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Abstract

Antrophyum is one of the largest genera of vittarioid ferns (Pteridaceae) and is most diverse in tropical Asia and the Pacific Islands,
but also occurs in temperate Asia, Australia, tropical Africa and the Malagasy region. The only monographic study of Antrophyum
was published more than a century ago and a modern assessment of its diversity is lacking. Here, we reconstructed a comprehensively
sampled and robustly supported phylogeny for the genus based on four chloroplast markers using Bayesian inference, maximum likeli-
hood and maximum parsimony analyses. We then explored the evolution of the genus from the perspectives of morphology, systemat-
ics and historical biogeography. We investigated nine critical morphological characters using a morphometric approach and
reconstructed their evolution on the phylogeny. We describe four new species and provide new insight into species delimitation. We
currently recognize 34 species for the genus and provide a key to identify them. The results of biogeographical analysis suggest that the
distribution of extant species is largely shaped by both ancient and recent dispersal events.

© 2023 Willi Hennig Society.

Introduction World. More species were added in the mid-ninteenth
and early twentieth centuries, e.g. Brackenridge (1854),
Hooker (1861) and Christ (1907), and the species number

increased to more than 30 (Benedict, 1907). As the num-

The genus Antrophyum Kaulf. was established by
Kaulfuss (1824) to accommodate five species previously

placed in Hemionitis L. but distinguished by having linear
sori sunken into laminal grooves. The genus has been
widely accepted and expanded by subsequent authors,
e.g. Bory de St Vincent (1804), Sprengel (1827),
Blume (1828), Hooker and Greville (1828) and
Kunze (1848). Fée (1852) published the first (and hith-
erto, only) monographic study of Antrophyum, in which
he recognized 24 species from both the New and Old
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ber of species increased, several authors started to subdi-
vide the genus using morphological traits and geography
(Moore, 1857; Benedict, 1907, 1911; Christensen, 1926).
Most of these subdivisions were later recognized at genus
level in light of molecular phylogenetic analyses (Crane
et al., 1995; Crane, 1997; Ruhfel et al., 2008; Schuettpelz
et al., 2016). Nowadays, Antrophyum is more narrowly
circumscribed as a genus restricted to the Old World
belonging to subfamily Vittarioideae of Pteridaceae
(PPG 1, 2016). The genus is most diverse in tropical Asia
and the Pacific Islands but is also found in temperate
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Asia, Australia, tropical Africa and the Malagasy region
(Schuettpelz et al., 2016). Morphologically, Antrophyum
differs from the other members of Vittarioideae by the
combination of pluriseriate areolate venation, linear sori
along veins, soral paraphyses with specialized apical cells
(hereafter referred to as simply paraphyses) and trilete
spores (Schuettpelz et al., 2016; Fig. 1).

To date, more than 80 basionyms have been pub-
lished for Antrophyum (in its current circumscription)
and this number is more than double the generally
agreed estimate of about 40 accepted species (Holt-
tum, 1955; Schuettpelz et al., 2016). As demonstrated
by recent studies, e¢.g. Chen et al. (2013, 2017, 2021)
and Park et al. (2020, 2021), cryptic species, species
complexes, polyploidization and independent gameto-
phytes (gametophytic phase of a fern species existing
independently of its sporophytic phase) are all found
in the evolution of Antrophyum. The traditional mor-
phological approach alone is not enough to provide
clear species delimitation since the above processes are
not necessarily accompanied by distinguishable

Fig. 1. Habits and key morphological features of Antrophyum species. (a) Epiphytic habit of A. callifolium Blume (Chen Wade 5655); (b) Lithophy-
tic habit of 4. formosanum (Chen Wade 5561); (c) Pluriseriate areolate venation of A. strictum (Chen et al. SITW03597); (d) Sori of A. immersum
(Chen Wade 5670); (¢) Soral paraphyses of A. hovenkampii (Chen Wade 5846); (f) Tetrahedral spore of A. plicatum (Fraser-Jenkins 33740).

morphological changes. More recent studies have inte-
grated morphology and molecular data to explore the
diversity of the genus; however, these have focused
either on a specific geographic region (East Asia, Chen
et al., 2017) or on supporting the recognition of new
species (Chen et al., 2015, 2020, 2021). A global scale
study of Antrophyum 1is still lacking; thus the true
diversity of the genus remains uncertain.

This study aims to address this gap and improve our
understanding of the global diversity of Antrophyum. We
began by enumerating all published names, protologues
and types (specimens/images). Using this list, we sought
and examined more than 1000 herbarium specimens to
generate a preliminary checklist of all tentatively
accepted species and their synonyms. This preliminary
checklist served as the null hypothesis in our study and
was tested by morphometric and molecular phylogenetic
analyses. Further, with our robustly supported phylog-
eny, we conducted divergence time estimates, biogeo-
graphic analysis and ancestral trait reconstruction to
explore the historical biogeography and patterns of
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morphological evolution in the genus. Our study updates
the global diversity assessment of Antrophyum and will
facilitate ecological and evolutionary studies, as well pro-
viding a basis for future monographic work.

Materials and methods
Herbarium and field work

We compiled a list of all published names and their corresponding
types and protologues from online databases including the Interna-
tional Plant Names Index (www.ipni.org), World Ferns (www.
worldplants.de/ferns), Plants of the World Online (www.
plantsoftheworldonline.org), JSTOR Global Plants (plants.jstor.org),
the Biodiversity Heritage Library (https://www.biodiversitylibrary.
org/) and herbarium websites. We also visited or received loans from
the following herbaria: A, B, BKF, BM, BO, CAL, CMU, E, GH,
IBK, K, KEP, KLU, KUN, KYO, L, M, MICH, MO, NY, P, PE,
PSU, RB, S, SAN, SAR, SING, SNP, SZG, TAIF, TNS, U, UC,
US and WAG (acronyms follow the Index Herbariorum; sweetgum.
nybg.org/science/ih). In total, 1132 specimens were examined. We
also did fieldwork in China, Fiji, French Polynesia, Indonesia,
Japan, Malaysia, New Caledonia, Singapore, the Philippines, the
Solomon Islands, Taiwan and Vietnam to gather additional morpho-
logical and ecological data, especially for species that are poorly
represented in herbaria or that are inadequately labelled in terms of
habit and habitat information. Based on our herbarium and field-
work, we selected 185 and 122 representative specimens for morpho-
logical and molecular phylogenetic analyses, respectively. This
sampling covered all species tentatively accepted by us and included
multiple specimens for most species to represent their morphological
variation and geographical distributions. To make the results from
different analyses comparable, we used the same specimens across
different analyses whenever possible. Voucher information for all
sampled specimens is provided in Table SI.

Morphometric analyses

For each specimen, we measured nine morphological traits found
to be informative in previous studies of species delimitation in the
genus. Specifically, we measured: the length, width and length/width
ratio of the largest fertile frond (CH1-CH3); the length, width and
length/width ratio of the apical cells of 30 soral paraphyses (CH4—
CHG6); the length and width of a representative rhizome scale (CH7
and CHS); and the thickness of 30 cell walls from three rhizome
scales (CH9). We used a light microscope (DMR; Leica, Wetzlar,
Germany) equipped with a digital camera (EOS 6D; Canon, Tokyo,
Japan) and the software ImagelJ (Schneider et al., 2012) to photo-
graph and measure the microscopic characters. To determine if the
nine traits varied significantly among the species, we conducted one-
way ANOVA and subsequent post-hoc Tukey highest significant dif-
ference pairwise tests. We visualized the results using the R (version
3.4.0; R Core Team, 2017) package “ggplot2” (Wickham, 2009).

Chen et al. (2015) demonstrated considerable variation in the shape
of capitate paraphyses (the paraphysis with a swollen apical cell) in
Antrophyum. To test if the capitate paraphyses can be classified into
different shapes, we conducted a geometric morphometric analysis.
We included 36 specimens of 20 species with capitate paraphyses in
the analysis (Table S1). For each specimen, we digitalized two land-
marks and 48 semi-landmarks from images of three representative
paraphyses using TPSdig2 (version 2.30; Rohlf, 2015). We placed the
two landmarks at the base of each apical cell and the 48 equidistant
semi-landmarks along the cell outlines (Fig. 2). We then conducted a

generalized Procrustes superimposition using the “gpagen” function in
the R package “geomorph” (Adams et al., 2021), which aligns the
landmarks (with a least squared approach) and semi-landmarks (with
the bending energy algorithm) to remove the information of position,
size and orientation, and compare only the shape of the paraphyses.
We used the “gm.prcomp” function in the same package to perform a
principal component analysis using the Procrustes coordinates result-
ing from generalized Procrustes superimposition and visualized the
result using package “ggplot2” (Wickham, 2009). We tested the statis-
tical significance of the four recognized shapes based on principal
component analysis (see Results for details) using the “procD.Im” and
“pairwise” functions in the same package.

Molecular phylogenetic analyses

We extracted genomic DNA from fresh, silica-dried or herbarium
specimens using the Qiagen DNeasy Plant Mini Kit (Hilden, Ger-
many) following the manufacturer’s protocol. We amplified the
DNA sequences of four chloroplast regions (chlL, matK, ndhF and
trnL-F) by PCR as described in Chen et al. (2017) using the primers
listed in Table 1. These regions were selected in order to integrate
the results with previous studies (Chen et al., 2015, 2017, 2020). In
cases where the outermost primers failed in amplifications owing to
poor DNA quality (mostly from herbarium specimens), internal
primers were used to amplify shorter sequences. A total of 250
sequences were newly published in this study and were deposited in
GenBank (Table S1).

DNA sequences were manually assembled and edited using BioE-
dit (version 7.0.5.3; Hall, 1999) to resolve ambiguous sites. Sequences

Fig. 2. A representative apical cell of paraphysis (Antrophyum aus-
troqueenslandicum) showing the position of the two landmarks (open
circles) and 48 equidistant semi-landmarks (closed circles) used in
morphometric analysis. Bar = 10 pm.
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Table 1

Primers used in amplification and sequencing of the four chloroplast loci (F, forward; I, internal; O, outer; R, reverse)
Locus Primer Direction  Location  Sequence (5'-3') Reference
chiL chIN F1 F (@) CCTTCCAAATCCATCTTTATTATCTCTG Chen et al. (2017)
chiL trnN R2 R (0] AACCTACGACCAATCGGTTAAC Chen et al. (2017)
chiL Ant chlL F F 1 GGGGGAAGATGCAGGATAG This study
chiL Ant chlL R F 1 CAAAAAGTATGGTAATTACCAGTTTCAC This study
matK Vt matK 1610F F (@) GCARTCAARCGTTTAATTRGTA Chen et al. (2013)
matK Vt matK rRFQ R (@) TTATTACTGAATTTGGRATCT Chen et al. (2013)
matK Ant matK 1428F F 1 AAATCTGTTRCGGGACAGATAAGC This study
matK Ant matK 1950R R 1 CTTGATAAATGCGGAAATGAAACATC This study
ndhF Vt ndhF fAYS F (6] GCTTATTCTACHATGTCTCAGYTRGGATATATGG  Kuo et al. (2017)
ndhF Vt trnN 2210R R (@) TCGTGARACGAAAATAGCAGTTTATGG Kuo et al. (2017)
ndhF Ant ndhF F1 F I TCAGCTGGGATATATGGTTTTATCG This study
ndhF Ant ndhF R1 R 1 ATTAAAGAATTGAAAGGGAAACTTAAATC This study
trnL-F  FernL 1Irl F GGYAATCCTGAGCCAAATC Li et al. (2010)
trnL-F F R ATTTGAACTGGTGACACGAG Taberlet et al. (1991)

from each plastid locus were aligned with AliView (version 1.17.1;
Larsson, 2014) with MUSCLE (version 3.8; Edgar, 2004) as the
default alignment program. Five alignments (four single-locus and
one concatenated) were analysed using a maximum likelihood (ML)
approach, as implemented in RAxXxML (version 8.0.3; Stamata-
kis, 2014). We conducted the analyses under the GTRGAMMA
model of sequence evolution and with the optimal partitioning
derived from PartitionFinder2 (version 2.2.1; Lanfear et al., 2017),
and with 1000 rapid bootstraps (BS) and a subsequent thorough ML
search. We manually inspected the topologies generated from five
alignments for any well-supported incongruence.

We analysed the concatenated alignment using Bayesian inference
(BI) and maximum parsimony (MP). We conducted the BI analyses
in MrBayes (version 3.2.6; Ronquist and Huelsenbeck, 2003) with
the same optimal partitioning scheme. We computed the Markov
chain Monte Carlo (MCMC) in four independent runs of 20 million
generations, each run with four chains and sampled every 5000 gen-
erations. We checked the convergence of MCMC chains and ade-
quate sampling using Tracer (version 1.7.1; Rambaut et al., 2018).
We discarded the first 1 million trees as burn-in and effective sample
sizes were higher than 200 for all parameters.

We conducted the MP analyses in PAUP* 4.0a (Swofford, 2002)
with all characters treated as unordered and equally weighted. We
searched the parsimony trees using the heuristic method with tree
bisection—reconnection branch swapping and 500 random-addition-
sequence replicates, saving up to 100 trees per replicate. A strict con-
sensus tree was summarized from all the most parsimonious trees
found. Bootstrap values were determined with 500 bootstrap pseudo-
replicates, each consisting of a heuristic search with a maximum of
100 trees.

Divergence time estimation

We used BEAST (version 2.2.2; Bouckaert et al., 2019) to esti-
mate the divergence time under a Bayesian framework. The analy-
sis was based on a reduced alignment modified from the
concatenated alignment used in phylogenetic analysis. Specifically,
this reduced alignment included only one specimen for each Antro-
phyum taxon. We also included two and 16 specimens of Denn-
staedtiaceac and Pteridaceae, respectively, as the outgroup. We
performed 10° MCMC chains that sampled every 1000 genera-
tions, using a GTR + I + Gamma nucleotide substitution model,
an uncorrelated lognormal relaxed clock model and a Yule pro-
cess tree prior. Because no fossil record of the genus is known,
we used two secondary calibration points (the common ancestor

of pteroids and vittarioids) derived from Schuettpelz and
Pryer (2009) for age constraints under normal distributions. The
mean ages for pteroids and vittarioids were set to 110.8 and
45.7 Mya, respectively, and their sigma values were set to 0.5. We
used the same methods to confirm the convergence and sampling
size as for the phylogenetic analysis.

Historical biogeographic analysis

We used the chronogram resulting from BEAST as the input
file for historical biogeographic analysis. We determined geo-
graphic distributions for species based upon our own collections
that we personally identified in order to avoid problems caused by
potential misidentifications. Following the geographical scheme of
Brummitt (2001), we recognized six areas: (A) Africa, (B) Asia
(Asia-temperate + Indian subcontinent + Indo-China), (C) Malesia,
(D) Papuasia, (E) Pacific and (F) Australasia. We chose
these areas to best represent the current global distribution of the
genus and to detect past major biogeographical shifts within the
genus.

We used the R package “BioGeoBEARS” (Matzke, 2013) to per-
form a likelihood ancestral range estimation using three models: (i)
DEC (dispersal extinction cladogenesis, Ree and Smith, 2008), (ii)
DIVALIKE (a likelihood-based implementation of dispersal vicari-
ance analysis, Ronquist, 1997); and (iii)) BAYAREALIKE (a likeli-
hood implementation of BayArea, Landis et al., 2013). We also
tested models with and without founder-event speciation, which is
incorporated with the “;” parameter in the package. We further eval-
uated the models under a constrained analysis that considered the
dispersal rate differences among the six areas. Specifically, we set a
dispersal probability matrix based on the connectivity among the
bioregions (1 = high dispersal rate within an area, 0.5 = medium dis-
persal rate between connected areas and 0.05 = low dispersal rate
between disconnected areas, Table 2). In total, we tested 12 models
(Table 3) and selected the best-fit model based on the Akaike infor-
mation criterion (AIC; Burnham and Anderson, 1998) since not all
of the models are nested.

We used biogeographical stochastic mapping (BSM) to estimate
the frequency of dispersal and vicariance events based on the best-fit
model (Dupin et al., 2017). We simulated biogeographic events in
Antrophyum using 1000 replicates and summarized the mean and
standard deviation (SD) of the frequency of events across replicates.
When analysing temporal trends in the frequency of biogeographic
events, we standardized by total branch length in bins of 2 Myr
each, since the number of events scales with branch length (or nodes,
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Table 2
Dispersal rates matrix among the six biogeographic areas in our his-
torical biogeography analysis

A B C D E F
A 1 0.5 0.5 0.05 0.05 0.05
B 0.5 1 0.5 0.05 0.5 0.05
C 0.5 0.5 1 0.5 0.5 0.5
D 0.05 0.05 0.5 1 0.5 0.5
E 0.05 0.5 0.5 0.5 1 0.5
F 0.05 0.05 0.5 0.5 0.5 1

A, Africa; B, Asia; C, Malesia; D, Papuasia; E, Australasia; F,
Pacific.

Dispersal rates: 1 = within an area; 0.5 = between connected
areas; 0.05 = between separated areas.

in the case of cladogenic events) and the total number of branches/
nodes increases towards the present (Silvestro et al., 2018). All codes
for biogeographical analyses are available at https://github.com/
joelnitta/antrophyum_ow.

Morphological character state reconstruction

We used the chronogram resulting from BEAST as the input file
for ancestral character reconstruction. For each species, we calculated
the averaged value from multiple specimens and log transformed the
dataset for standardization. We carried out the maximum likelihood-
based reconstructions using the “fastAnc” and the “contMap” func-
tions of the R package “phytools” (Revell, 2012). We estimated the
phylogenetic signal of the nine traits using Pagel’s A (Pagel, 1999) and
Blomberg’s K (Blomberg et al., 2003) methods, as implemented in the
“phylosig” function of the “phytools” package.

Results
Phylogenetic analyses

Statistics of the five alignments and the phylogenies
derived from them are shown in Table 4. Although a
precise comparison of the four single-locus alignments
and their derived phylogenies was difficult because the
number of specimens included in each alignment was
different, matK and ndhF appeared to outperform chlL
and trnl-F because they had a higher percentage of
strongly supported nodes (BS >80%). Three main
clades (Fig. 3, clades A-C) were recovered in all
single-locus phylogenies (Figs S1-S4). While several
incongruences were found among the four single-locus
phylogenies, none of them was highly supported. As a
result, the following analyses and discussions are based
only on the concatenated alignment since it provided
the highest resolution.

The tree topologies generated from the BI, ML and
MP analyses were mainly identical, except for poorly
supported nodes (Figs S5-S7). The ML phylogram
reconstructed from the concatenated alignment is
shown in Fig. 3. We found Antrophyum to be strongly
supported (BS 100%, posterior probabilities (PP) 1.0)
as monophyletic, with the oldest divergence separating
a New Caledonian endemic species, 4. novae-
caledoniae Hieron., from the remainder (Fig. 3, clade
A). The second divergence resulted in two clades

Table 3

Results of the BioGeoBEARS analysis
Model Geographical constrain LnL No. of parameters d e j AIC
DEC Unconstrained —96.18 2 0.01 0.01 0.00 196.36
DIVALIKE Unconstrained —107.11 2 0.02 0.02 0.00 218.22
BAYAREALIKE Unconstrained —106.30 2 0.01 0.09 0.00 216.60
DEC +j Unconstrained -92.16 3 0.01 0.01 0.00 198.31
DIVALIKE + j Unconstrained —100.90 3 0.01 0.00 0.06 207.79
BAYAREALIKE + j Unconstrained —101.84 3 0.01 0.07 0.02 209.68
DEC Constrained —92.57 2 0.04 0.01 0.00 189.15
DIVALIKE Constrained —104.37 2 0.06 0.01 0.00 212.74
BAYAREALIKE Constrained —105.56 2 0.04 0.09 0.00 215.13
DEC +j Constrained —89.95 3 0.03 0.00 0.08 185.89
DIVALIKE + j Constrained —98.62 3 0.04 0.00 0.14 203.24
BAYAREALIKE + j Constrained —105.29 3 0.07 0.06 0.12 216.59

LnL (log-likelihood score), AIC (Akaike information criterion) and model parameters rounded to two decimal digits.

Table 4

Statistics for the ingroup DNA sequence alignments used in this study (BS = maximum likelihood bootstrap support)

Loci Alignment length (bp) Variable sites (bp, %) Missing data (%) Mean BS (%) Node with BS >80% (%)
chlL 879 226 (25.1) 15.4 50 23.8

matK 1041 548 (52.6) 21.9 76 55

ndhF 1182 386 (32.7) 18.5 71 51.2

trnL-F 971 344 (35.4) 14.8 66 39.3

Concatenated 4073 1201 (29.5) 17.3 78 61.7
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B/P; Ananthacorus V191
outgroups L Vittaria V585
o Antrophyopsis V551
B/P B/P Antrophyopsis V540
B/P Antrophyopsis V580
B/p Antrophyopsis /587
Antrophyopsis 574
Antrophyopsis V416
Antrophyopsis /575

C1 Antrophyum pseudolatifolium V534 Philippines
— phyum p. ift pp

——————— Antrophyum crassifolium V607 Papua New Guinea Antrophyum pseudolatifolium V224 - Philippines
B-1 Antrophyum plantagineum V623 Indonesia 51/.48 Antrophyum castaneum V091 Taiwan
Antrophyum plantagineum V363 Philippines Antrophyum castaneum V125 Taiwan
B/P Antrophyum plantagineum V227 Philippines c2 Antrophyum castaneum V283 Taiwan
Antrophyum plantagineum V385 Solomon Islands Antrophyum obovatum V122 Taiwan
7 Antrophyum plantagineum (angustatum) V468 Samoa Antrophyum obovatum V272 - Japan
Antrophyum plantagineum V350 French Polynesia 8/P | Antrophyum obovatum V059 Vietnam
B-2 Antrophyum plantagineum V248 Solomon Islands @ Antrophyum obovatum V108 Ne_pal
99/P g/p|Antrophyum nanum V499 Malaysia 8P| Antrophyum obovatum V075 China )
il Antrophyum nanum V491 Thailand : C3 Antrophyum latifolium V620 Indonesia
B/P Antrophyum nanum V487 Thailand /P - Antrophyum lqnfollum V624 Indonesia
Antrophyum immersum V442  Australia Antrophyum semicostatum V500 Malaysia
99/P Antrophyum immersum V055 Taiwan G4 Antrophyum semicostatum V429 Malaysia
Antrophyum immersum V285 Taiwan B/P Antrophyum semicostatum V146 Indonesia
Antrophyum immersum V493 Thailand Antrophyum semicostatum V022 Indonesia
Antrophyum immersum V395  Liberia s/p [~ Antrophyum nambanense V628 Vietnam
B Antrophyum immersum V066  Philippines Antrophyum annamense V015 China
Antrophyum immersum V364  Philippines Antrophyum annamense \/449 Vietnam
Antrophyum immersum V147 Indonesia de1/52 ! Antrophyum annamense V213 China )
73/91| Antrophyum immersum V549 Cameroon . Antrophyum hovenkampii V632 Malaysia )
Antrophyum immersum V019 China : 91/.99 98/P | Antrophyum hovenkampii V608 Papua New Guinea
Antrophyum immersum V003 Taiwan K Antrophyum hovenkampii V613 Papua New Guinea
Antrophyum brassii V394 Papua New Guinea Antrophyum hovenkampii V612 Indonesia
90/p Antrophyum brassii V393 Papua New Guinea 3 Antrophyum formosanum V135 Ta iwan
Antrophyum strictum (megistophyllum) V315 Solomon Islands : Antrophyum formosanum V020 Taiwan
Antrophyum strictum V250 Solomon Islands : B/P |l Antrophyum formosanum V267 Japan
Antrophyum strictum V464 Papua New Guinea : L 48/p Antrophyum henryi VA48 Vietnam
Antrophyum strictum (megistophyllum)V323 Papua New Guinea: c5 Antrophyum henryi V268 China
—— Antrophyum elongatum V277 Philippines : Antrophyum henryi V131 Taiwan
99/.84 Antrophyum ledermanii V279 Philippines Antrophyum henryi V418 China
99/P| Antrophyum ledermanii V275 Philippines Antrophyum henry_i V098 Taiwan
B-3 Antrophyum ledermanii V223 Philippines Antrophyum aff. callifolium V355 Philippines
Antrophyum ledermanii V321 Papua New Guinea Antrophyum aff. callifolium V082 Philippines
Antrophyum ledermanii V396 Papua New Guinea Antrophyum sessilifolium V498 Malaysia
Bp Antrophyum subfalcatum V258 Solomon Islands : - Antrophyum sessilifolium V360 Philippines
L_| | Antrophyum subfalcatum (smithii) V501 Solomon Islands : agyp| */P HAntrophyum sessilifolium /184 Philippines

Antrophyum sessilifolium V049 Taiwan

— Antrophyum malgassicum V377 Madagascar
Antrophyum malgassicum V586 Madagascar

{Antrophyum plicatum V260 India

99/P Antrophyum subfalcatum (smithii) V392 Vanuatu
Antrophyum subfalcatum (smithii) V388 Vanuatu
Antrophyum subfalcatum V619 Samoa
Antrophyum subfalcatum V562 Samoa
Antrophyum subfalcatum V604 Papua New Guinea
Antrophyum subfalcatum V561 Samoa s B
Antrophyum austroqueenslandicum V609 Papua New Guinea : /P licatun ]
Antrophyum solomonense V627 Papua New Guinea : Antrophyum V(ttar(O(des V417 China
Antrophyum solomonense V618 Fiji : Antrophyum w_ttanqdes V451 Vietnam
Antrophyum solomonense V386 Solomon Islands . +Antrophyum vittarioides /295 China
Antrophyum solomonense V316 Solomon Islands : Antrophyum vittarioides V198 Vietnam
Antrophyum tahitense V415 French Polynesia : r Antrophyum callifolium V281 Malaysia )
Antrophyum tahitense V594 French Polynesia : Antrophyum reticulatum V518 French Polynesia
83/.99 || Antrophyum tahitense V606 French Polynesia : ~{Antr ophyum reticulatum V520 French Polynesia
Antrophyum tahitense V605 French Polynesia Antrophyum reticulatum V351 French Polynesia

: 8P| cul !
Antrophyum tahitense V516 French Polynesia 5 reticulatim complex [V ﬁgggsﬁggx ccglllll_lyj“gllllgrrnn\\llfgg 'Ilrgi)lgﬁzla

Antrophyum callifolium V441 Australia
Antrophyum callifolium V481 Indonesia
Antrophyum callifolium V005  Taiwan
Antrophyum callifolium V447  Vietnam
Antrophyum callifolium V611 Micronesia
Antrophyum callifolium V577  Seychelles
Antrophyum brookei V625 Malaysia
Antrophyum callifolium V312 Fiji
Antrophyum callifolium V251 Solomon Islands
[Antrophyum callifolium V358 Indonesia
Antrophyum callifolium V365 Philippines
Antrophyum brookei V638 Malaysia
Antrophyum brookei V631 Malaysia
Antrophyum callifolium V282 Cambodia
Antrophyum callifolium V023 Vietnam

Antrophyum plicatum V259  India
Antrophyum plicatum V419 China
Antrophyum plicatum V266 Nepal

=
)

99/P

80/.95

0.03 substitutions per site

Fig. 3. Antrophyum phylogeny resulting from maximum likelihood analysis of a four-gene (ch/L, matK, ndhF and trnL-F) plastid dataset includ-
ing 122 ingroup and eight outgroup specimens. Maximum likelihood bootstrap percentages (BS) and Bayesian posterior probabilities (PP) are
provided at selected nodes (BS/PP; B = 100; P = 1.00). The major clades/subclades discussed in the text are indicated. Numbers following species
names are DNA voucher numbers (Table S1). The original morphology-based identifications are shown in parentheses (see the Discussion).

consisted of species mostly from Asia. We also found
a strong morphological pattern between the two
clades. Specifically, clade B was composed of species

(Fig. 3, clades B and C) with a moderate geographic
pattern. Clade B consisted of species mostly from Mal-
esia, Australia and the Pacific Islands whereas clade C
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that only have capitate paraphyses, whereas clade C
was composed of species with a disparate assemblage
of capitate, taeniform, and filiform paraphyses. To
facilitate further discussions, we recognized three and
five subclades for clades B (B-1 to B-3) and C (C-1 to
C-5), respectively (Fig. 3).

Overall, inter-species relationships were well
resolved. Among the 128 resolved nodes, 79 of them
received good support (BS > 80%, PP > 0.95). Most
of the poorly supported (BS < 80%, PP < 0.95) nodes
were found within species, with only five exceptions.
Among the 26 species with multiple samples, 24 of
them were strongly supported (BS 100%, PP 1.0) as
monophyletic. The two exceptions were A. brookei
Hook. and A. callifolium Blume, which were resolved
as polyphyletic in our analysis.

Morphometric analyses

The results of measurements are provided in
Table S1. Illustrations of representative fronds, paraph-
yses and rhizome scales of all the species are shown in
Figs 4-6, respectively. All the nine measured traits var-
ied among species (Figs S8-S16) and their pairwise P-
values are shown in Tables S2-S4. Generally, we
observed larger intra-species variation in the size/shape
of fronds and scales, whereas the morphology of
paraphyses was more homogenous within a species.
The two exceptions were 4. austroqueenslandicum D.L.
Jones and A. solomonense C.W.Chen & J.H.Nitta,
which have both clavate and boot-shaped paraphyses
as described in Chen et al. (2015).

Based on the size (length, width) and length/width
ratio of the paraphyses, we recognized three main
types of paraphyses, i.e. capitate, filiform and taeni-
form (Table 5). We further classified the capitate
paraphyses into four shapes (i.e. oblong, oblate, cla-
vate and globose) based on the results of geometric
morphometric analysis (Fig. 7, Table 6). Among the
oblong and globose paraphyses, we also found con-
siderable size variation that enabled us to further
classify them as large or small. Combining the
results for paraphyses size, shape and the presence
of boot-shaped paraphyses, we eventually classified
the capitate paraphyses into seven subtypes
(Table 7).

Molecular dating and historical biogeography

The chronogram inferred by BEAST with the ances-
tral range estimated by BioGeoBEARS is summarized
in Fig. 8. The tree topology derived from BEAST was
identical to that from RAxML. The divergence of
Antrophyum and its sister genus Antrophyopsis (Bene-
dict) Schuettp. was dated back to the middle Oligocene
around 30 Mya (95% highest posterior density,

HPD = 24.0-36.1 Mya). Within the genus, the first
and second divergences dated back to around 20 Mya
(95% HPD = 15.3-25.6 Mya) and 16 Mya (95%
HPD = 11.8-20.3 Mya).

Among the 12 biogeographic models tested, we
determined the constrained DEC +; model as the
best-fit model because it yielded the lowest AIC value
(Table 3). Table 8 shows the most likely ancestral
range of each clade, together with divergence-time esti-
mates. The best-fit model suggested that the ancestor
of Antrophyum was widely distributed in Malesia,
Papuasia and the Pacific Islands. Nonetheless, there is
high uncertainty in ancestral ranges (Fig. S17). Papua-
sian and Malesian origins were inferred for Clades B
and C, respectively. These clades began to expand into
other areas about 10 Mya.

Range expansions were the most frequently observed
biogeographic event over all BSM replicates (mean
18.42 £ 1.72 events per replicate; Table 9). The most
frequently observed dispersal patterns were between
Malesia and Papuasia, from Papuasia to the Pacific,
and between Asia and Malesia (Fig. S18a). Vicariance
events were most frequent early in the history of
Antrophyum, and decreased with time towards the pre-
sent (Fig. S19a). Dispersal events increased in the most
recent 10 Myr (Fig. S19d).

Morphological character state reconstruction

The results of ancestral character reconstruction of
the nine analysed morphological traits are shown in
Fig. 9. A phylogenetic signal test statistically examines
if the observed trait distribution along the phylogeny
is significantly different from a random distribution.
Among the nine traits, three and four traits showed
significant phylogenetic signals (P < 0.05) in Pagel’s A
and Blomberg’s K indices, respectively. The traits of
soral paraphyses (CH4-CH6) showed higher phyloge-
netic signals. In contrast, those of fronds (CH1-CH?3)
and rhizome scales (CH7-CH9) showed lower phylo-
genetic signals.

Discussion
Origin and historical biogeography of Antrophyum

Our study presents the first comprehensive phyloge-
netic analysis of Antrophyum. Among the 34 species
tentatively recognized, only three (A. kinabaluense
C.W.Chen, A. marginale Blume and A. simulans
Alderw.) are missing in the current analysis and it is
unlikely they will affect the main conclusions (see later
Discussion). The time-calibrated phylogeny reveals
that the common ancestor of Antrophyum and its sister
group Antrophyopsis diverged in the middle Oligocene
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Fig. 4. Frond shapes and soral line distributions of 34 Antrophyum species.
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Fig. 5. Apical cells of soral paraphyses of 34 Antrophyum species. Paraphyses type is indicated after species name: C, capitate; F, filiform; T, tae-
niform. Capitate paraphyses are further classified into seven subtypes (C1-C7) as shown in Table 7.

around 30 Mya (95% HPD = 23.9-36.1 Mya). The
current allopatric distribution of Antrophyum (mainly
tropical Asia and Pacific Islands) and Antrophyopsis
(African endemic) is probably the result of transoce-
anic dispersal since the two landmasses were already
separated at that time. At least one dispersal event
was observed in 632 of the 1000 BSM replicates along
the branch leading to Antrophyum. Dispersal seems to
have played an important role in the biogeographic

history of Antrophyum, with an average of 22.7 dis-
persal events (range expansions or founder events) per
BSM replicate, but only 3.63 vicariance events
(Table 9).

Although the estimation of ancestral ranges under
the best-fit model (constrained DEC + j) suggests that
the ancestral range of the crown group of Antrophyum
was the landmasses of today’s Malesia (C), Papuasia
(D) and Pacific (E), the low probability of this result

85U80| 7 SUOWIWIOD 3AEaID 3|qedldde 8y Aq pauleob afe 9P YO ‘@SN JO S3|NJ o AXeIqIT aUIIUO A8]IA UO (SUO R IPUOD-PU.-SWLBYLL0D A8 | 1M Ae.d1BUI|UO//SARL) SUORIPUOD PUe Swie | 81 88S *[£202/90/T0] Uo Atelq)Taulluo Ao |Im ‘AisieAlun eqiud Aq 8ES2T BIO/TTTT OT/I0p/W00 A3 | imAkeiqjeuljuo//sdiy wouy pepeojumoq ‘0 ‘TE00960T



10 C.-W. Chen et al. | Cladistics 0 (2023) 1-24

A. annamense

JA. brassii A. castaneum

A. callifolium

A. austroqueenslandicum

A. marginale A. obovatu i

A. plicatum

ot

A. nambanense A. plantagineum

m A. elongatum

A. reticujatum

0
& 4’;;/?//
/S

A

A. pseudolat'llium

A. formosanum A.immersum A, [atifolium

A. ledermannii

B’

A. kinabaluense

('

A. hovenkampii

A. malgassicum

A. tahitense

A. semicastatum _A. strictum

A. soIO/zense
i W

A. sessilifolium

A. subfalcatum

Fig. 6. Rhizome scales of 33 Antrophyum species. Antrophyum simulans is not included owing to a lack of material.

(15%, Table 8) leaves the ancestral distribution of the
genus uncertain. Unexpectedly, the New Caledonian
endemic A. novae-caledoniae is recovered as sister to
all other extant Antrophyum species in this analysis.
Their divergence was dated to the early Miocene
around 20 Mya (95% HPD = 15.3-25.6 Mya). A simi-
lar pattern has been observed in several other plant
groups (Alvarez-Molina and Cameron, 2009; Vascon-
celos et al., 2017) and the most well-known example is
the flowering plant Amborella Baill., which is endemic
to New Caledonia and sister to all other angiosperms
(Simmons, 2017). So-called relict lineages seem to be
over-represented in New Caledonia, and this has been
attributed to the persistence of forest throughout the
Neogene that acted as refugia while extinctions hap-
pened elsewhere (Pouteau et al., 2015; Condamine
et al., 2017; Pillon et al., 2021).

Clades B and C, together, include almost all the
extant species of Antrophyum, but there is a clear dif-
ference in the geographic origins with clade B origi-
nating in Papuasia and clade C originating in
Malesia (Table 8). Clade B subsequently colonized

eastward to the Pacific Islands and westward to Mal-
esia while clade C colonized northward to Asia. The
extent to which the contrasting biogeographic histo-
ries of clades B and C reflect ecological differences
remains to be investigated. Long distance dispersal,
in particular range expansions, increased in frequency
during the past 10 Mya (Fig. S19b). Although the
overall trend was dispersal eastward (from Papuasia
or Malesia to the Pacific Islands) or northward (from
Malesia to Asia), the analysis also suggests several
westward dispersal events in clade B. For example,
the B-2 and B-3 clades dispersed from Papuasia to
Malesia (means of 0.65 + 0.86 and 1.05 + 0.67 such
dispersal events per BSM replicate, respectively).
Long-distance dispersal that crossed the Indian Ocean
(from Malesia to Africa) probably happened at least
twice, once in A. immersum (Bory ex Willd.) Hook.
& Baker and the other in the clade containing
A. sessilifolium (Cav.) Spreng., A. malgassicum C.Chr.
and closely related species (means of 0.71 + 0.46 and
0.52 £+ 0.66 such dispersal events per BSM replicate,
respectively).
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Table 5
Three main types of apical cells of soral paraphyses recognized and
their sizes (mean + standard deviation)

Capitate Taeniform Filiform
(n = 2110) (n = 395) (n = 1250) P
Length 106.4 + 42.4 303.3 + 108.3 496.3 4+ 210.8 <0.001*
(um)
Width 75.6 £32.2 442 £+ 8.7 23.6 £ 54 <0.001*
(um)
Length/ 1.6 £ 0.8 7.0 £ 2.6 222 +£10.9 <0.001*
width

*Significances (P < 0.05).

Taxonomic value and evolution of morphological traits

This study is the most comprehensive morphological
investigation of the genus Antrophyum to date and this

enables us to evaluate the taxonomic value of each
trait. Concordant with many previous studies (Chen
et al., 2015, 2021), we find that the apical cells of soral
paraphyses are arguably the most useful taxonomic
trait. To our knowledge, Blume (1828) was the first to
describe the morphology of paraphyses when publish-
ing new species of Antrophyum. Specifically, he
described  A. callifolium, A. reticulatum (G.Forst.)
Kaulf., and 4. marginale as having “hairy sori” (soris
villosis), and A4. semicostatum Blume as having “swol-
len sori” (sorisque turgidioribus). Fée (1852) described
the paraphyses of every species in his monograph of
the genus. Since then, paraphyses have become one of
the commonly used traits for species delimitation
(Holttum, 1955; Zhang, 1998). Conventionally, most
authors have recognized three types of paraphyses, i.e.
filiform, taeniform and capitate, and we do too
(Table 5). Based on the results of our character state
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Fig. 7. Principal component analyses comparing four apical cells shapes

(clavate, globose, oblate and oblong) of 20 Antrophyum species with

capitate paraphyses. Each point represents a paraphysis and is labelled with the species names (abbreviated by the first three letters of their epi-
thets). Out of 108 paraphyses included in the analysis, 53 are not labelled for better visualization (they are highly overlapped). For each shape, a

represented specimen is visualized.
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Table 6

Results of the Procrustes ANOVA which tested the differences between the four shapes of capitate paraphyses and 20 taxa with capitate

paraphyses

d.f. SS MS R F z Pr (>F)

Type 3 4.2652 1.42173 0.71481 86.89 8.4148 <0.001
Taxa 19 4.8667 0.256140 0.81561 20.487 9.6957 <0.001
d.f., degrees of freedom; SS, sum of squares; MS, mean square.

Table 7

Seven subtypes of capitate paraphyses classified according to the shape and size of their apical cells
Type Shape Size (length x width pm) Species Clade
1 Oblong 42-82 x 15-39, S Antrophyum crassifolium B-1
2 Oblong 85-209 x 24-66, L A. latifolium C-3
2 Oblong 97-176 x 27-64, L A. simulans NA
3 Oblate 57-114 x 70-170 A. brassii B-3
4 Clavate* 85-192 x 26-89 A. austroqueenslandicum B-3
4 Clavate* 44-159 x 39-122 A. solomonense B-3
5 Clavate 74-215 x 37-92 A. castaneum C-2
5 Clavate 92-167 x 61-103 A. elongatum B-3
5 Clavate 51-259 x 30-78 A. semicostatum C-4
6 Globose 160299 x 148-271, L A. novae-caledoniae A
6 Globose 89-257 x 65-187, L A. obovatum C-2
6 Globose 77-195 x 60-181, L A. tahitense B-3
7 Globose 47-155 x 38-118, S A. immersum B-2
7 Globose 73-112 x 66-110, S A. kinabaluense NA
7 Globose 61-176 x 51-99, S A. ledermannii B-3
7 Globose 57-122 x 50-104, S A. nanum B-2
7 Globose 37-109 x 26-118, S A. plantagineum B-2
7 Globose 52-159 x 43-108, S A. pseudolatifolium C-1
7 Globose 46-93 x 44-96, S A. strictum B-3
7 Globose 48-108 x 45-98, S A. subfalcatum B-3

The oblong and globose paraphyses are further classified into small (S) and large (L) ones.
*The two species with boot-shaped paraphyses. The phylogenetic placement of each species is shown except for A. simulans and

A. kinabaluense.

reconstruction, we found that these three paraphyses
types show a constant phylogenetic signal. Chen
et al. (2015) illustrated the shape variation of capitate
paraphyses. In this study, we extended the exploration
of the taxonomic value of capitate paraphyses using
shape analysis. We found significant shape and size
differences among the species and eventually classified
the capitate paraphyses into seven subtypes (Table 7).
Other traits that have been used or suggested to be
of potential use for species delimitation in vittarioid
ferns but not analysed in this study include the distri-
bution of sori, paraphyses branched/unbranched,
stipes present/absent, the shape of the stipe in cross
section, superficial or immersed soral lines, and silica
bodies within the laminae. Based on the previous stud-
ies and our observations, all the above traits can be
useful in identifying specific species of Antrophyum or
distinguishing similar species pairs. The difficulty in
quantifying these traits is the main reason we did not
include them in our analyses, but their taxonomic
value does deserve further exploration. For example,
the stipes of A. latifolium Blume and A. obovatum

Baker are always very distinct and can be used to dis-
tinguish these two species from the others. However,
for majority of the species, their laminae gradually
reduce to the base, making it difficult to provide a
clear definition for stipes. Chen et al. (2019) found sil-
ica bodies useful for distinguishing two morphologi-
cally similar Haplopteris C.Presl species. Our
preliminary observations show considerable variability
in the outline of silica bodies among the Antrophyum
species. A wider and deeper sampling is still needed to
explore the variation and taxonomic value of silica
bodies.

Antrophyum reticulatum and A. semicostatum
complexes

Antrophyum callifolium and A. reticulatum are the
two names most widely applied to plants with filiform
paraphyses (e.g. Asia: India, Fraser-Jenkins
et al., 2017; Taiwan, TPG, 2019; Malesia: Malaysia,
Lindsay and Middleton, 2020; New Guinea, Camara-
Leret et al.,, 2020; Pacific Islands: Solomon Islands,
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Fig. 8. Time-calibrated trees showing generic-level relationship of Pteridaceae (inset) and the species-level relationship of Antrophyum based on
four chloroplast regions using BEAST. Asterisks (*) indicate the two secondary calibrations points. Ancestral range estimation for Antrophyum
was performed with BioGeoBEARS under the dispersal-extinction—cladogenesis model (DEC) and constrained dispersal rates. The distribution
of each species is mapped to the right of the chronogram. The single-most-probable state (geographical range) is shown at each node. Grey bars

on nodes indicate the 95% highest probability density interval of the age.

Chen et al.,, 2022; Vanuatu, Plunkett et al., 2022).
Antrophyum reticulatum was described from Society
Islands, under the genus Hemionitis by Forster (1786)
and later transferred to Antrophyum by Kaul-
fuss (1824). Four years later, Blume (1828) described
A. callifolium from Java, Indonesia, distinguishing it
from A. reticulatum by its thicker and larger fronds.
However, specimens with intermediate morphology are

abundant in herbaria and laminae texture and size are
inadequate characters by which to separate them. So
far, the morphological delimitation between these two
species has not been well investigated (Holttum, 1955),
and their names have often been misapplied in the past
(see arguments of Fraser-Jenkins et al., 2017). Further-
more, their relationship with several other congeneric
species with filiform paraphyses is far from clear, and
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Table 8

Bayesian posterior divergence-time estimates (median and 95% high-
est posterior density, HPD) for the main clades of Antrophyum,
along with the most probable ancestral ranges (C, Malesia; D,
Papuasia; E, Pacific)

Stem group Crown group Most probable
age in Myr age in Myr ancestral ranges
Clade (95% HPD) (95% HPD) (%)
Antrophyum 29.9 (23.9-36.1) 20.2 (15.3-25.6) CDE (15)
B+C 20.2 (15.3-25.6) 16.1 (11.8-20.3) CD (17)
B 16.1 (11.8-20.3) 12.8 (9.1-16.7) D (62)
C 16.1 (11.8-20.3) 13.5(10.0-18.0) C (42)
Table 9

Frequency of biogeographic events observed over 1000 biogeographi-
cal stochastic mapping (BSM) replicates using best-scoring model
(constrained DEC + )

Mode Event Mean SD
Within-area speciation  Subset (s) 11.25  3.09
Within-area speciation ~ Sympatry (y) 11.84 2.08
Dispersal Founder (j) 428 1.62
Dispersal Range expansion (d) 18.42 1.72
Vicariance Vicariance (v) 3.63 147

Letters in parentheses indicate names of parameters in the Bio-
GeoBEARS model. No extinction events were observed.

many names have been synonymized under each of
them (Christensen, 1905-1906; Zhang, 1998; Fraser-
Jenkins et al., 2017). Here, we refer to this group of
species as the A. reticulatum complex. To our knowl-
edge, this complex includes at least 14 published
names as listed in Table S5 and four of them (i.e.
A. brookei, A. marginale, A. callifolium and A. reticu-
latum) are tentatively accepted as distinct species in
this study.

We confine the use of the name A. reticulatum to
only those specimens collected in French Polynesia, its
type locality. Two additional names, 4. durvillaei Bory
and A. grevillei Balf. ex Grev., have been published
for specimens from the area; morphologically they dif-
fer from other members of the complex by having sig-
nificantly thicker rhizome scale cell walls (Fig. S16).
The types of A. reticulatum and A. durvillaei are very
similar in terms of morphology and are thus likely to
be conspecific, but together they can be distinguished
from the type of A. grevillei by frond shape (falcate vs.
linear). We included three specimens of typical
A. reticulatum (i.e. falcate fronds) in the phylogenetic
analyses and they were genetically almost identical and
formed a clade that was paraphyletic with respect to
A. callifolium and A. brookei. Although we think
A. grevillei should be conspecific with A. reticulatum
because of the specimens with intermediate frond
shape present in herbaria, future studies should include

a specimen resembling the type of A. grevillei (i.e. with
linear fronds) to test if 4. grevillei is a distinct species.

Antrophyum brookei and A. marginale are unique in
the Antrophyum reticulatum complex in having nar-
rowly linear fronds (Fig. 4). These two species can be
distinguished from each other by the distribution of
their sori. Specifically, A. marginale usually has two
long uninterrupted lines of sori (only a little shorter
than the frond), one on each half of the lamina close
to the margin. In contrast, fully developed fronds of
A. brookei usually have two to six shorter sori lines
(no more than half the length of the frond) that are
not confined to the margin. We included three speci-
mens of A. brookei in the phylogenetic analyses and,
surprisingly, they turned out to be polyphyletic and
mixed with A. callifolium. However, both the specimen
records and our field observations show that
A. brookei is a rheophyte growing by rivers or streams
(sometimes only a few centimetres above water),
whereas A. callifolium is an epiphyte or lithophyte.
This suggests that A. brookei might be a recently
diverged lineage from A. callifolium that adapted to
rheophytic habit. Possibly, these two species have not
yet reached reciprocal monophyly because of their
short divergence time (Fig. 8), but A. brookei probably
represents an evolutionary significant unit because of
its morphological and ecological distinctness.

As circumscribed in this study, A. callifolium is the
most widely distributed species of the genus. It occurs
in Pacific Islands, Australia and Asia and is one of
only two species in the genus that has successfully
crossed the Indian Ocean and colonized Africa (the
other is A. immersum, Fig. 8). We included 15 speci-
mens covering its global distribution in the phyloge-
netic analysis and found that the genetic variation of
this widely distributed species is surprisingly small
(Kimura’s two-parameter (K2P) distance 0.0017) and
not larger than some narrowly distributed species such
as A. annamense Tardieu & C.Chr. (K2P distance
0.0019, only found in Hainan Island and Northern
and Central Vietnam) and A. vittarioides Baker (K2P
distance 0.0015, only found in Southwestern China
and Northern Indochina). This suggests that either
continuous gene flows occur among the populations of
A. callifolium and all the populations can be consid-
ered to be panmictic or A. callifolium has experienced
a very recent and rapid expansion.

In addition to the four tentatively accepted species
discussed above (i.e. A. brookei, A. callifolium,
A. marginale and A. reticulatum), special attention
should be paid to Antrophyum rigidum (Cav.) comb.
ined. (basionym Hemionitis rigida Cav.), which is one
of the earliest species epithets referable to the genus.
It was described from Luzon in the Philippines by
Cavanilles (1802), but was subsequently neglected by
later authors and has not yet been formally
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Fig. 9. Ancestral character reconstruction of the nine traits and their phylogenetic signal estimating using Pagel’s A and Blomberg’s K. Asterisks
indicate significances (P < 0.05). (a) frond length, (b) frond width, (c) frond length/width ratio, (d) paraphyses length, (¢) paraphyses width, (f)
paraphyses length/width ratio, (g) scale length, (h) scale width and (i) scale cell wall thickness.

transferred to Antrophyum. This species is known
only from the type specimen in MA, which, unfortu-
nately, is only the top part of what appears to have
been a very large frond. We could not exclude the
possibility that A. rigidum ined. is conspecific with
A. callifolium and future studies should attempt to
include a specimen from the type locality to test this
hypothesis. If they turn out to be the same species,
the name A. rigidum would have priority over
A. callifolium. However, considering that
A. callifolium has been widely used for a long time,
proposing to  conserve  A. callifolium  against

A. rigidum may be a wiser choice in terms of taxo-
nomic stability.

Notably, we included two specimens originally iden-
tified as A. callifolium in the phylogenetic analysis that
were resolved as only distantly related to A. callifolium
(A. aff. callifolium from the Philippines in Fig. 3). We
cannot find any reliable morphological character to
separate these two specimens from A. callifolium, but
the large genetic distance suggests that these should be
recognized as a distinct species. Future studies should
include more specimens from the Philippines and type
localities of members of the A. reticulatum complex.
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Doing so would enable testing whether this species fits
any published names in the A. reticulatum complex or
is an undescribed species.

Antrophyum semicostatum Blume (type from Java) is
among the ecarliest published names of the genus and
is widely distributed throughout Malesia (Indonesia,
Malaysia, Papua New Guinea and the Philippines).
When Blume (1828) described the species, he infor-
mally recognized one additional variety to show the
lamina shape variation he observed. Both the type
variety and his var. “B” have lanceolate fronds but the
apical portion of the type variety is dilated while that
of the variety “B” is not. Three other varicties of
A. semicostatum were described subsequently (van
Alderwerelt van Rosenburgh, 1911, 1912; Ito, 1975),
again, indicating the high morphological variation of
this species. Variety sarawakense H.Ito (type from
Sarawak) is diagnosed by having obovate fronds (vs.
oblanceolate); var. marthae Alderw. (type from New
Guinea) is diagnosed by having pyriform paraphyses
(vs. clavate); and var. caudatum Alderw. (type from
Java, not found). In this study, we included four speci-
mens of A. semicostatum in the phylogenetic analysis
(two each from Java and Sabah, although labelled
Indonesia and Malaysia in Fig. 3) and found a large
genetic distance among them (Fig. 3, clade C-4). Spe-
cifically, the two specimens from Java (V022, V146)
representing the type variety are genetically distant
from the other two specimens from Sabah (V429,
V500), which have similar lamina shapes to var. sara-
wakense. The large genetic distance between these two
clades indicates limited gene flow between the popula-
tions, and thus might justify the recognition of var.
sarawakense as a distinct species, especially when con-
sidering that the distance is much larger than those
found between many sister species (e.g. A. formosanum
Hieron. vs. A. henryi Hieron., A. plicatum Fée vs.
A. vittarioides). However, as mentioned, lamina shape
is not a good character to distinguish them and speci-
mens with intermediate morphology are not rare. We
therefore refrain from revising their taxonomy until a
useful morphological delimitation between them is
found. Future studies should include more specimens,
especially those representative of the types of the varie-
ties to clarify their phylogenetic relationship and
taxonomy.

New synonymies

Antrophyum plantagineum (Cav.) Kaulf. (type from
the Philippines) and A. angustatum Brack. (type from
Samoa but erroneously cited as Tahiti in the protolo-
gue, Florence pers. comm.; Rouhan et al., 2008) are
morphologically similar species. Both species have fal-
cate fronds with distinct stipes. Most previous studies
distinguished these two species by frond size, those of

A. angustatum being narrower and longer than those
of A. plantagineum (Christensen, 1943). Antrophyum
plantagineum is widely distributed from South Asia
(India, Sri Lanka), Malesia (widely distributed), Aus-
tralia and the Pacific Islands (widely distributed),
whereas A. angustatum is restricted only to Samoa.
Moore (1857) was the first to notice the similarity of
the two species and placed 4. angustatum as a variety
of A. plantagineum. In this study, we included nine
specimens  of  A. plantagineum and four  of
A. angustatum in the morphological analysis. Our
results concur with the previous finding that frond
length and length/width ratio can be used to distin-
guish the two species (Table S1). However, the results
of the molecular phylogenetic analysis tell a different
story. We included six specimens of A. plantagineum
and one of A. angustatum in the molecular phyloge-
netic analyses. These specimens were resolved into
three clades with a stronger geographic pattern than a
morphological one. Specifically, four specimens from
the Pacific Islands, including one A. angustatum
(V468) and three A. plantagineum (V248, V350, V385),
formed a clade; the two specimens from the Philip-
pines (V227, V363) formed another clade; a specimen
from Indonesia (V623) formed its own clade (Fig. 3).
In other words, A. angustatum was nested in
A. plantagineum and might be just a local form of
A. plantagineum with narrowed laminae. We therefore
synonymize A. angustatum under A. plantagineum.

Antrophyum strictum Mett. and A. megistophyllum
Copel. are another pair of morphologically similar spe-
cies. The former was described from New Guinea
based on a collection with long oblanceolate fronds
(27 x 5 cm) whereas the latter was described based on
a much larger plant (69 x 17 cm) from the Solomon
Islands. After examining more specimens from Papua-
sia, we found that the frond sizes of specimens from
both areas are variable and often overlap. For exam-
ple, Chen et al. SITW00408 (V315, from the Solomon
Islands) has fully fertile fronds that are not much
larger than the type of A. strictum (31 x 3 cm). Fur-
thermore, we could not find any obvious difference in
their paraphyses or rhizome scales. Phylogenetically,
the four included specimens showed a geographic pat-
tern and a slight genetic distance was found
between the specimens from Papua New Guinea
(V323, V464) and the Solomon Islands (V250, V315).
Two scenarios might explain our findings. First, the
populations from the two areas are at the early stage
of diverging and accompanying morphological differ-
entiation has yet to form. Second, our current sam-
pling is biased and does not reflect the real genetic
diversity of both areas. Since we were unable to find a
reliable morphological trait to distinguish them, we
tentatively accept only one species, with A. strictum
having priority.
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Antrophyum subfalcatum Brack. was described from
Fiji and diagnosed, in part, by its narrowly falcate
fronds. Antrophyum smithii C.Chr. was also described
from Fiji and a close affinity with A. semicostatum had
been proposed by Christensen (in Smith, 1936). Chen
et al. (2015) was the first to show a morphological sim-
ilarity and a close phylogenetic affinity between
A. subfalcatum and A. smithii. Most previous studies
distinguished these two species by frond shape
(Brownlie, 1977; National Museum of Nature and Sci-
ence (NMNS), 2008; Chen et al., 2017). This is true
when comparing only their type collections. Specifi-
cally, those of A4. smithii are long oblanceolate but not
falcate whereas those of A. subfalcatum are linear to
narrowly oblanceolate and falcate. However, such dif-
ferences fade away when more specimens are included
based on our herbarium observations. In this study,
we include eight specimens covering both morphologi-
cal variation (with specimens representing the types of
both species) and geographic distribution for both spe-
cies. These eight specimens show only a little genetic
variation and there is no correlation between the mor-
phology and genetic variation. As a result, we con-
clude that these two names are synonyms with
A. subfalcatum having priority.

New species

Based on our herbarium studies, we propose recog-
nizing four new species with distinct morphologies,
namely A. crassifolium C.W.Chen, A. kinabaluense,
A. pseudolatifolium  C.W.Chen and  A. tahitense
C.W.Chen & J.H.Nitta. Antrophyum crassifolium is
diagnosed by the combination of small plant size,
thick laminae and narrowly oblong paraphyses
(Fig. 5). Antrophyum kinabaluense is diagnosed by hav-
ing tiny linear fronds (Fig. 4). Antrophyum pseudolati-
folium is very similar to A. latifolium. Both have large
and broadly obovate fronds (Fig. 4), but the former
has globose paraphyses (Fig. 5), whereas the latter has
narrowly oblong ones (Fig. 5). Antrophyum tahitense is
similar to A. solomonense in terms of gross morphol-
ogy but can be distinguished by having different
paraphyses (globose vs. clavate, Fig. 5). In addition to
the morphological differences, we were able to test the
phylogenetic  relationships  of  A.  crassifolium,
A. pseudolatifolium and A. tahitense. We found that
each species occupied a unique placement on the phy-
logenetic tree. Specifically, 4. crassifolium was resolved
as the only species of clade B-1 (Fig. 3). Antrophyum
pseudolatifolium was resolved as sister to clade C-2
that comprises A. castaneum H.It6 and A. obovatum
(Fig. 3). Antrophyum tahitense was resolved as sister to
the group  of  A. austroqueenslandicum  and
A. solomonense (Fig. 3). Furthermore, in cases where
multiple specimens were included, all specimens

formed a clade. Overall, both morphological and
molecular evidence support the recognition of these
new species. We therefore formally describe them in
the taxonomy section.

Species without molecular data

Of the 34 species tentatively recognized in this study,
we were unable to include three (i.e. A. kinabaluense,
A. marginale and A. simulans) in our phylogenetic ana-
lyses owing to a lack of material. It will be interesting to
include them in future analyses, but we meanwhile
hypothesize their phylogenetic relationships based on
morphological comparisons. The tiny plant size, with
fronds ca. 2 cm long and 0.3 cm wide, is the most strik-
ing feature of 4. kinabaluense. So far, this species is only
known by two collections from Sabah, Malaysia, proba-
bly from the same locality. The only other species with
comparable frond size is A. nanum Fée. According to
the analysis of character evolution, the reduction of
frond size occurred at least twice in Antrophyum, once
in the A. immersum/nanum clade and the other in the
A. formosanum/henryi clade (Fig. 9). We therefore pre-
dict that A. kinabaluense has a close affinity with
A. nanum because not only are both small plants, but
they also share capitate paraphyses (rather than taeni-
form paraphyses as in the 4. formosanum/henryi clade).
This hypothesis is further supported by the overlapping
distribution of A. kinabaluense and A. nanum, both
being recorded in Sabah.

As mentioned earlier, A. marginale and A. brookei
have fronds of a similar shape but with sori arranged
differently. These two species also have different distri-
butions. A. marginale is only recorded from Java
whereas A. brookei is only recorded from Borneo. The
sori feature of A. marginale (i.e. two marginal soral
lines that only a little shorter than the frond) is unique
among the species with filiform paraphyses, suggesting
that it is a distinct species but with a close affinity to
the A. reticulatum complex.

Antrophyum simulans is only known by the type col-
lection from Java, Indonesia. It stands out from the
species with capitate paraphyses by the combination of
fusiform shaped fronds with long stipes and narrowly
oblong paraphyses. Narrowly oblong paraphyses is a
rare trait in Antrophyum and only found in two other
species, A. crassifolium and A. latifolium. Morphologi-
cally, A. simulans is more similar to A. latifolium in
having the long-stiped fronds. They further have over-
lapping distribution and thus are probably closely
related.

Description of new species

Antrophyum crassifolium C.W.Chen, sp. nov. Figs 4, 5,
6, 10a. Differs from its congeners by having very
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thick laminae and soral paraphyses with narrowly
oblong apical cells.

Habit unknown—Rhizome short-creeping, scaly; scales
clathrate, linear-lanceolate, ca. 2.5 x 0.3 mm at the
base, tapering to one cell wide at the apex, brown,
margin denticulate, cell walls 13—17 um thick. Fronds
approximately clustered; without obvious stipes;
laminae strongly coriaceous, narrowly oblanceolate,
ca. 12 x 1 cm, broadest in the upper two-thirds,
tapering to the base, the midribs not visible. Sori
linear, in deep grooves, covering most of the laminae
except near the base, seldom reticulate; paraphyses
capitate, ca. four cells long, unbranched, apical cell
narrowly oblong, 40-80 x 15-35 um. Spores
tetrahedral.

Holotype—PAPUA  NEW  GUINEA. Morobe
Province, Markham Valley, ca. 300-600 m (1000-
2000 ft), 30 November 1939, M. S. Clemens 10848
(UC no. 632534!, isotype UC no. 660617!).

Etymology—From the Latin crassus, thick, and -folius,
leaf, referring to the coriaceous texture of the lamina.

Habitat—Forests at ca. 300-600 m.

Note—This species is known only by the type
collection.

Antrophyum kinabaluense C.W.Chen, sp. nov. Figs 4,
5, 6, 10b.  Most similar to A. nanum but differs from
that species by having linear fronds with only two or
three short soral lines near apices (vs. 4 or more soral
lines).

Epiphytic—Rhizome  short-creeping, scaly; scales
clathrate, linear-lanceolate, ca. 1.7 x 0.4 mm at the
base, tapering to one cell wide at the apex, brown,
margin denticulate, cell walls 11-20 pm thick. Fronds
approximately clustered; without obvious stipes;
laminae thinly coriaceous, short linear, ca. 2 x 0.3 cm,
the midribs obscure. Sori linear, two (to three) on each
frond, in shallow grooves; paraphyses capitate, two to
three cells long, unbranched, apical cell globose.
Spores tetrahedral.

Holotype—MALAYSIA. Sabah, Kota Belud, Sayap,
Kinabalu Park, 900 m, D. Sumbin & J. Gisii SP07774
(SNP!).

Etymology—Named after the type locality, Kinabalu
Park in Sabah, Malaysia.

Habitar—Hill dipterocarp forests at 870900 m.

Additional  specimens—MALAYSIA. Sabah, Kota
Belud, Sayap, Kinabalu Park, Kimantis Trail, 870 m,
6 June 1992, R. Jaman 4048 (SNP!).

Note—The phylogenetic placement of this species is
still unknown, but based on the morphology (see the
Discussion), it probably has a close affinity with A.
nanum.

Antrophyum  pseudolatifolium C.W.Chen, sp. nov.
Figs 4, 5, 6, 10c.  Very similar to A. latifolium but
differs from that species in having soral paraphyses
with globose (vs. narrowly oblong) apical cells.

Lithophilic—Rhizome short-creeping, scaly; scales
clathrate, linear-lanceolate, 3.5-5 x 0.5-1 mm at the
base, tapering to one cell wide at the apex, brown,
margin strongly denticulate, cell walls 10-20 um thick.
Fronds approximately clustered; stipes long, about the
same as to twice the laminae length, rounded in cross-
section; laminae sub-coriaceous, very widely obovate,
15-30 x 10-25 cm excluding stipe, broadest near the
middle, the midribs obscure. Sori linear, in shallow
grooves, reticulate; paraphyses capitate; four to six cells
long, branched, apical cell globose. Spores tetrahedral.

Holotype—PHILIPPINES. Mindanao, Davao del Sur
Province, Mt Apo, 1920 m, 4 May 2012, L.-Y. Kuo
2544 (TAIF no. 483873!, isotypes TAIF no. 483872!,
4838741, 4838706!).

Etymology—From the Greek pseudo, false; referring to
the close resemblance between this species and
A. latifolium.

Habitat—Primary rain forests at 1500-1920 m, usually
near streams or waterfalls.

Additional specimens—MALAYSIA. Sabah, Mount
Kinabalu, Penibukan, by waterfalls, ca. 1500-1800 m
(5000-6000 ft), 23 October 1953, J. & M. S. Clemens
40294 & 40963 (UC no. 560484!).

PHILIPPINES. Mindanao, Mt Apo, May 1909, A4.
D. E. Elmer 10729 (BO no. 1426446!). Mindanao, Mt
Matutum, May 1917, E. B. Copeland s.n. (UC no.
352511!). Mindanao, Davao del Sur Province, Mt
Apo, Mandarangan trail entrance, 1720-1920 m, 4
May 2012, L.-Y. Kuo 2544 (TAIF no. 483872,
483873!, 483874!, 433876!).

Antrophyum tahitense C.W.Chen & J.H.Nitta, sp. nov.
Figs 4, 5, 6, 10d. Similar to A. solomonense but
differs from that species by its smaller size (frond
length 15-30 vs. 820 cm) and having soral paraphyses
with globose (vs. clavate) apical cells.
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Epiphytic or lithophilic—Rhizome short-creeping, scaly;
scales clathrate, linear-lanceolate, 4.5-6.5 x 0.6—-1 mm
at the base, tapering to one cell wide at the apex,
brown, margin denticulate, cell walls 13-24 um thick.
Fronds approximately clustered; stipes short, less than
one-fifth the length of the frond; laminae sub-
coriaceous, oblanceolate, 8-23 x 3-4 cm, broadest in
the upper two-thirds, tapering to base, the midribs
visible. Sori linear, superficial, seldom reticulate;
paraphyses capitate, three to five cells long, branched,
apical cell globose. Spores tetrahedral.

Holotype—FRENCH POLYNESIA. Tahiti, S. of
Orohena, on trees, frequent, 1400 m, 16 May 1927, L.
H. MacDaniels 1455 (UC no. 465109!).

Etymology—The epithet tahitense refers to the
provenance of the type collection.

Habitat—Damp forests at 300—1400 m.

Additional specimens—FRENCH POLYNESIA.
Tahiti, Lake Vaheria, on dry rocks, occasional, 500 m,
3 June 1927, L. H. MacDaniels 1610 (UC no. 465114!).
Tahiti, Papara, 31 km from Papeete, moist rocks,
frequent, 400 m, 28 June 1927, L. H. MacDaniels 1720
(UC no. 465110!, 465112!). Tahiti, Ridge to Aorai,
1203 m (3950 ft), 5 June 1930, M. L. Grant 3749 (UC
no. 437817!). Tahiti, Ronui, 980 ft, 1 July 1930, M. L.
Grant 38924 (UC no. 437822!). Tahiti, Orofena, 716—
777 m (2350-2550 ft), 21 September 1930, M. L. Grant
4198 (UC no. 437826!). Moorea, Mt Tohiea, 1000 m, 3
August 2012, J. Nitta 1450 (UC!).

Note—Three Antrophyum species have been recorded in
French Polynesia so far: A. plantagineum, A. reticulat
um and A. tahitense. Antrophyum tahitense differs from
A. reticulatum by having capitate paraphyses (vs.
filiform). Antrophyum tahitense can be further dist
inguished from A. plantagineum by having larger capit
ate paraphyses (mean width ca. 110 um vs. ca. 60 pm).
Furthermore, A. tahitense is found at higher elevations
(to 1400 m) than the other two species which typically
occur at lower elevations (below 500 m).

A key to the 34 species of Antrophyum

In this study, we tentatively recognize 34 species by
integrating the evidence from the morphology, phylogeny
and ecology. Among the 34 species, 4. aff. callifolium can-
not be distinguished from A. callifolium by morphology
and thus they are keyed to the same place (see the Discus-
sion). We separate the species into three groups based on
the three main types of the apical cell of soral paraphyses
(referred to as simply paraphyses throughout the key).

Group 1. Paraphyses filiform, more than 500 um
long, <30 um wide.

la. Fronds linear, length/width ratio ca. 30 ...... 2.
1b. Fronds not linear, length/width ratio <20 .... 4.

2a. Rhizome scale cell walls 15-25 um

A. vittarioids.

2b. Rhizome scale cell walls 10-15 pm ....... ... 3.
3a. Soral lines three to six, less than half the length
of frond . .A. brookei.

3b. Soral llnes two only sllghtly shorter than frond
................................. A. marginale.

4a. Fronds narrowly oblanceolate, length/width

ratio 10-20 ... 5.

4b. Fronds oblanceolate, length/width ratio <10 ... 7

5a. Plant from Madagascar ... A. malgassicum.

5b. Plant from Asia, Malesia, or Pacific Islands ...

6.

6a. Fronds <20 cm long, paraphyses 0.7-1.3 mm

long ... A. hovenkampii.

6b. Fronds more than 20 cm long, paraphyses

<0.5 mm long ... A. sessilifolium.

7a. Rhizome scale cell walls 25-35 um

A. reticulatum.

7b. Rhizome scale cell walls 10-20 um ... 8.

8a. Fronds with distinct stipes ... A. annamense.

8b. Fronds without distinct stipes ... ............. 9.

9a. Laminae chartaceous, plant from a tropical area

.. A. callifolium and A. aff. callifolium.
9b. Laminae coriaceous, plant from the Himalayas
.. A. plicatum.

Group 2. Paraphyses taeniform, 160—400 pm long,
more than 35 pm wide.

la. Fronds 0.5-1.5 cm wide .......... ..
1b. Fronds 2.5-4 cm wide ... 2

2a. Fronds 10-25 cm long, paraphyses 300-400 um
long ... A. formosanum.

2b. Fronds 15-30 cm long, paraphyses 160—200 um
long ... A. nambanense.

. A. henryi.

Group 3. Paraphyses capitate, 60—150 um long, 40—
100 um wide.

la. Fronds obovate, orbicular, or rhomboid, with
long distinct stipes ... 2.

1b. Fronds linear or oblanceolate, with or without
distinct stipes ... 5.

2a. Paraphyses narrowly oblong .. .... A. latifolium.
2b. Paraphyses globose ... 3.

3a. Paraphyses 100-200 pm long ... 4. obovatum.
3b. Paraphyses 50-120 pm long .. . . 4.
4a. Fronds more than 30 cm long, orblcular
A. pseudolatifolium.
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4b. Fronds <30 cm long, rhomboid specimens available to us: Anthony Brach (A), Bri-
A. ledermannii. gitte Zimmer (B), Alison Paul (BM), Arief Hidayat
S5a. Fronds<l0cmlong ... .........c.cccoeeen . 6. (BO), Anna Haigh (K), Richard C. K. Chung (KEP),
5b. Fronds more than 10 cm long .. Kien Thai Yong (KLU), Hidetoshi Nagamasu

6a. Fronds with only two or three short soral hnes
near apices ... A. kinabaluense.

6b. Fronds with four or more soral lines

A. nanum.

7a. Paraphyses narrowly oblong ................. 8.
7b. Paraphyses clavate, globose or obldte ....... 9.
8a. Fronds fusiform, with distinct stipes, laminae
chartaceous ... A. simulans.

8b. Fronds oblanceolate, without distinct stipes,
laminae strongly coriaceous ... A. crassifolium.

9a. Paraphyses oblate, width greater than length ...
A. brassii.

9b. Paraphyses clavate or globose ........... ... 10.
10a. Paraphyses clavate, length greater than width
11

10b. Paraphyses globose, length and width about
the same ... 15.

11a. Both clavate and boot-shaped paraphyses pre-
sent ... 12.

11b. Only clavate paraphyses present ... ......... 13.
12a. Fronds linear, about 1cm wide

A. austroqueenslandicum.

12b. Fronds oblanceolate, about 2 cm wide

A. solomonense.

13a. Rhizome scale cell walls 8-12 pm

A. castaneum.

13b. Rhizome scale cell walls 12-17 um ... 14.

14a. Fronds narrowly oblanceolate, with distinct
stipes ... A. elongatum.

14b. Fronds oblanceolate, without distinct stipes ...
A. semicostatum.

15a. Paraphyses 100-300 um long .......... . ... 16.
15b. Paraphyses 50-150 pm long ............. ... 17.
16a. Laminae coriaceous, plant from New Caledo-
nia ... A. novae-caledoniae.

16b. Laminae chartaceous, plant from French Poly-
nesia ... A. tahitense.

17a. Fronds more than 40 cm long ... A. strictum.

17b. Fronds <30 cm long ... ... ... ............ 18.
18a. Fronds with distinct stipes ... A. plantagineum.
18b. Fronds without distinct stipes ... ... ... ... 19.

19a. Fronds narrowly oblanceolate, more than
20 cm long ... A. subfalcatum.
19b. Fronds oblanceolate,
A. immersum.

<20 cm  long
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Fig. S1. Antrophyum phylogeny resulting from maxi-
mum likelihood analysis of chlL gene.

Fig. S2. Antrophyum phylogeny resulting from maxi-
mum likelihood analysis of matK gene.

Fig. S3. Antrophyum phylogeny resulting from maxi-
mum likelihood analysis of ndhF gene.

Fig. S4. Antrophyum phylogeny resulting from maxi-
mum likelihood analysis of frnL-F region.

Fig. S5. Antrophyum phylogeny resulting from
Bayesian inference of concatenated alignment.

Fig. S6. Antrophyum phylogeny resulting from maxi-
mum likelihood analysis of concatenated alignment.
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Fig. S7. Antrophyum phylogeny resulting from maxi-
mum parsimony analysis of concatenated alignment.

Fig. S8. Frond length of 34 Antrophyum species.
Fig. S9. Frond width of 34 Antrophyum species.

Fig. S10. Frond Ilength/width ratio of 34 Antro-
phyum species.

Fig. S11. Paraphyses length of 34 Antrophyum
species.

Fig. S12. Paraphyses width of 34 Antrophyum
species.

Fig. S13. Paraphyses length/width ratio of 34 Antro-
phyum species.

Fig. S14. Scale length of 33 Antrophyum species.
Fig. S15. Scale width of 33 Antrophyum species.

Fig. S16. Scale cell wall thickness of 33 Antrophyum
species.

Fig. S17. Original results from ancestral range esti-
mation for Antrophyum using BioGeoBEARS.

Fig. S18. Frequency (mean and SD) of dispersal
events (range expansion and founder events) across
1000 Dbiogeographical stochastic mapping (BSM)
replicates.

Fig. S19. Frequency of biogeographic events over
time.

Table S1. Voucher specimens and GenBank acces-
sion numbers used in this study.

Table S2. Post-hoc Tukey HSD pairwise test of
paraphyses length.

Table S3. Post-hoc Tukey HSD pairwise test of
paraphyses width.

Table S4. Post-hoc Tukey HSD pairwise test of rhi-
zome scale cell walls thickness.

Table S5. Names belonging to the Antrophyum reti-
culatum complex.
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