the Malagasy Phlegmariurus
species.

The phylogenetic relationships were inferred based on three plastid DNA regions (rbcL, trnH-psbA and trnL
+trnL-trnF) and on a dataset comprising 93 species, including 16 Malagasy species (80% of the total Malagasy
diversity for the genus). Our results highlighted the need to combine Malagasy Huperzia species in Phlegmariurus,
as well as the polyphyly of widely distributed species: Phlegmariurus phlegmaria, P. squarrosus and P. verticillatus
with the Malagasy species not belonging with the types of P. phlegmaria or P. squarrosus. This led us to propose
new circumscriptions of Phlegmariurus species, especially in the WIO.

Our dating analysis, relying on fossil calibrations, showed that Phlegmariurus would have originated in the
Late Cretaceous and diversified in the Early Eocene. The biogeographical analysis highlighted uncertainties
about the biogeographical origins of Phlegmariurus: the genus would have started to diversify in an ancestral
range covering at least the Neotropics and Australasia. Hypotheses on the biogeographical history of
Phlegmariurus were discussed, especially the roles of long distance dispersal, migration via Antarctica and via the
Boreotropics. Six long distance dispersal events over the last 40 Ma would explain the Malagasy species diversity
of Phlegmariurus, in combination with an important in situ diversification starting in the Miocene.

Southern Hemisphere
Western Indian Ocean

1. Introduction

Madagascar is a large 590,000 km? continental island of the
Western Indian Ocean (WIO) renowned for its species richness and high
level of endemism. It is considered to be one of earths important bio-
diversity hotspots (Myers et al., 2000) with ca. 11,000 species of vas-
cular plants, among which 82% are endemic (Callmander, 2011). Ap-
proximately 600 species of ferns and lycophytes are estimated to
inhabit Madagascar, whereas 800 are estimated in Africa (Moran,
2008). The level of endemism is also relatively high with 45% endemic
(Rakotondrainibe, 2003), more than the Galapagos (7%) (Moran,
2008), or New Caledonia (38%) (Morat et al., 2012; Munzinger et al.,

2016). The high species richness and level of endemism raise questions
about the origin of the Malagasy lineages and the evolutionary pro-
cesses leading to such diversity.

Madagascar has a Gondwanan origin, having separated from Africa
165Ma and from India 95-84 Ma (McLoughlin, 2001) so ancient vi-
cariant origins are plausible hypotheses to explain the unique divergent
biota of Madagascar (Yoder and Nowak, 2006). However, the rise of
molecular dating has highlighted more recent Cenozoic origins for most
of the Malagasy lineages, suggesting that dispersal would be the main
biogeographical process explaining the presence of modern Malagasy
lineages (Yoder & Nowak, 2006; Agnarsson and Kuntner, 2012). Ma-
dagascar’s biogeographical affinities have been found to be the highest
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with the nearest continent Africa for animals and for plants (Yoder &
Nowak, 2006; Buerki et al., 2013) even though its separation from India
is more recent than from Africa. In agreement with the prediction of the
Theory of Island Biogeography (MacArthur and Wilson, 1967), Africa
was found as a source of dispersal for numerous taxa towards Mada-
gascar (e.g. Agnarsson and Kuntner, 2012; Bacon et al., 2016; Blair
et al., 2015; Forthman and Weirauch, 2016; Zhou et al., 2012). How-
ever, long distance dispersal events (LDD) for plants and animals were
also hypothesized from tropical Asia (Federman et al., 2015; Forthman
and Weirauch, 2016; Warren et al., 2010) and in fewer events from the
Neotropics, particularly for plants (Janssens et al., 2016; Smedmark
et al., 2014). Studies on ferns have highlighted that the Neotropics are
an important source pool of species diversity for Madagascar in vascular
spore-bearing plants (e.g. Bauret et al., 2017a,b; Rouhan et al., 2004).
Evidence of African dispersal events were also found (Korall and Pryer,
2014; Sessa et al., 2017), as well as Asian affinities (e.g. Lehtonen et al.,
2010). LDD from the Neotropics to Madagascar has also been found in
bryophytes (Scheben et al., 2016) but no biogeographical analyses fo-
cused on Malagasy lycophytes have been done so far.

Madagascar is also well known to be a place of diversification of its
fauna and flora, notably thanks to its isolation and its past and current
habitat heterogeneity (Janssen et al., 2008; Vences et al., 2009; Wood
et al., 2015). Phylogenetic studies showed that dispersal events fol-
lowed by diversification in situ is a major process in the generation of
Malagasy endemic fern flora (Bauret et al., 2017a,b; Chao et al., 2014;
Hennequin et al., 2017; Janssen et al., 2008; Labiak et al., 2014). It
could be informative to test the monophyly of Malagasy lycophytes to
observe if all the vascular spore-bearing plants are capable of such di-
versifications in Madagascar.

Phlegmariurus Holub is a pantropical genus of lycophytes in the fa-
mily Lycopodiaceae, including about 250 species (PPGI, 2016), occur-
ring in wet tropical forested and montane habitats of tropical regions.
Two primary growth forms occur, hanging epiphytes in mesic forests
and erect terrestrials in high montane non-forested areas, with the
terrestrials being considered a derivation from ancestrally epiphytic
species (Fig. 1; Field et al., 2016; Wikstrom et al., 1999). Phlegmariurus
is a monophyletic genus, forming with Huperzia and Phylloglossum the
Huperzioideae subfamily (Fig. 2B, Field et al., 2016).

The biogeographical history of lycophytes remains poorly under-
stood with few studies being available. Worldwide biogeographical
analyses were done recently on the cosmopolitan Selaginella (Klaus
et al., 2016), revealing a Devonian origin in Euramerica and a di-
versification coinciding with the formation of Pangea, as well as on
Isoetes focused on the Neotropics (Pereira et al., 2017). Pereira et al.
(2017) showed that the earliest diversification of Isoetes took place after
the breakup of Pangaea but that most of the diversity has arisen at the
Cretaceous-Palaeogene boundary. Another study on Isoetes was per-
formed by Kim and Choi (2016) but on a dataset focused on North
Pacific species. Huge uncertainties remain about the age of divergence
of Phlegmariurus, with estimates in a large range of ages from 351 to
167 Ma (Larsén and Rydin, 2016; Wikstrom and Kenrick, 2001). These
studies were however not focused on Phlegmariurus. A large diversifi-
cation of Phlegmariurus has been recovered for the Neotropics and the
Eastern Paleotropics (Asia, South-East Asia, Melanesia, Australasia and
Pacific islands) (Field et al., 2016) but low sampling in the Western
Paleotropics (Africa, Madagascar, Mascarenes, Seychelles, Comoros)
leaves the overall pattern of diversification in the Paleotropics poorly
understood. Indeed, only four Western Paleotropical species have pre-
viously been sampled out of the 27 estimated in this region (Table 1).

The Western Paleotropical region is outstanding in harboring one of
the world’s highest proportions of endemic Phlegmariurus with 90% of
species being endemic. Madagascar harbors 20 out of the 27 species
estimated in the Western Paleotropics and 14 of these are endemic to
Madagascar (Table 1). The Malagasy species of Phlegmariurus exhibit a
spectrum of morphological diversity capturing most of the forms found
in epiphytic Phlegmariurus globally (Fig. 1). Therefore, based on
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morphological evidence only, it is difficult to interpret if the Malagasy
Phlegmariurus result from multiple dispersal events to Madagascar that
have converged geographically or if these species have stemmed from
an endemic diversification, adaptively exploring congruent habitats to
those found elsewhere and thereby repeating the spectrum of adaptive
morphologies.

The Western Paleotropical region is also unique for the genus
Phlegmariurus as several species exhibit unusual apomorphies, in par-
ticular triangular shoots (Fig. 1, E,G) and fimbriate leaf margins (Fig. 1,
D). Since the latter character is only found in two endemic species to
Madagascar (P. pecten and P. gagnepainianus), those species were kept
separate by Herter (1909) and Nessel (1939) in Urostachys (Pritz.)
Herter subgenus Eurostachys Herter section Selaginurus Herter, sug-
gesting an affinity with species now placed in the genus Huperzia s.s.
rather than the genus Phlegmariurus. They were later placed in Huperzia
subgenus Tardieaublottia by Holub (1991) suggesting they were dis-
tantly related to all other species. Most recently, they were placed in
Phlegmariurus Holub by Field and Bostock (2013), based on their lack of
bulbils and relatively unornamented weakly foveolate isotetrahedral
spore type. As they have never been placed in a molecular phylogenetic
analysis, their evolutionary position remains unclear.

Our study aims to improve the systematics of the Malagasy
Phlegmariurus and to unravel the biogeographical history of
Phlegmariurus, especially regarding Madagascar. The precise goals are
(i) to test the monophyly of Malagasy species and to uncover their
phylogenetic relationships; (ii) to date Malagasy Phlegmariurus lineage
(s) and (iii) to infer the biogeographical history of Malagasy species of
the genus. As we investigated the biogeographical history of the
Malagasy lineages in a worldwide framework, we also aim to discuss
the biogeographical history underlying the pantropical distribution of
Phlegmariurus.

2. Material and methods
2.1. Taxonomic sampling

We gathered the largest dataset on Phlegmariurus so far, including
135 specimens representing 93 ingroup species. We included 60 species
from the worldwide phylogeny of Field et al. (2016) to provide a global
framework plus a new dataset mostly focused on the WIO, especially
Madagascar: 73 new specimens were added, representing 33 species
(among which 28 were sequenced for the first time). Compared to the
most recent phylogenetic study (Field et al., 2016), the entire dataset
increased the Malagasy diversity from two to 16 species or 80% of the
estimated diversity, including 9 out of the 14 Malagasy endemics
(Table 1). Two outgroups were used: Huperzia australiana (Herter)
Holub and Phylloglossum drummondii Kunze, known to form the sister-
group to Phlegmariurus (Field et al., 2016; Ji et al., 2008; Wikstrom and
Kenrick, 2001). This sampling was modified for dating and biogeo-
graphy. Vouchers details and GenBank accession numbers are reported
in Appendix 1.

2.2. DNA extraction, amplification and sequencing

DNA extraction was performed from silica-dried leaf material or,
when such material was not available, from herbarium specimens. The
Qiagen DNeasy Plant Mini Kit (Valencia, California, USA) was used and
we modified the protocol for herbarium specimens by adding 30 pL
proteinase K (20 mg/mL) and 30 pL beta-mercaptoethanol for the initial
lysis step, which was carried out at 42 °C during 24 h.

We amplified three plastid regions, the gene rbcL, trnL intron plus
trnL-trnF spacer (trnL-trnLF) and the intergenic spacer trnH-psbA. All
PCRs were carried out in 25uL containing 1x PCR buffer, 2.5 mM
MgCl,, 250 uM of each dNTP, 1M betaine, 0.4 uM of each primer,
0.75U Taq polymerase (Taq CORE kit; MP Biomedicals, Illkirch,
France), and 1uL of template, non-diluted genomic DNA. Primer
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Fig. 1. A-F: Habitat diversity of Phlegmariurus in Madagascar, (A) Phlegmariurus gnidioides; (B) Phlegmariurus lecomteanus; (C) Phlegmariurus megastachyus; (D)
Phlegmariurus obtusifolius; (E) Phlegmariurus obtusifolius, (F) Phlegmariurus ophioglossoides; G-I: diversity of microphyll shapes: (G) in Phlegmariurus obtusifolius, (H)
Phlegmariurus lecomteanus and (I) Phlegmariurus pecten. Photos: G. Rouhan (D, E, F), L. Bauret (A-C, G-I).

sequences and thermal cycling conditions are reported in Table 2. PCR
products were checked on a 1% agarose gel and sequenced in both
directions by Eurofins (Evry, France) using the amplification primers
and additional internal primers for rbcL (Table 2). DNA strands were
edited and assembled in Sequencher 4.9 (Gene Codes Corporation) and
the resulting consensus sequences were submitted to GenBank (acces-
sion numbers in Appendix 1).

2.3. Phylogenetic analyses
The sequences were aligned with Muscle 3.8.425 (Edgar, 2004), and

the resulting alignments were checked by eye and revised manually.
After analysis of each marker independently and control of conflicts
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between the topologies, the data matrix was built by concatenation of
the three alignments with Sequence Matrix 1.7.8 (Vaidya et al., 2011).
Each DNA region constituted an independent partition in the final da-
taset. Gaps were treated as missing data.

Phylogenetic trees were inferred based on Maximum Likelihood
(ML) and Bayesian Inference (BI) approaches, as respectively im-
plemented in RAXML-HPC2 8.2.6 (Stamatakis, 2014) and MrBayes 3.2.6
(Ronquist et al., 2012). The analyses were conducted on the CIPRES
science gateway (Miller et al., 2010).

For the BI, we used a Metropolis-coupled Markov chain Monte Carlo
method implemented in MrBayes 3.2.6 (Ronquist et al., 2012). For each
region, a reversible jump MCMC (rjMCMC, Huelsenbeck et al., 2004)
was used with MrBayes to find the best suited model of nucleotide
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Table 2
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PCR primers sequences and thermal cycling conditions; primers only used as internal primers for sequencing are marked with an asterisk ().

Thermal cycling conditions

5min 94 °C/40 X (305 94 °C/45s 45-50 °C/2.5 min 72 °C)/10 min
72°C

DNA region Primer name Literature reference Primer sequence (5’-3")
rbcL ESRBCL1F Schuettpelz and Pryer (2007)  ATG TCA CCA CAA ACG GAG ACT AAA
GC
ESRBCL1361R  Schuettpelz and Pryer (2007) TCA GGA CTC CAC TTA CTA GCT TCA CG
ESRBCL628F Schuettpelz and Pryer (2007) CCA TTY ATG CGT TGG AGA GAT CG
ESRBCL654R"  Schuettpelz and Pryer (2007) GAA RCG ATC TCT CCA ACG CAT

trnH-psbA trnH2
psbAF

Tate (2002)
Sang et al. (1997)

trnL-trnLF c
Fern-1

Taberlet et al. (1991)
Trewick et al. (2002)

CGC GCA TGG TGG ATT CAC AAT CC
GTT ATG CAT GAA CGT AAT GCT C

CGA AAT CGG TAG ACG CTA CG
ATT TGA ACT GGT GAC ACG AG

5min 94 °C/40 X (305 94°C/455 48°C/455 72°C)/10 min 72°C

5min 94°C/40 X (30s 94°C/305s 48-50°C/455s 72°C)/10 min 72 °C

substitution and we allowed the rjMCMC to move across models with
+I+T. Two independent but parallel analyses using ten million gen-
erations each were conducted, with four chains and a temp set as 0.05
in memc command. The trees were sampled every 1000 generations to
obtain 10,000 sampled trees. We used Tracer 1.6.0 (Rambaut and
Drummond, 2013) to check the output parameter estimates through
time, and to estimate the point of convergence to the stationary dis-
tribution of the two runs: the 25% initial trees were discarded as burn-
in. A 50% majority-rule consensus was computed based on the post-
burn-in trees with average branch lengths and posterior probability
(PP) estimates for all nodes.

The ML analysis was performed with RAXxML-HPC2 8.2.6
(Stamatakis, 2014), using the same three partitions as in MrBayes.
Parameters for the RAXML analysis were determined on the CIPRES
interface: we used the GTRGAMMA model of nucleotide substitution,
performed 1,000 rapid bootstrap (BS) replicates and searched for the
best-scoring ML tree.

The BI 50% majority-rule consensus tree and ML best tree were
visualized in FigTree 1.4.2 (Rambaut, 2014).

2.4. Fossil calibration and divergence time estimation

The dataset was modified to perform the dating analyses by first
reducing the matrix to 96 specimens representing the 91 sampled
Phlegmariurus species. We kept one sample per species or one per
lineage when the species were retrieved as polyphyletic. We then added
22 outgroup species for dating and biogeographical analyses:
Phylloglossum drummondii, 16 Huperzia species, Lycopodiella inundata
(L.) J. Holub from the Lycopodielloideae (sensu PPGI, 2016), Diphasium
jussiaei (Desv. ex Poir.) Rothm. from the Lycopodioideae (sensu PPGI,
2016), Isoetes flaccida Shuttlew. and two Selaginella species.

Although fossils of vegetative structures have been ascribed to the
genus Huperzia s.l. (meaning Huperzia and Phlegmariurus), they could
not be confidently placed within the Huperzioideae and used as reliable
calibrations points. Morphological characters of Huperzia s.l. have
generally been considered to be plesiomorphic, leading analyses to
place fossils of Huperzia s.l. at a basal position within lycophytes

Table 3
Calibrated nodes for the dating analysis with BEAST.

(Bateman, Kenrick, & Rothwell, 2007; Xue, 2011). This basal position is
in contradiction with molecular based phylogenies in which Huperzia
s.l. is found nested in Lycopodiaceae and exhibit singular vegetative
synapomorphies that could be preserved in fossils (Field et al., 2016).
Especially, corticular root emergence is a synapomorphy of Hu-
perzioideae and bulbils in the axils of sporophylls is a synapomorphy of
Huperzia (Field et al., 2016), but these features are presently unknown
in the fossil record. Vegetative bulbils are present in the Pragian Hue-
beria zhichangensis Yang, Li & Edwards (Xue, 2013; Yang et al., 2009),
but this species exhibits anisotomous branching, rounded sporangia and
bulbils that are not associated with sporophylls, contrasting with Hu-
perzia which exhibit isotomous branching, and reniform sporangia and
bulbils that are strictly associated with sporophylls.

Huperzioideae are confidently known from spore fossils similar to
modern spores of Phlegmariurus phlegmaria (L.) Holub and Huperzia se-
lago (L.) Bernh., from the fossil record of New Zealand and Australia
(Cieraad & Lee, 2006). The spore fossil Foveotriletes lacunosus Partridge
is a Phlegmariurus phlegmaria type spore that has a relatively continuous
record of presence in New Zealand and Australia from the Chatian
Oligocene (28.1 Ma) to present day (Cieraad and Lee, 2006). However,
both Phylloglossum drummondii and all species of Phlegmariurus share
the Phlegmariurus phlegmaria spore type, and it is therefore not possible
to place Foveotriletes lacunosus in either position as a calibration point.
The spore fossil Foveotriletes palaequestrus is a Huperzia selago type spore
that is reported to have a relatively continuous record of presence in
New Zealand and Australia from the Lutetian Eocene (47.8 Ma), mer-
ging with present day Huperzia australiana (Cieraad and Lee, 2006).
Some doubts exist as to the earliest record of F. lacunosus spores
(Cieraad and Lee, 2006) and furthermore it is not possible to determine
if it should be placed with Huperzia australiana or elsewhere within
Huperzia as all species share the Huperzia selago spore type.

To fill this gap in useable Huperzioideae fossils, we calibrated our
analysis with four reliable outgroup fossils, summarized in Table 3. The
maximum height of our lycophytes tree was defined on the occurrences
of the earliest lycophytes, like Asteroxylon mackiei (Kidston and Lang,
1920), Hueberia zhichangensis (Bateman et al., 2007; Xue, 2013; Yang
et al., 2009) and Zhenglia radiata (Hao et al., 2006). These fossils were

Node calibrated Uniform prior values Fossils Stratigraphic occurrence age
(Ma) (Ma)
Tree height 382.7-410.8 Earliest lycophytes fossils, e.g. Asteroxylon mackiei (Kidston and Lang, 1920), Lower Devonian, Pragian,
Hueberia zhichangensis (Bateman et al., 2007; Xue, 2013; Yang et al., 2009) and ~ 407.6-410.8
Zhenglia radiata (Hao et al., 2006)
Isoetes-Selaginella divergence 382.7-410.8 Yuguangia ordinata Hao et al. (2007) Middle Devonian, Givetian,
382.7-387.7
Selaginella crown node 330.9-410.8 Selaginella resimus Rowe (1988) Carboniferous, Visean,
330.9-346.7
Lycopodielloideae-Lycopodioideae 190.8-410.8 Retitriletes spp. Bomfleur et al. (2014) Lower Jurassic, Sinemurian,
divergence 190.8-199.3
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dated in the Pragian Devonian (407.6-410.8 Ma, Lower Devonian) and
the lower limit of this period was used to constrain the maximum age of
lycophytes. The lycophyte Baragwanathia longifolia has been reported as
occurring as early as the Silurian, but doubts remain for some authors
on the earliest stratigraphic occurrence (Hueber, 1992), so we kept the
more reliable Pragian age.

The minimum age of divergence between the Isoetales and the
Selaginellales was defined with the occurrence of Yuguangia ordinata,
placed by a cladistic analysis in the clade including Isoetes and
Selaginella (Hao et al., 2007). This fossil was found in the Givetian
(382.7-387.7 Ma, Middle Devonian) and the upper limit of the period
was used as minimum age and the maximum tree height as the max-
imum age.

We calibrated the minimum age of the Selaginella crown node with
Selaginella resimus, a fossil already used in Klaus et al. (2016) for their
Selaginella dating and occurring in the Visean (330.9-346.7 Ma, Car-
boniferous). We defined the upper limit of the Visean as the minimum
age.

The minimum age of divergence between Lycopodielloideae and
Lycopodioideae was defined on the oldest confident occurrence of
fossils assigned to this node with Retitriletes spp. (Bomfleur et al., 2014),
in the Sinemurian (190.8-199.3 Ma, Lower Jurassic). The upper stra-
tigraphic limit was chosen as the minimum age. Retitriletes is a spore
genus of isotetrahedral spores with distinct reticulate ornamentation
present on the distal surface that makes it closely comparable with the
reticulate distal surface structure in the Lycopodium clavatum spore
group that is a synapomorphy of modern Lycopodioideae species (but
lost in Pseudolycopodium Holub and Pseudodiphasium Holub) (Juhész,
1975; Field et al., 2016).

We performed the dating analyses using BEAST v2.4.2 (Drummond
et al., 2012) on the CIPRES science gateway, the same partitions and
research of models of nucleotide substitution used for MrBayes analysis
were defined. The package RBS 1.3.1 was installed in BEAST to im-
plement the rjMCMC research. We used an uncorrelated lognormal
relaxed clock with a Birth-Death tree prior and a random starting tree.
The fossil calibration points were all set following a uniform prior with
values summarized in Table 3. We conducted four runs of 200 million
generations with random seed values and sampled every 20,000 gen-
erations to obtain 10,000 sampled trees. Tracer 1.6.0 was used to
confirm the convergence of the estimated parameters and to define the
burn-in at 10%. The post burn-in trees from the four runs were com-
bined using LogCombiner 2.4.2, the maximum clade credibility trees
using TreeAnnotator v2.4.2 and visualized with the associated chron-
ogram using FigTree 1.4.2 (Rambaut, 2014).

2.5. Ancestral area estimation

To reconstruct the biogeographical history, we estimated the an-
cestral ranges using the R package BioGeoBEARS (Biogeography with
Bayesian Evolutionary Analysis in R Scripts, Matzke, 2013) in R studio
1.0.44 (RStudio Team, 2015). It implements in a likelihood framework
three commonly used methods: Dispersal-Extinction-Cladogenesis
(DEC; Ree and Smith, 2008), Dispersal-Vicariance Analysis (DIVA;
Ronquist, 1997; DIVALIKE in BioGeoBEARS) and Bayesian Inference for
Discrete Areas (BayArea; Yu et al., 2015; BAYAREALIKE in BioGeo-
BEARS). Three analyses using each method (DEC, DIVALIKE, BAYAR-
EALIKE) were performed plus three including the additional parameter
j (DEC+J, DIVALIKE +J, BAYAREALIKE+J). The 4’ parameter adds
the process of a founder event speciation, when a daughter lineage
jumps to a new range outside the range of its ancestor. The Akaike
Information Criterion (AIC) was then used to select the best-suited
model, and to infer the ancestral ranges along the phylogeny of Phleg-
mariurus.

Eight areas were defined to code the distribution of the species (see
map, Fig. 3): a large and mostly temperate Northern hemisphere area,
including North America, Iceland, Europe, Macaronesian Islands and
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temperate Asia (up to 25°N); a temperate to boreal circumpolar area
above 40°S, including Southern South America, Tristan da Cunha ar-
chipelago, French Southern and Antarctic lands (Crozet, Kerguelen,
Amsterdam) and Macquarie Island; the Neotropics (30°N to 40°S);
continental and tropical Africa; Madagascar; Mascarenes, Comoros and
Seychelles archipelagos; tropical Asia, including the continental part
(up to 25°N), Sri Lanka, Taiwan and Southeast Asia (Malaysia, Phi-
lippines and Indonesian islands West of Lydekker’s line); Melanesia-
Australasia-Oceania (later referred as Australasia). Each sample was
coded following the distribution of the species (except for geographic
polyphyletic lineages of Phlegmariurus squarrosus), based on type cita-
tions, herbarium occurrences observed in the herbaria AAU, B, BHCB,
BONN, BR, BRI, CANB, CNS, HO, JCT, KLU, P, PR, PRC, QRS, SING,
TUD and US (herbarium codes following The Index Herbarium, Thiers)
as well as flora and personal observations (A.R. Field). The maximum
number of areas coded was set to four as it was the maximum number of
areas coded for a tip.

3. Results
3.1. Phylogeny

3.1.1. Overall topology

The combined dataset was composed of 137 specimens and 2890
characters; summary statistics of the dataset are available in Table 4. BI
and ML topologies were similar with a well-supported Phlegmariurus
clade (BS = 100; PP = 1) nesting two clades with less support (Fig. 2).
Firstly, the Neotropical clade (BS = 74; PP = 0.89) included mostly
Neotropical species and two Paleotropical lineages: (1) the Western
Paleotropical Phlegmariurus verticillatus (in clade N1) and (2) one
lineage including the African species Phlegmariurus bampsianus and the
Western Paleotropical P. ophioglossoides (in clade N2). The Macar-
onesian P. dentatus was also retrieved in the Neotropical clade as well as
the wide-ranging P. saururus. Secondly, the Paleotropical clade
(BS = 73; PP = 0.88) nested the remaining two thirds of the sampled
diversity with predominantly Paleotropical species and including only
one Neotropical species, P. funiformis (Fig. 2). Overall the topology
inferred was similar to the most recent worldwide phylogenetic study
on Phlegmariurus (Field et al., 2016) but the addition of numerous
Western Paleotropical species resulted in a completely new clade
(Malagasy clade), included in the Paleotropical clade (Fig. 2). The
newly sampled Western Paleotropical species were inserted in eight
distinct positions, both in the Malagasy clade and across Neotropical
and Eastern Paleotropical clades (Fig. 2). Within the Paleotropical
clade, several species were arranged in a polytomy or among one of
three Paleotropical clades, the Malagasy, P1 and P2 clades.

3.1.2. Composition of the two major clades

The Neotropical clade included two clades, N1 (P. attenuatus to P.
dichotomous; BS = 65; PP = 0.76; Fig. 2) and N2 (P. ophioglossoides to P.
ericifolius; BS = 99; PP = 1), with both clades including species from
Western Paleotropics. All six species within N2 are hanging epiphytes
with markedly heterophyllous biformic shoots with leafy fertile shoots
terminated by funiforme-filiforme fertile spikes, whereas clade N1 in-
cludes a spectrum of heterophyllous to homophyllous hanging epi-
phytes, facultative epiliths and erect terrestrials.

This arrangement is mirrored in the Paleotropical clade which in-
cludes two morphologically equivalent clades both including species
from the Western Paleotropics. All of the species within the moderately
supported clade P1 (P. tardieuae to P. trifoliatus, BS < 50; PP = 0.98,
Fig. 2) are strongly heterophyllous biformic hanging epiphytes with
leafy fertile shoots and funiforme to filiform fertile spikes and by
comparison the poorly supported clade P2 (P. fordii to P. tetrastichoides,
BS < 50; PP = 0.57, Fig. 2) includes a spectrum of heterophyllous to
homophyllous hanging epiphytes, facultative epiliths and facultative
terrestrials.



L. Bauret et al. Molecular Phylogenetics and Evolution 127 (2018) 488-501

W TTIT1] P ambrensis

W11 P, cavifolius

BT P obtusifolius - Janssen 2471
ECE T T P, gnidioides - Rouhan 749
(W11 P. dacrydioides

BT P obtusifolius - Rouhan 1577

h
' W11 P pichiana

Malagasy H BT P.cf. humbertii - Bauret 180

W ITTTT1] P, humbertii - Rak. 3806

Western Clade W11 P trigonus
" BT TT111] P, obtusifolius - Bauret 163
Paleotroplcal BLILLITO P strictus

BT P. humbertii-henrici
clade 1 BT T1] P.pecten
W1 P Jecomteanus - Rouhan 1578
gm - M P holstii
P. dalhousieanus

— [T P staudtii

P. tardieuae - Viscardi 195
P. sooianus

P. mirabilis

P. phlegmaria - Field 22
P. ledermannii

P. trifoliatus

P. salvinioides

P. subtrifoliatus

P. brassii

P. piscius

P. phlegmaria - TNS763399
P. pseudophlegmaria
P. goebelii

P. nummulariifolius
P. carinatus

P. phlegmarioides

P. elmeri

P. horizontalis

P. marsupiiformis

P. petiolatus

P. fargesii

[0 P. sieboldii

P. fordii

P. mingcheensis

P. tauri

P. schlecteri

P. ignambiensis

P. megastachyus

P. sp1 'ulicifolius' - Pignal 3396
P. foliosus

P. lehnertii

P. lauterbachii

P. proliferus

P, bal:

P. tetrastichoides

P. hippuris

P. squarrosus

P. lockyeri

P. tetrastichus

P. cryptomerianus

P. funiformis

P. jaegeri

P. varius - NW259

P. varius - ARF1043

.-.4»_..._ P. perrierianus
- e ——— ﬁ LTI P verticillatus
I P parksii
..g8 CLLITWT] P attenuatus
Eastern ] P. rufescens
P. hystrix

: @,
Paleotropical & o £ ooy
clade

Western Paleotropical clade

Neotropical clade

Phlegmariurus Eastern Paleotropical clade

Huperzia

Paleotropical
clade:

Lycopodiaceae L Phylloglossum

—: Diphasium (Lycopodioideae)
Lycopodiella (Lycopodielloideae)

Selaginella (Selaginellaceae)

Isoétes (Isoétaceae)

400 300 200 100 0

Phlegmariurus

P. crassus

P. cumingii

P. saururus

P. tetragonus
P. capellae

P. talamancanus
P. dentatus

P. reflexus

P. eversus

P. unquiculatus
P. linifolius

P. sarmentosus

O]
[EEEEE EN]
[EEEEE EE|
(T
[EEEEE mN]
O]
O]
[EEEEEEE]
[EEEEE EE|
O 1]
[EEEEE ww]
[EEEEE EE|
[EEEEE EE|
CCITTT] P, rosenstockianus
‘ [T P. campianus

OT1TT 1] i
BT
O T]
OTTT 1]
[EEEEE EN|
[EEEEE wE|
T 1T11]
BT
[EEEEE wE|
[EEEEE mE|
[EEEEE EN|
[EEEEE mN]
OTTTT

P. lindenii

P. verticillatus
P. tenuis

P. hippurideus
P. wilsonii

P. dichotomus
P. bampsianus
P. ophioglossoides
P. subulatus

P. dichaeoides
P. ericifolius

P. heteroclitus

Neotropical
$ clade ©

H. australiana clade (11 spp.)

H. crispata

H. fuegiana
H.

Huperzia

h

1ensi

H. serrata
H. lucidula
CITTETT Phylloglossum drummondii

100 75 50 25
| Cretaceous | Paleogene | Neogene [a)
[ Lower | Upper [ Pateocene | Eocene | oligocene | Miocene PiifP.

Early Eocene Antarctic Ice-Sheets
climatic optimum

Temperature (°C)

(caption on next page)



L. Bauret et al.

Molecular Phylogenetics and Evolution 127 (2018) 488-501

Fig. 3. Chronogram resulting from the BEAST analysis for Huperzioideae and ancestral areas estimated by BioGeoBEARS (DEC +j model). Horizontal blue bars
correspond to 95% HPD intervals of the median ages. Dashed branches represent non-supported clades (PP < 0.5). Next to terminals, colored squares depict
biogeographical distribution considering eight areas: temperate Northern Hemisphere (grey), circumpolar (dark blue), Neotropics (green), continental and tropical
Africa (violet), Madagascar (red), Mascarenes-Comoros-Seychelles islands (orange), tropical Asia (yellow), Australasia-Oceania (light-blue). Colored pies represent
the ancestral areas estimated at nodes. When associated to a pie chart section, colored squares represent the combination of areas covered by an estimated range (for
the sake of clarity, only the most likely ranges were depicted). These combinations do not necessarily represent the most likely ancestral range estimated at a node. A
reduced topology represents the entire BEAST chronogram, simplified in Huperzioideae, with black squares depicting the four fossil calibration points. The strati-
graphy follows the 2017 International Chronostratigraphic Chart, the global temperature and the climatic events were mapped following Zachos et al. (2001). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 4
Statistics on the three separate plastid DNA regions and the combined dataset.

Number of sequences

Aligned length (in base pairs)

Percent of variable characters Percent of informative characters

rbcL 88 1349
trnH-psbA 102 297

trnL/trnL-trnF 99 1244
Whole matrix 137 2890

11.0 5.9

28.6 15.2
32.2 19.1
22.0 12.5

3.1.3. Composition of the Malagasy clade

This study was the first to recover a clade comprised entirely of
Western Paleotropical species (Malagasy clade, Fig. 2) with 11 out of
the 20 species estimated in Madagascar (including the enigmatic P.
pecten). However, most of the phylogenetic relationships within the
Malagasy clade were unresolved. In our phylogeny, P. pecten was in-
serted among P. gnidioides and P. obtusifolius, confirming it was a
Phlegmariurus and not a Huperzia s.s. The most recently described spe-
cies of Huperzia from Madagascar, H. ambrensis Rakotondr. and H. ter-
etirigida Rakotondr. were also inserted in this clade of Phlegmariurus
(Fig. 2). The Malagasy clade included many morphologically dissimilar
WIO endemics such as P. ambrensis, P. cavifolius, P. lecomteanus, P. ob-
tusifolius, P. pecten, P. pichianus which repeat the morphological spec-
trum of Phlegmariurus found elsewhere in the Paleotropics. This clade
included both heterophyllous hanging epiphytes, homophyllous epiliths
and facultative terrestrials. The morphologically singular species P.
gnidioides and P. obtusifolius were each recovered as non-monophyletic
or unresolved. Two large robust nearly homophyllous hanging epi-
phytes, the tropical east African endemic P. holstii and the Asian-
Oceanian P. dalhousieanus were placed as sister to the Malagasy clade,
each inserted on a long branch (Fig. 2).

3.1.4. Focus on the Western Paleotropical species

The phylogenetic hypotheses inferred were not fully resolved to
species level and many closely related species were placed in poly-
tomies, and where structure was recovered, several species were poly-
phyletic (Fig. 2). Phlegmariurus bampsianus was retrieved nested in a
clade among P. ophioglossoides collections (= P. rubricus sensu Tardieu-
Blot, 1970; and P. rubricus+P. ophioglossoides sensu Field & Bostock,
2013) (clade N2, Fig. 2). Phlegmariurus verticillatus s.1. was polyphyletic
with specimens sampled from the Mascarenes type population of P.
verticillatus inserted in the Neotropical clade with Malagasy and Co-
moros specimens, whereas specimens sampled from the Asian region
were inserted in the Paleotropical clade (Fig. 2). Also, P. squarrosus s.1.
is polyphyletic, being inserted in three places in the tree recovered, in
the Malagasy clade and in two positions in P2 clade. These collections
were re-identified in the strict sense as P. lecomteanus from Madagascar
(Malagasy clade), P. spl ‘ulcifolius’ from Comoros (P1 clade) and P.
squarrosus from the Oceanian region (P1 clade). Phlegmariurus le-
comteanus is readily distinguished from P. squarrosus by having a red
stem wall and non-twisted leaves (Fig. 1, H) but is otherwise divergent
from the Malagasy species it is related to. Similarly, P. phlegmaria s.1.
(e.g. Chinnock, 1998; Roux, 2009) was also recovered as polyphyletic
but all collections were inserted in the P1 clade. All P. phlegmaria group
species from Western Paleotropics formed an endemic clade that is re-
identified in the strict sense as P. tardieuae (Fig. 2). Several species were
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not retrieved in the Malagasy, P1 or P2 clades of the Paleotropical
clade, notably P. cryptomerianus, P. jaegeri, P. parksii a species with P.
verticillatus-like morphology and P. perrierianus a species with a P.
phlegmaria-like morphology (Fig. 2).

3.2. BEAST topology and divergence time estimates

Huperzia and Phlegmariurus were found in the same clade
(PP = 0.87, Fig. 3) and strongly supported as monophyletic respec-
tively (PP = 1). Phylloglossum drummondii was retrieved as a sister
species to the Huperzia-Phlegmariurus clade (PP = 1). Within Phleg-
mariurus, the topology did not contradict the MrBayes topology and
brought more resolution, however it was often weakly supported in
several clades, in particular in the Paleotropical clade.

Based on the four calibration points derived from fossils, our ana-
lysis estimated that Lycopodiaceae have originated in the Lower
Devonian at 404.1Ma (95% Highest Posterior Density (HPD):
390.7-410.8), and to have started to diversify during the Permian at
273.6 Ma (HPD: 213.6-344.2) when Huperzioideae diverged from a
lineage including Lycopodielloideae and Lycopodioideae. Phylloglossum
would have diverged from Phlegmariurus-Huperzia 102.6 Ma (HPD:
59.8-160.3) in the Lower Cretaceous, whereas Phlegmariurus would be
estimated to diverge from Huperzia during the Upper Cretaceous
79.1 Ma (HPD: 46.2-122; Fig. 3). These two genera would have started
their diversification during the Eocene at 47.6 Ma (HPD: 29.1-71.5) for
Phlegmariurus and more recently during the Oligocene at 24.5 Ma (HPD:
11.7-42.2) for Huperzia.

3.3. Ancestral area estimation

The biogeographical model DEC + J conferred the highest likelihood
on the data and the best AIC (LnL = —289.7; AIC = 585.4; followed by
DEC model with LnL = —296.3; AIC = 596.6) and the inferred ranges
were plotted on the BEAST chronogram (Fig. 3).

Uncertainties between estimated ranges were found at the
Phlegmariurus crown node, as well as the node of divergence between
Huperzia and Phlegmariurus. Indeed, numerous ranges were found with
small probabilities (p < 0.06, Appendix 2). Most likely, Huperzia
started to diversify in the temperate North Hemisphere (p = 0.55) and
Phlegmariurus in an uncertain and wide range involving Neotropical and
Paleotropical regions: the four most likely inferred ranges were Africa-
Neotropics-Australasia (p = 0.10), Madagascar-Africa-Neotropics-Aus-
tralasia (p = 0.09), Neotropics-Australasia (p = 0.08) and Africa-Neo-
tropics-Asia-Australasia (p = 0.07).

Six range expansions by long distance dispersal would explain the
species diversity of Phlegmariurus in Madagascar for the last ca. 30 Ma,
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but with uncertainties as wide ancestral ranges were estimated (except
LDD3): from Africa 26.6-19.1 Ma but with Asian-Australasian un-
certainties (LDD1), most likely from Africa 2.0-0.0 Ma (LDD2), from
Australasia 1.0 Ma (LDD3), from Australasia 19.8-4.4 Ma but with an
Asian uncertainty (LDD4) and from the Neotropics 25.3-5.7 Ma (LDD5)
and 38.5-12.3 Ma (LDD6) but with Western Paleotropical uncertainties.
Concerning LDD6, it is uncertain if the dispersal event to Madagascar
occurred between 38.5-12.3Ma or 12.3-5.2Ma. A diversification
starting exclusively in Madagascar was estimated in the Malagasy clade
ca. 10 Ma. It was the only diversification estimated in Madagascar for
extant Phlegmariurus, and so for Huperzioideae.

4. Discussion
4.1. Systematics

The phylogeny presented here provides evidence to address several
systematics issues in Phlegmariurus of the Western Paleotropics. Firstly,
we establish the placement of P. pecten in the Malagasy clade of
Paleotropical Phlegmariurus and we reject the need for its placement in
the subgenus Tardieublotia Holub sensu Holub (1991) or Huperzia s.s.
(sensu Herter, 1909; Nessel, 1939). The unusual fringed leaf margins of
P. pecten (and its close relative or synonym P. gagnepainianus) (Fig. 1, I)
appears to be an apomorphy not found elsewhere in the genus Phleg-
mariurus and is not indicative of a relationship with Huperzia.

Secondly, we show that the recently described species H. ambrensis
Rakotondr. and H. teretirigida Rakotondr. are inserted in the Malagasy
clade diversification of Phlegmariurus, so we propose a combination in
Phlegmariurus. We also synonymise H. teretirigida with Phlegmariurus
humbertii (Nessel) A.R.Field & Bostock based on examination of the
types. Both H. ambrensis and H. teretirigida were correctly placed in the
P. gnidioides group by Rakotondrainibe and Jouy (2015) and are well
supported by morphological similarity as they share slightly enrolled
leaf margins with many species in this group.

Thirdly, based on our results we corroborate the findings of
Wikstrom et al. (1999) and Field et al. (2016) that P. phlegmaria s.1., P.
squarrosus s.l., and P. verticillatus are polyphyletic taxa. We prefer a
classification that separates the Eastern Paleotropical P. squarrosus from
P. spl ‘ulicifolius’ and P. lecomteanus, and we define P. tardieuae as an
endemic Malagasy species, distinct from the Western Paleotropical-
Asian P. phlegmaria. We also separate the Asian-Oceanian P. verticillatus
from the Western Paleotropical type population of P. verticillatus s.s.
which is nested in the Neotropical clade.

Future sampling in the Malagasy region should focus on obtaining P.
xiphophyllus, which is the only Malagasy member of the Indian-Asian P.
hamiltonii group (H2, @llgaard, 1987) and potentially represents an-
other LDD to Madagascar, from the Himalayan region. It should also
focus on relocating the long-missing P. hildebrandtii which is of un-
certain affinity and possibly related to the P. reflexus group from the
Neotropics (@llgaard, 1989). Future sampling in the African region
should focus on biformic species occurring in Africa such as P. afro-
montanus and P. ellenbeckii. Based on their morphology it is expected
that these species belong to the Neotropical clade biformic clade in-
cluding P. ophioglossoides and their inclusion in future sampling could
ascertain whether they represent a single or multiple trans-Atlantic
dispersals to Africa. Future sampling across the Atlantic and Indian
Oceanic regions should include the many disparate and disjunct po-
pulations of the morphologically heterogeneous P. saururus to ascertain
if this species is the result of a single or several long-distance dispersals
from the Andean region.

4.2. Age estimates
Our study provided the first dating analysis focused on

Phlegmariurus, showing that despite a Cretaceous divergence, most of
the extant diversity has arisen from diversifications starting during the
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Eocene. Huperzioideae were already estimated to have diverged
167 Ma and diversified 62 Ma by a study focused on Isoetes (Larsén and
Rydin, 2016). These ages are younger than our results (273.6 Ma and
102.6 Ma, respectively) and could be explained by several reasons such
an under-sampling, also discussed by Linder et al. (2005) and Testo and
Sundue (2016), or a different priors setting (e.g. Warnock et al., 2014).
Our results are however much younger than ages estimated by
Wikstrom and Kenrick (2001), who found respectively 351 Ma and
265Ma based on a nonparametric rate smoothing analysis and rbcL
sequences alone. They also estimated the divergence between the
Neotropical and Paleotropical clade at 184 Ma, against 47.6 Ma in our
results. It is however hard to define without additional analyses why
they found substantially older ages, with many parameters being dif-
ferent between their analysis and ours, such as the calibrations used and
the species and markers sampled. The use of different analytical
methods has also showed significant differences in molecular dating
(Grimm et al, 2015).

4.3. Biogeographical history of Phlegmariurus: three hypotheses

Phlegmariurus is a genus distributed across the Southern Hemisphere
but its species diversity is geographically clustered in three major
clades, the Neotropical clade, the Western and the Eastern Paleotropical
clades, which would have respectively started to diversify into the
Neotropics, Africa, and Australasia since the middle of the Eocene. Our
biogeographical analysis failed to estimate with confidence the ances-
tral area of Phlegmariurus, as well as its ancestral area of diversification.
Given these uncertainties, three biogeographical processes need to be
examined to explain the current, mostly Southern distribution of
Phlegmariurus.

4.3.1. The direct dispersal hypothesis

Dispersal is a hypothesis often used to explain the distribution of
spore-bearing plants (Moran, 2008; Norhazrina et al., 2016; Wolf et al.,
2001) and biogeographical connections in the Southern Hemisphere
have been shown to be correlated with circumaustral wind currents for
many taxa of lycophytes, ferns or mosses (Munoz et al., 2004; Parris,
2001; Sanmartin and Ronquist, 2004). If dispersal events cannot be
excluded to explain the current distribution of Phlegmariurus across
continents, circumaustral wind currents could not have been involved
in the biogeographical history of Phlegmariurus before the Oligocene.
Indeed, a circumpolar circulation would have established only after the
separation of Australia and Antarctica ca. 35 Ma and the Drake passage
opening ca. 30 Ma (McLoughlin, 2001; Sanmartin et al., 2007).

4.3.2. A southern origin hypothesis via Antarctica

Before being the iced continent we know today, Antarctica was
covered by subtropical to temperate forests (Cantrill et al., 2013; Poole
et al., 2003; Pross et al., 2012) and provided a bridge between South
America and Australia, allowing species to be widely distributed across
these three landmasses. It was also a bridge for migration or stepping-
stone dispersal (Winkworth et al., 2015), which has been hypothesized
for other vascular spore-bearing plants like ferns (Korall and Pryer,
2014; Labiak et al., 2014). Our age estimates are compatible with the
hypothesis of an Antarctica connection, with the Phlegmariurus crown
node dated to ca. 50 Ma. Antarctica was not an area coded in our bio-
geographical analysis since no species is currently known from this
area, but an equivalent range covering the Neotropics and Eastern Pa-
leotropics was retrieved among the most likely ancestral area at crown
node of Phlegmariurus, suggesting an ancestral distribution including
Antarctica. The Antarctica connection would have progressively de-
clined following the global cooling after the Early Eocene climatic op-
timum and would have been definitively disrupted with the ice-sheet
formation ca. 30 Ma (Fig. 3). This disruption could have then isolated
populations from the Neotropics and the Paleotropics, leading to dis-
tinct, geographically structured lineages. However, this hypothesis
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could not completely explain our results, because Africa was separated
from Antarctica between 165 and 132Ma and from South America
135-105 Ma (McLoughlin, 2001).

Fossils proved the presence of vascular spore-bearing plants in
Antarctica before ice-sheets formation (Cantrill et al., 2013), but no
fossils confirm that Phlegmariurus was in Antarctica. Furthermore,
Phlegmariurus is the sister lineage to Huperzia, which mostly diversified
in the Northern Hemisphere, rather suggesting a shared history be-
tween Southern and Northern lineages.

4.3.3. A northern origin hypothesis via the Boreotropics

A tropical region spanning North America and Eurasia existed
during the Cretaceous, at a time when they were geographically closer,
facilitating dispersal between the continents that shared numerous taxa
within the Boreotropics (Morley, 2003; Wolfe, 1975). The decrease of
the global temperature at the Eocene/Oligocene boundary (Zachos
et al., 2001) fragmented the Boreotropical forest belt by forcing the
frost-sensitive flora to migrate southward (Morley, 2003). Several au-
thors explained amphi-Pacific or amphi-Atlantic distributions by the
disruptions of the Boreotropics (e.g. Antonelli et al., 2009; Couvreur
et al., 2011; Hennequin et al., 2010; Liu et al., 2013; Manns et al., 2012;
Smedmark et al., 2014; Wei et al., 2015), notably explaining disjunction
between temperate and tropical regions (Weeks et al., 2014). Applied to
Phlegmariurus, this hypothesis implies that the ancestor of modern
Phlegmariurus was a northern lineage in the Boreotropics. The diver-
gence ca. 50 Ma (HPD: 29.1-71.5) of localized lineages in the Neo-
tropics and the Paleotropics would be explained by southward migra-
tions in less connected continents, facilitating speciation.

Observations about the ancestral ecology of lycophytes could also
support the hypothesis of a northern origin of Phlegmariurus. It is likely
that lycophytes have a mesic origin as they exhibit physiological fea-
tures such as passive stomatal control that limit their capacity to
ameliorate water loss (Brodribb and McAdam, 2011; McAdam and
Brodribb, 2012). Moreover, an ancestral terrestrial habitat was re-
constructed for Lycopodiaceae, with a shift in Phlegmariurus that would
have started to diversify as epiphytic (Field et al., 2016), so Phlegmar-
iurus appears to occupy a relatively xeric biome compared to other
living and fossil lycophytes. Diversification linked to epiphytism during
Cenozoic was also retrieved in ferns, and is likely correlated with the
development of modern tropical forests (Schuettpelz and Pryer, 2009)
and epiphytism acquisition could be an “enabler” trait mentioned by
Donoghue and Edwards (2014) to facilitate a biome shift. Phlegmariurus
may have originated from northern temperate terrestrial ancestors like
its sister group Huperzia, but that the modern species started to diversify
as epiphytes in tropical forests.

4.4. Biogeographical history of Malagasy Phlegmariurus species

Our sampling greatly improved the number of Malagasy species
included in a phylogenetic study on Phlegmariurus, increasing from two
(Field et al., 2016) to 16 species the sampling and so the understanding
on the biogeographical history of the group. We estimated at least six
LDD from the last 30 Ma to explain the origin of the Malagasy Phleg-
mariurus, as well as a diversification in Madagascar starting around
10 Ma.

4.4.1. Dispersal in the Southern Hemisphere

Several sources of dispersal to Madagascar were highlighted by our
results, all being an area or a combination of areas from the Southern
Hemisphere that confirms the biogeographical connections among
southern regions.

One LDD from Australasia to Madagascar (LDD3) was estimated,
and one from Asia and/or Australasia (LDD4), suggesting that spores
could have followed westward winds across the Indian Ocean, like
those of the Indian monsoon of winter. The initiation of Asian monsoon
is subject to controversy, but the associated winds would have already
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been established during the late Miocene (Gupta et al., 2015; Jacques
et al.,, 2011; Passey et al., 2009), which is compatible with our age
estimates. Such dispersal events have also been hypothesized for an-
giosperms (e.g. Federman et al, 2015; Wikstrom et al, 2010) and for
ferns (Chao et al, 2014).

A precise area of origin for LDD2, 5 and 6 cannot be estimated due
to the large distribution of the Malagasy species that make plausible
first dispersal events to Africa or other WIO islands before Madagascar.
However, LDD5 and LDD6 highlighted connection between Western
Paleotropical areas and the Neotropics, retrieved for other vascular
spore-bearing plants like ferns (Bauret et al., 2017a,b; Labiak et al.,
2014; Rouhan et al., 2004, 2007) and to a lesser extent for angiosperms
(e.g. Buerki et al., 2013; Janssens et al., 2016) or bryophytes (Scheben
et al.,, 2016). LDD2 confirms a biogeographical connection between
Western Paleotropics and Australasia, previously discussed.

The role of Africa in the biogeographical history of Malagasy
Phlegmariurus is ambiguous. In the Western Paleotropical clade, if the
ancestral range estimates showed a diversification starting in Africa, the
distribution in the Eastern Paleotropics of the sister lineage to the
Malagasy clade adds uncertainties on the area of origin of the Malagasy
clade. Africa was however estimated as the second most likely area at
the Malagasy stem node, suggesting that Africa could be the area of
origin of this Malagasy lineage. Our analysis also relied on a non-ex-
haustive sampling of the global species diversity. Numerous species
from Asia and Australasia remain to be included in a phylogeny and we
observed that LDD from these regions to Madagascar are plausible for
Phlegmariurus. About LDD2, the distribution of Phlegmariurus tardieuae
in all the WIO prevents a clear estimate of the biogeographical origin of
the dispersal event to Madagascar, which could be Africa or other WIO
islands.

To conclude, the study of Phlegmariurus brought new evidence about
the existence of biogeographical connections between Western
Paleotropical regions, especially Madagascar, and the other continents
of the Southern Hemisphere. Phlegmariurus also tends to follow a pat-
tern retrieved in ferns, with an ambiguous role of Africa and other is-
lands of the WIO, but with evidence of trans-oceanic dispersal with
other continents. Moreover, studies highlighted the importance of di-
versification for animals and plants in Madagascar, even for highly
dispersive spore-bearing plants like ferns, and the process was also re-
trieved in lycophytes with Phlegmariurus. Overall, multiple LDD could
be inferred from our results to explain the Malagasy diversity but di-
versification is also major process having generated from a single co-
lonization of the Western Palaeotropics at least 11 species out of the 20
estimated in Madagascar (Table 1).

4.4.2. Diversification: an important driver of Malagasy diversity

The diversification of the Malagasy clade is the most localized ever
documented for Phlegmariurus and even for Huperzioideae, showing
Madagascar as a great catalyst of diversification even for highly dis-
persive plants. Species in the Malagasy clade showed little molecular
divergence in the sequenced markers compared to their broad mor-
phological and ecological heterogeneity, which could reflect recent
adaptations to different niches. The Malagasy clade species occupy si-
milar geographic distribution in Madagascar, mostly in the centre re-
gion occupied by evergreen forests (Rakotondrainibe and Jouy, 2015;
Tardieu-Blot, 1971), with an exception for P. ambrensis, which is en-
demic to the Montagne d’Ambre (Rakotondrainibe and Jouy, 2015).
Differences in habitat, growth forms or morphology have been observed
after adaptive radiation for angiosperms (Givnish, 2010) and for Ma-
lagasy animals (Wirta et al., 2010), suggesting that the Malagasy spe-
cies diversity of Phlegmariurus may have arisen from adaptive radiation.
Non-adaptive radiations are rather linked to allopatric speciation and
without ecological divergence (Rundell and Price, 2009).
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4.5. Nomenclatural combinations

Two additional nomenclatural combinations and a new synonym
are recognised for the Phlegmariurus of Madagascar:

Phlegmariurus ambrensis (Rakotondr.) A.R.Field & Bauret comb.
nov.

= Huperzia ambrensis Rakotondr. Candollea 70(1): 50. 2015 [30 Jun
2015]. Type: Madagascar, Antsiranana, Parc National de la Montagne
d'Ambre, 23Jul1992, F.Rakotondrainibe 1793 (holotype: P00100305!).

Phlegmariurus hildebrandtii (Herter) A.R.Field & Bauret comb.
nov.

= Lycopodium hildebrandtii Herter in Bot. Jahrb. Syst. 43 (Beibl. 98):
40. 1909. Urostachys hildebrandtii (Herter) Herter ex Nessel,
Bérlappgewichse: 28. 1939. Huperzia hildebrandtii (Herter) Tardieu,
Adansonia ser. 2, 10: 18. 1970. Type: Madagascar. Antananarivo, Ouest
Imerina, Andrangoloaka, Nov1880, Hildebrandt 4152 (lectotype desig-
nated by Tardieu, 1971: B; isolectotypes: BMO000785227!,
K000351212!, P00226994!, P00466631!, P00466632!).

Phlegmariurus humbertii (Nessel) A.R.Field & Bostock, PhytoKeys
20: 41. 2013.

= Urostachys humbertii Nessel, Repert. sp. Nov. Regni Veg. 48:170.
1940. Type: Madagascar, Quellgebeit des mangoroflusses, 350 m alt.
7Aug1909. J.Kiese [s.n.] (holotype: BONN-Nessel-445a !).

= Huperzia teretirigida Rakotondr. Candollea 70(1): 53. 2015. syn.

nov. Type: Madagascar, Antananarivo, Anjozorobe, forét
d'Andranomay, 19Dec1996, F.Rakotondrainibe 3806 (holotype:
P00835663 !).
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