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The distribution of vegetation across the Northern Hemisphere has been profoundly shaped by the climatic and
geological history of the Cenozoic. An ancient paleotropical vegetation belt, once spanning the Northern
Hemisphere, is hypothesized to have facilitated biotic exchange across regions during the early Cenozoic, before
its eventual fragmentation and near-complete disappearance. We investigate the evolutionary history of this
pattern using the fern subfamily Woodwardioideae (Blechnaceae)—a striking example of disjunction across the
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Northern Hemisphere. By integrating phylogenetic relationships, divergence times and ancestral range dynamics
based on plastid and genome-wide genotyping-by-sequencing markers, complemented by a review of the fossil
record, ecological niche modelling and paleoclimate simulations, we reconstruct the spatio-temporal coloniza-

tion history of this group. Our results suggest a vicariance-driven speciation process facilitated by climatic
change. Notably, we identify intracontinental vicariance between the sister species Woodwardia radicans and
W. unigemmata across Eurasia in the Pliocene, likely driven by the extinction of intermediate populations, which
confined these species to opposite ends of Eurasia, corresponding to late-Cenozoic refugia of the paleotropical
(lauroid) element. Extinction in the Western Palearctic appears to have been more severe than in the East,
leading continental populations of W. radicans to retreat to the Macaronesian archipelagos, from which they
back-colonized small continental and Mediterranean island enclaves in the Pleistocene. These findings under-
score the role of islands as both crucial reservoirs for paleotropical-affinity relicts and sources of diversity for
adjacent continental enclaves. They also emphasize both island and continental refugia as the last reservoirs of
the evolutionary legacy of paleotropical-affinity lineages, and highlight their vulnerability to ongoing climate
change.

1. Introduction

The distribution of plant biodiversity on Earth has fluctuated
throughout history, shaped by changing climates and geological events.
Factors such as long-distance dispersal, migration through biotic corri-
dors, and extinction have played pivotal roles in forming the distribution
patterns we observe today (Mai, 1991; Munoz et al., 2004; Mairal et al.,
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2015; Graham, 2018; De Kort et al., 2021). Understanding the temporal
dynamics of floristic elements—how vegetation has responded to
climate changes across various spatial and temporal scales—offers
essential insights into the processes that have shaped ecosystems, which
is especially relevant in the context of the ongoing climate change crisis
(McLaughlin, 1994; McElwain, 2018; Aguado-Lara et al., 2025). In this
way, examining vegetation dynamics from the early Cenozoic era to the
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present offers a valuable lens for understanding the interplay between
geological and climatic events in shaping biodiversity over recent
geological epochs (Zachos et al., 2008; Barron et al., 2010).

To understand the current patterns of floristic diversity, it may be
useful to trace their origins back to the onset of the Cenozoic. This era
began following a major extinction event that drastically reduced both
animal and plant life (Alvarez et al., 1980; Nichols and Johnson, 2008;
Uriarte Cantolla, 2003). The early Cenozoic was marked by high tem-
peratures and monsoonal rains in southern Europe and northern Africa,
driven by a warm seawater current flowing through the Tethys Sea
(Torfstein and Steinberg, 2020; Uriarte Cantolla, 2003). During this
time, significant climatic and orogenic changes profoundly impacted
biodiversity (Tiffney and Manchester, 2001). Key geological events such
as the Alpine and Himalayan orogeny reshaped European and Asian
landscapes, creating significant geographical barriers that influenced
species migration and isolation (Tiffney and Manchester, 2001).
Concurrently, global cooling during the Eocene-Oligocene transition
drastically reduced tropical habitats, leading to the expansion of
temperate ecosystems (Collinson, 1992; Wolfe, 1992). These climatic
and geological dynamics resulted in the formation of trans-oceanic lat-
itudinal vegetation belts (Chaney, 1959; Axelrod, 1958, 1975; Wolfe,
1981; Mai, 1991; Barron, 2003). Across the Northern Hemisphere, these
vegetation belts included two major floristic elements: the arctotertiary
element, characterized by coniferous and mixed deciduous forests,
dominated higher latitudes, while the paleotropical element, charac-
terized by broadleaf evergreen and laurel forests, occupied mid- to
low-latitudes (also known as “boreotropical”; Engler, 1882; Mai, 1989,
1991). As the Cenozoic progressed, the closure of the Tethys Sea (Hamon
et al.,, 2013), along with the Himalayan uplift (Raymo et al., 1988),
contributed to a gradual cooling trend, followed by the Late Miocene
Cooling (ca. 11.6-5.3 Ma; Herbert et al., 2016). This cooling favored the
expansion of the arctotertiary element into cooler climates and more
southerly latitudes (Walther, 1994; Barron et al., 2010). As a result, the
paleotropical element began to retreat, with its former continuity pro-
gressively replaced by fragmented, refugial distributions of
paleotropical-affinity (lauroid) taxa, a process further accelerated in
subsequent stages, including events such as the Messinian Salinity Crisis
(Krijgsman et al., 1999) and Plio-Pleistocene glaciations (Hewitt, 1999;
Schmitt, 2007). These combined factors created increasingly chal-
lenging conditions for the paleotropical element in the Northern
Hemisphere (Milne and Abbott, 2002; Mai, 1989; Kovar-Eder et al.,
2006), leading to the extinction of numerous taxa by the late Pliocene
(Postigo-Mijarra et al., 2009), while allowing some species to persist in
climatically favorable regions, such as the southern continental margins
of North America and Asia (Chen and Lou, 2019; Stewart et al., 2010). In
contrast, western Eurasia faced higher extinction rates due to major
geographic and climatic barriers (Mairal et al., 2017; Milne and Abbott,
2002; Tiffney, 1985), which likely resulted in fewer surviving lineages.
In this context, intra-continental disjunctions within Europe are thought
to arise from the combined effects of these historical climatic oscilla-
tions, repeated range contractions, and the fragmentation of formerly
continuous vegetation belts. Such processes led to the establishment of
multiple refugial areas—particularly in the Iberian, Italian and Balkan
peninsulas—where relict lineages persisted through adverse climatic
phases (Hewitt, 2000; Médail and Diadema, 2009). Studying these dis-
junctions is therefore crucial for understanding how extinction, survival
in refugia and post-glacial recolonization have shaped present-day Eu-
ropean plant diversity, as well as for identifying the evolutionary and
biogeographical mechanisms underlying these relict distributions. In
this sense, intracontinental vicariance in western Eurasia appears less
well documented than the well-known disjunctions between eastern
Asia and eastern North America (Wen et al., 2016). Despite this, current
evidence shows that some lineages persisted in refugia within the
Mediterranean Basin and in more peripheral regions, such as the Mac-
aronesian archipelagos (Benitez-Benitez et al., 2018; Fernandez-Palacios
etal., 2011; Mairal et al., 2015, 2017; Valcarcel et al., 2017; Vitelli et al.,
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2017). Mediterranean peninsulas and islands, as well as the Maca-
ronesian archipelagos, acted as glacial refugia during the Pleistocene for
some subtropical lineages that were previously widespread
(Garcia-Verdugo et al., 2021; Hewitt, 2011; Mairal et al., 2015, 2018;
Médail and Diadema, 2009; Nieto Feliner, 2014). These refugia played a
critical role in preserving biodiversity, leaving a visible imprint on the
distribution and phylogeographic patterns of various lineages that per-
sisted in Pleistocene refugia (Guerra Montes, 2018; Krause et al., 2022;
Migliore et al., 2012; Zachos et al., 2008). Despite these insights, it is still
debated whether populations of paleotropical-affinity species in these
refugia have remained stable for millions of years throughout the
Cenozoic or were instead established more recently during the Plioce-
ne/Pleistocene (Calleja et al., 2009; Kondraskov et al., 2015).

The study of paleotropical-affinity lineages confined to these refugia
would provide valuable insights into the spatiotemporal evolution of the
paleotropical element throughout the Northern Hemisphere. A prime
example within this element is the fern flora, which comprises a set of
lineages that were dominant in the undergrowth of these paleotropical
forests (Barrén et al., 2010; Fernandez-Palacios et al., 2011; Schuler
et al., 2021). Ferns such as Culcita macrocarpa C.Presl, Davallia canar-
iensis (L.) Sm., Diplazium caudatum (Cav.) Jermy, Hymenophyllum tun-
brigense (L.) Sm., Stegnogramma pozoi (Lag.) K.Iwats., and Vandenboschia
speciosa (Willd.) G.Kunkel are recognized as representative elements of
the paleotropical (palaeo)flora. These ferns were likely widespread in
the past but are now restricted to scattered climatic refugia across the
Northern Hemisphere (Fernandez-Palacios et al., 2011). Among the
most widespread and emblematic fern lineages associated with lauroid
vegetation across the Northern Hemisphere is the genus Woodwardia
Sm., belonging to the family Blechnaceae within the subfamily Wood-
wardioideae (Gasper et al., 2017; PPG I, 2016). This subfamily com-
prises three genera, two of which are monotypic (Anchistea C.Presl and
Lorinseria C.Presl), while Woodwardia includes 13 species (Gasper et al.,
2017). Woodwardia species are found in temperate and subtropical
zones of the Northern Hemisphere: four species are endemic to North
and Central America, and the remaining species are endemic to Eurasia,
with some isolated occurrences on islands of Oceania (Cranfill and Kato,
2003). This distribution includes a remarkable intracontinental
disjunction across the Northern Hemisphere, separating the two sister
species Woodwardia radicans (L.) Sm. and W. unigemmata (Makino)
Nakai (Cranfill and Kato, 2003; Gasper et al., 2017), with an extensive
range spanning over 5,000 km, making it one of the largest known
intracontinental disjunctions (Fig. 1). Woodwardia radicans, commonly
known as the chain fern or “pijara”, inhabits the western side of the
disjunction, including the Macaronesian archipelagos (Azores, Madeira
and Canary Islands) and small isolated patches across the Western
Palearctic. These include scattered localities in the northwestern Iberian
Peninsula and the Mediterranean Basin (Algeria, Italy, Corsica, Sicily,
Crete; Fig. 1). This distribution reflects areas of Atlantic influence, where
tropical and paleomediterranean elements predominate (Salvo Tierra,
1990; Fernandez-Palacios et al., 2011)—humid habitats that are now
highly restricted and significantly threatened by habitat alteration and
climate change. In contrast, on the eastern part of the disjunction,
W. unigemmata exhibits a much broader distribution, ranging from the
eastern Himalayas to Japan, with localities in central and southern
China and extending into lower latitudes such as the Philippines,
Taiwan, and New Guinea (Fig. 1).

Continental-scale disjunct distribution patterns are particularly sig-
nificant in the context of the current biodiversity crisis, as they are often
linked to climate-driven extinctions that fragmented once-continuous
biotas (Axelrod and Raven, 1978; Crisp and Cook, 2007; Mairal et al.,
2015, 2018). In this context, we hypothesize that the intracontinental
disjunction between W. radicans and W. unigemmata aligns with the
extremes of the hypothesized paleotropical vegetation belt that
extended across the Northern Hemisphere during the early Cenozoic
(Axelrod, 1975; Mai, 1991), potentially representing a post-
boreotropical relict of this once-continuous lineage (Pichi-Sermolli,
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Fig. 1. (A) Disjunct geographic distribution of the sister species Woodwardia radicans (red) and W. unigemmata (blue) across the Palearctic and their morphology.
Photos of W. unigemmata by Liang Zhang, and photos of W. radicans by Guillermo Santos. Stars indicate Woodwardia fossil records: orange for the Oligocene, yellow
for the Miocene, and green for the Pliocene. (B) Sampled populations of W. radicans, with numbers corresponding to those in Table 1. Maps were modified from
Google Earth. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

1979; Quintanilla et al., 2000). As this belt contracted during the Mio-
Pliocene, lineages likely became isolated at its eastern and western ex-
tremes. If so, we would expect to find deep genetic divergences indica-
tive of long-term survival in climatic refugia—particularly in W. radicans
populations in the Western Palearctic, where paleotropical extinction
was likely more severe (Hewitt, 2000; Médail and Diadema, 2009).
Alternatively, the observed disjunction may result from long-distance

dispersal rather than historical continuity. At the same time, the
detailed study of the phylogeography and population genomics of
W. radicans in the Western Palearctic offers an opportunity to under-
stand how these threatened climatic refugia have acted as sanctuaries
for the species, influencing its present-day genetic diversity and
providing essential guidance for future conservation strategies.

To test these hypotheses, the primary aims of this study were to (1)
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reconstruct the phylogeny of the Woodwardioideae subfamily using
Bayesian inference to clarify evolutionary relationships and divergence
patterns; (2) disentangle the extreme intracontinental disjunction be-
tween W. radicans and W. unigemmata using dated phylogenies and
environmental niche modeling (ENM) to understand the impact of past
climatic changes on species distribution across the Northern Hemi-
sphere; (3) explore the history and ancestral dynamics of restricted
paleotropical refugia of W. radicans in the Western Palearctic using
genome-wide genotyping-by-sequencing (GBS) data and ENM. By inte-
grating phylogenetic reconstruction, Bayesian Island Biogeographic
analyses, and ecological modeling, we aimed to determine how past and
present climatic conditions have shaped the evolutionary history of the
Woodwardioideae, with a particular focus on the
W. radicans-W. unigemmata lineage. Additionally, by reconstructing
historical changes in distribution range of these species and assessing the
role of fossils and climatic refugia for W. radicans in the Western Pale-
arctic, this study aims to enhance our understanding of the conservation
needs of this species and other paleotropical-affinity lineages.

2. Materials and methods
2.1. Sampling, DNA isolation and quantification

Plant tissue samples were collected during several expeditions con-
ducted between 2013 and 2015 in the Western Palearctic region. We
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collected leaf samples from 37 populations of W. radicans (Table 1)
covering both the main continental enclaves and the Macaronesian
archipelagos. Voucher specimens for populations that were not previ-
ously sampled have been deposited in the MA and STU herbaria (Thiers,
2025). The sampled continental enclaves included the northwest of the
Iberian Peninsula (11 populations), Corsica (1 population), the Italian
Peninsula (1 population), continental Portugal (1 population from an
introduced population in Sintra; Carapeto et al., 2020), Sicily (1 popu-
lation), and Crete (1 population). In the Macaronesian archipelagos, we
sampled individuals from the Azores (3 populations), Madeira (5 pop-
ulations), and the Canary Islands (13 populations). Whenever possible,
we collected more than one individual per population ensuring a mini-
mum spatial distance to avoid clonal sampling. Plant tissue was dried in
silica gel. Additionally, we sampled leaf tissue from herbaria (HAST,
TNS) or botanical garden specimens of four other Woodwardia species,
including one of W. japonica (L.f.) Sm., one of W. orientalis Sw., two of
W. prolifera Hook. & Arn. and two of W. unigemmata (Table 1).

DNA extractions were conducted using 2-3 dried pinnae from each
sampled individual. Leaves were crushed using metal beads in a Retsch
MM400 mixer mill for 5-10 min at 30 Hz, until a fine powder was ob-
tained. DNA extraction was carried out with the commercial NucleoSpin
Plant I Mini Kit (Macherey and Nagel). Quality check was performed on
a 0.7% agarose gel by loading 1 pl of the DNA extract and running it for
30 min at 100 V. The concentrations of the extracted DNA were quan-
tified using a spectrophotometer (Implen NanoPhotometer® N60).

Table 1
Sampled populations of Woodwardia. Population numbers as in Fig. 1. One individual was sampled per population.
Taxon Region Population number Population Latitude Longitude
W. radicans Azores 1 Cu de Judas 37.0129 —25.0030
2 Santa Barbara 38.7283 —27.2766
3 Raminho 38.7650 —27.3183
Madeira 4 Ribeiro Frio 32.7315 —16.8866
5 Ribeiro Frio 2 32.7215 —16.9079
6 Portela 32.7627 -17.1331
7 Fontes Levada 32.7523 —17.0190
8 Encumeada 32.7474 —16.8240
Canary Islands 9 La Gomera — Las Creces 28.1422 —17.1916
10 La Gomera — Reventén Oscuro 28.1305 —17.2180
11 La Gomera — Reventon Oscuro 2 28.1156 —17.2192
12 La Gomera — Mulagua 28.1415 —17.2910
13 La Palma — Garafia 28.8305 —17.8994
14 La Palma — Los Tiles 28.6438 —17.8211
15 La Palma — Los Tiles 2 28.7927 —17.8075
16 La Palma — Cumbre Nueva 28.7691 —17.7825
17 Tenerife — Barranco Ruiz 28.3583 —16.5868
18 Tenerife — Barranco Ruiz 2 28.3677 —16.5997
19 Tenerife — Chamorga 28.5409 —16.2715
20 Tenerife — Anaga 28.5648 —16.1673
21 Gran Canaria — Osorio 28.0741 —15.5464
Atlantic Iberia 22 Galdames 43.3132 —3.1398
23 Lemoniz 43.4606 —2.9024
24 Mundaka 43.4019 —2.6974
25 Lekeitio 43.3280 —2.4970
26 Picos de Europa 43.3307 —5.0786
27 Grilo 43.4925 —6.9783
28 Purén 43.4250 —5.0804
29 Fragas do Eume 43.4035 —8.0527
30 Seixo 43.7127 —7.9510
31 Carasa 43.3654 —3.4628
32 Garganta de Urdén 43.4191 —4.7043
Mainland Portugal 33 Monserrate (introduced) 38.792 —9.4200
Corsica 34 Dans le Cap - -
Italian Peninsula 35 Amalfi 40.6512 14.5823
Sicily 36 Scuderi 38.0852 15.3054
Crete 37 Nea Rumata 35.4005 23.8714
W. unigemmata China Wr-Ch1 (botanical garden) Sangzhi (transplanted to Shanghai Chenshan Botanical Garden) 29.6595 109.1609
Japan AE070211-01(herbarium TNS) Nishizu-cho — —
W. prolifera TBG149712 (botanical garden) Iriomote (transplanted to Tsukuba Botanical Garden) - -
AE060930-03 (herbarium TNS) Okinawa - -
W. japonica Taiwan HAST141012 (herbarium HAST) Pingtung 22.4183 120.66
W. orientalis Taiwan HAST100119 (herbarium HAST) Pingtung 22.7313 120.7339
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These values were used to standardize the samples a posteriori at around
40 ng/pl, which is considered adequate for genotyping-by-sequencing.
The 43 genomic DNA samples, adjusted to 40 ng/ul, were organized
into 96-well plates.

2.2. Sanger sequencing and phylogenetic inference

To make a preliminary assessment of the phylogenetic relationships
and divergence times within the subfamily Woodwardioideae, we
retrieved sequences for four plastid DNA (ptDNA) regions—rps4, rbcL,
atpB, and matK—from GenBank (National Center for Biotechnology In-
formation, NCBI) and complemented these with newly generated rps4
sequences for W. radicans, W. prolifera and W. unigemmata (GenBank
accession numbers are listed in Table S1). For the amplification of rps4,
the standard primers trnS®%4 and rps4.5 were used (Small et al., 2005).
The reaction mixture consisted of 1 x PCR reaction buffer (containing 2
mM MgCly), 0.2 mM dNTPs, 0.4 uM each of forward and reverse primer,
0.05 U/pl DreamTaq DNA polymerase (Thermo Fisher Scientific), and 1
pl of the diluted DNA extract as template. PCRs were performed with a
Sensoquest or Biometra cycler under the following touchdown condi-
tions: 5 min 94°C, 10 initial cycles (30 s 94°C, 45 s 55°C — 0.5°C/cycle,
90 s 72°C), 25 cycles (30 s 94°C, 45 s 50°C, 90 s 72°C), 10 min 72°C.
External Sanger sequencing service was provided by LGC Genomics,
Berlin. New sequences were deposited in the GenBank database (NCBI;
see Table S1 for accession numbers).

The assembled dataset comprised three outgroup species represent-
ing the family Onocleaceae and 31 species representing the family
Blechnaceae, with a particular focus on the subfamily Wood-
wardioideae, encompassing 12 out of 15 representatives following
Gasper et al. (2017) (Table S1). Sequences were aligned using the
ClustalW v.2.1 algorithm, implemented in Geneious 11.1.5 software
(https://www.geneious.com, Kearse et al., 2012; Biomatters Ltd.,
Auckland, New Zealand). Alignments were then checked manually and
adjusted where necessary, following the alignment rules described in
Kelchner (2000). To determine the best nucleotide substitution model,
we used the Akaike Information Criterion (AIC) value calculated in
jModelTest 2.1.10 (Darriba et al., 2012). Subsequently, we concatenated
the four ptDNA regions (rps4-rbcL-atpB-matK) into a single matrix. This
dataset was used for phylogenetic reconstruction and dating of the
Woodwardioideae. Hereafter we refer to this dataset as the “Wood-
wardioideae ptDNA dataset”.

Phylogenetic relationships were estimated using Bayesian inference
(BI) implemented in MrBayes 3.2.7a (Ronquist et al., 2012). The
Woodwardioideae ptDNA dataset was rooted using representatives of
the family Onocleaceae as the outgroup. Each plastid DNA region was
assigned the best-fitting substitution model. In case the best-fitting
model was not implemented in MrBayes, the most similar imple-
mented model was used. We ran MrBayes analyses with four coupled
Markov Chains, one heated and three cold, using Metropolis-Hastings
MCMC simulations, with one million generations per chain. A burn-in
of 25% of the posterior probability sample was applied. The conver-
gence of the chains was assessed by checking that the average standard
deviation of split frequencies was below 0.01 (Ronquist et al., 2012),
and that effective sample sizes were > 200 for all parameters with Tracer
1.7.2 (Rambaut et al., 2018). A 50% majority-rule consensus tree was
then generated from the post-burn-in trees and visualised with FigTree
1.4.4 (Rambaut, 2018).

2.3. GBS library preparation and data assembly

Genotyping-by-sequencing libraries were prepared by the external
service LGC Biosearch Technologies (Berlin, Germany) from 104 DNA
samples digested with the restriction enzymes Pstl and ApeKI, following
the protocol described in Poland et al. (2012). A total of 96 adaptors
(each with a different barcode sequence) were designed for the first
plate and eight for the second. These were ligated with the digested DNA
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fragments, each individual with a specific barcode. Subsequently, a
common adaptor was hybridized to all samples. After combining all
samples into a pool, the fragments were amplified by PCR. High-
throughput sequencing (150 bp paired-end) of the resulting genomic
library was performed on the Illumina NextSeq 500/550 v2 platform,
followed by demultiplexing according to the barcodes. Demultiplexed
data were deposited in the Sequence Read Archive (NCBI) under Bio-
Project ID PRIJNA1402703.

Data assembly and subsequent analyses were implemented on the
Trueno scientific computing cluster (CSIC, Madrid, Spain). The assembly
of loci was performed with ipyrad v. 0.9.84 (Eaton, 2014; Eaton and
Overcast, 2020), a pipeline based on seven consecutive steps. Since data
were already demultiplexed (step 1), we started by filtering and editing
the reads, discarding sequences containing more than four sites showing
a Phred quality value < 20, and removing adaptors and sequences
shorter than 35 base pairs (step 2), followed by clustering within sam-
ples and alignment using VSEARCH (Rognes et al., 2016) and MUSCLE
(Edgar, 2004) (step 3), joint estimation of error rates and heterozygosity
(Lynch, 2008) (step 4), estimation of consensus sequences for each locus
in each individual (base calling) and filtering of potential paralogs (step
5), clustering of sequences across samples and final alignment (step 6),
and final filtering and generation of output files (step 7). We used pa-
rameters recommended for double-digest GBS libraries in the ipyrad
documentation (https://ipyrad.readthedocs.io/en/master/7-outline.ht
ml), with two key modifications: for parameter 14 (c), the minimum
percentage of similarity between sequences to consider them homolo-
gous, we tested threshold values of 85% and 90%, which are appropriate
to cover the level of divergence between closely related species such as
W. radicans and W. unigemmata (e.g. Fernandez-Mazuecos et al., 2018;
Rancilhac et al., 2023; Villanueva Raisman et al., 2025); for parameter
21 (m), which specifies the minimum number of individuals in which a
locus must be recovered to be included in the final matrix, we initially
used a value of 20. Other settings included: a maximum of one allowable
mismatch in barcodes; a maximum of four low quality base calls (Q <
20) per read; a minimum depth for statistical base calling of six with no
majority-rule base calling; a strict filter for adapters and primers; a
minimum length of 35 bp for reads after adapter trim; a maximum of two
alleles per site in consensus sequences (consistent with the established
diploidy of Woodwardia: 2n = 68 in W. radicans, base chromosome
number x =~ 34 for the genus Woodwardia, and isozyme profiles indic-
ative of diploidy; Love et al., 1977; Quintanilla et al., 2007); a maximum
of five uncalled bases in consensus sequences; up to eight heterozygous
bases in consensus sequences; and a maximum of 50% of samples
sharing heterozygous sites in a locus. Additionally, several samples
displayed a small number of sequenced loci, which could introduce
noise in the results. Specifically, samples of W. radicans from the Azores
produced around 5,000 loci, compared to an average of 15,000 loci in
the remaining samples. Therefore, alternative assemblies were built
including and excluding the Azores samples. In the case of assemblies
excluding Azores samples with m = 20, this parameter was decreased to
18. Similarly, herbarium samples outside of W. radicans generally pro-
duced small numbers of loci (e.g., fewer than 7,000 loci) and were very
distant to W. radicans in preliminary analyses. This led us to retain
W. unigemmata, consistently recovered as the closest relative of
W. radicans, as the sole outgroup in the final datasets to ensure reliable
rooting of the phylogenetic trees. To evaluate the sensitivity of results to
variation in parameter m, we generated additional assemblies (including
and excluding Azores samples) using ¢ = 85% and m = 4, the latter value
maximising the number of loci at the expense of a higher percentage of
missing data. This optimization of assembly parameters is essential, as
genetic results can be highly sensitive to them (Mastretta-Yanes et al.,
2015; Shafer et al., 2015; Takahashi et al., 2014). As a result, six datasets
were obtained: ¢c85m4, c85m20, c90m20, including Azores; and c85m4,
¢85m18 and c90m18, excluding Azores (Table 2).
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Summary data sets used in the GBS analyses of W. radicans. Two clustering thresholds (0.85 and 0.90) were applied, with analyses both including and excluding

samples from the Azores.

Data set Clustering Number of Average number of Concatenated Proportion of Number of Number of phylogenetically
threshold loci loci per individual length missing data variable sites informative sites
c85m4 0.85 41,258 14,321 8,440,461 64.38% 150,994 61,637
c85m4 (without  0.85 40,366 14,749 8,271,953 62.51% 145,795 59,859
Azores)
c85m20 0.85 12,434 8,693 2,720,080 30.77% 54,477 26,781
¢85m18 0.85 13,768 9,628 2,994,995 30.4% 58,574 28,444
(without
Azores)
c90m20 0.90 15,035 10,325 3,262,170 31.94% 64,093 31,780
c90m18 0.90 16,452 11,621 3,557,390 28.83% 68,189 33,421
(without
Azores)

2.4. Phylogenomics and population genomics

Phylogenomic analyses based on maximum likelihood (ML) were
conducted using the six datasets. Maximum likelihood is generally more
practical than Bayesian inference for analysing high-throughput
sequencing datasets (Tonini et al., 2015), as it is computationally
more efficient and particularly well suited for large matrices compared
with Bayesian algorithms, which scale less favourably with genome-
wide data (Stamatakis, 2014; Truszkowski et al., 2023). Additionally,
it performs reliably in the presence of missing data as long as they are
randomly distributed and a sufficient number of genes are sampled (Xi
et al., 2016). Analyses were performed using the entire concatenated
matrix rather than a single nucleotide polymorphism (SNP) matrix, as
this approach is known to produce more accurate topologies and branch
lengths (Leaché et al., 2015). ML analyses were carried out using RAXML
8.2.8 (Stamatakis, 2014). GTRCAT (Stamatakis, 2006) was chosen as the
substitution model, and bootstrap support values were calculated using
the bootstopping criterion (Pattengale et al., 2010). Samples of
W. unigemmata were selected as the outgroup for rooting the tree.

The SNP matrix corresponding to the ¢c85m20 dataset, which con-
tained a total of 6,823 SNPs, was used to conduct a principal component
analysis (PCA) of W. radicans samples, including and excluding the
outgroup. These analyses were performed using Jalview 2.11.2.2
(Waterhouse et al., 2009). Genetic diversity of population groups and
genetic differentiation between them were estimated using the software
DnaSP v.6.12.03 (Rozas et al., 2017). The allele data file obtained from
ipyrad v. 0.9.84 using the dataset c85m20 was used for these analyses.
To determine which population genetic indices were most relevant, we
followed the review by Pelosi and Sessa (2021), which evaluated studies
on fern population genetics. Based on this, we calculated the fixation
index (Fsr), a measure of population differentiation due to genetic
structure (Hudson et al., 1992), where values above 0.25 indicate a
pronounced level of genetic differentiation (Freeland et al., 2011).
Additionally, we calculated nucleotide diversity (n), which represents
the average number of differences per site among all possible sequence
pairs within a population, reflecting its genetic diversity (Nei, 1987). A
first analysis was conducted using Macaronesia and Western Palearctic
as major population groups. Then, a more detailed analysis was per-
formed using the following groups: Madeira, Canary Islands, Azores, NW
Iberian Peninsula, and Mediterranean Basin (including Corsica, Italian
Peninsula, Sicily, and Crete).

2.5. Fossil record, divergence times and ancestral ranges

We conducted a comprehensive bibliographic search for Wood-
wardioideae fossils using Google Scholar and two major fossil databases:
the Laboratory of Palaeobotany (https://paleobotany.ru/) and the In-
ternational Fossil Plant Names Index (https://www.ifpni.org/index.ht
m). The search was performed using the keywords Woodwardioideae,
Blechnaceae, and Woodwardia. Although numerous fossils have been

attributed to the Woodwardioideae subfamily, our focus was on iden-
tifying fossils that could provide critical information for dating the
phylogeny of the subfamily. Additionally, we sought fossils of Wood-
wardia located within the present-day range of disjunction for the
W. radicans—W. unigemmata lineage (see Table 3).

Divergence times were estimated in two steps. First, we estimated a
dated tree from the Woodwardioideae ptDNA dataset. Subsequently, we
constructed a second dated tree for intraspecific lineages of W. radicans
derived from a ML tree obtained from the GBS dataset and calibrated
using divergence times from the dated Woodwardioideae ptDNA tree.
The Woodwardioideae ptDNA dataset was analyzed using the Bayesian
molecular clock methods implemented in BEAST 1.10.4 (Drummond
et al., 2006; Suchard et al., 2018). The BEAST input file was generated
using BEAUti 1.10.4 (Suchard et al., 2018), and the GTR + G + I sub-
stitution model was selected based on model selection in jModelTest. For
the relaxed clock model, an uncorrelated lognormal distribution was
applied, fitted to values commonly observed in plastid markers (a mu-
tation rate between 10 and 10°! substitutions per site per million years;
Wolfe et al., 1987), together with a default exponential distribution for
ucld.stdev. Two dating analyses were conducted to identify the tree
prior model that best fitted our data: one using the Yule model, which
only considers speciation (Gernhard, 2008), and another using a Birth-
—Death (BD) model, which incorporates both speciation and extinction
(Gernhard, 2008). To assess which of the two tree priors best fitted our
plastid dataset, we compared the Yule and Birth-Death models using
path sampling and stepping-stone sampling (Baele et al., 2012). As
calibration points, we used two secondary calibrations derived from the
most comprehensive dating analysis available for the family Blechna-
ceae (Testo et al., 2022) and two fossils corresponding to the subfamily
Woodwardioideae (see above; Table 3): i) a secondary calibration for the
divergence between Onocleaceae and Blechnaceae (normal distribution;
mean = 90.14 Ma, standard deviation (sd) = 9); ii) a secondary cali-
bration for the crown node of Blechnaceae (normal distribution; mean =
73.78 Ma, sd = 6); iii) a fossil corresponding to the genus Lorinseria (Pigg
et al., 2006), which marked the minimum age of the divergence between
the genus Lorinseria and Woodwardia plus Anchistea (log-normal distri-
bution; offset = 56 Ma, sd = 2.5); and iv) a fossil of W. radicans (Gois-
Marques et al., 2018), which marked the minimum age of the divergence
between W. radicans and W. unigemmata (log-normal distribution; offset
= 1.8 Ma, sd = 2.5). This fossil shows anastomosed venation, a promi-
nent costa, and oblong sori arranged parallel to the costa—diagnostic
features of Woodwardia and consistent with W. radicans. However, the
available morphological evidence does not allow us to confirm whether
it belongs to the crown group included in our phylogeny (i.e. modern
Macaronesian and continental populations). For this reason, we
conservatively assigned it to the stem divergence between the two sister
species, following best-practice guidelines for fossil calibration
(Donoghue and Benton, 2007; Parham et al., 2012; Renner, 2005).
Standard deviations were assigned and adjusted to align with the con-
fidence intervals for each calibration. Two input files were generated,
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Table 3

Fossil record of Woodwardioideae species from the Paleocene to Pliocene epochs, including their age, locations, and references. The table highlights occurrences of
Woodwardia muensteriana, W. roessneriana, and W. radicans across Europe and Central Asia.

Species Epoch Age (Ma) Location Latitude  Longitude Reference

Lorinseria areolata (L.) T.Moore Late Paleocene 59.2-56 Western North Dakota 47.5 —100.5 Pigg et al., 2006

Woodwardia muensteriana (C.Presl in Sternb.) Early Miocene 23.03-15.97 Most Basin, Czech 50.5 14 Kvacek et al., 2018
Krausel Republic

Woodwardia muensteriana (C.Presl in Sternb.) Late Miocene 11.63-5.33 Belo Pole, Bulgaria 43.13 22.43 Palamarev et al., 2005
Kréusel

Woodwardia muensteriana (C.Presl in Sternb.) Late Miocene 11.63-5.3 Pelovo, Bulgaria 43.573 23.633 Palamarev et al., 2005
Kréusel

Woodwardia muensteriana (C.Presl in Sternb.) Late Miocene 11.63-5.3 Rouzhintsi, Bulgaria 43.65 23.45 Palamarev et al., 2005
Krausel

Woodwardia muensteriana (C.Presl in Sternb.) Middle Miocene 15.97-11.63  Choukourovo, Romania 44.433 25.657 Palamarev et al., 2005
Kréusel

Woodwardia roessneriana (Unger) Heer Middle Miocene 15.97-11.63 Radoboj, Croatia 46.333 16.067 Heer, 1855-1859

Woodwardia muensteriana (C.Presl in Sternb.) Middle Miocene 15.97-11.63  Bohemia, Czech Republic 50 14.44 Collinson, 2001
Kréusel

Woodwardia muensteriana (C.Presl in Sternb.) Middle Miocene 15.97-11.63 Saxony, Germany 51.05 13.74 Collinson, 2001
Krausel

Woodwardia muensteriana (C.Presl in Sternb.) Early-Middle Miocene 23.03-11.63  Caucasus 43 45 Collinson, 2001
Kréusel

Woodwardia roessneriana (Unger) Heer Early-Middle Miocene 23.03-11.63  Eriz, Switzerland 46.813 8.305 Heer, 1855-1859

Woodwardia radicans (L.) Sm. Late Miocene — Early 7-1.8 Madeira, Portugal 32.76 —16.934 Gois-Marques et al.,

Pleistocene 2018

Woodwardia muensteriana (C.Presl in Sternb.) Oligocene 33.9-23.03 Kazakhstan 48 67 II’inskaya and Pneva,
Krausel 1984

Woodwardia radicans (L.) Sm. Pliocene 5.33-2.58 Meximieux, France 45.9 5.225 Saporta et al., 1872

each implementing a different tree prior model, and each analysis was
run for 10 million generations, with sampling every 1,000 generations.
Tracer 1.7 (Rambaut et al., 2018) was used to verify posterior distri-
butions and ensure that effective sample size (ESS) values were > 200. A
burn-in of 20% was applied before calculating a maximum clade cred-
ibility (MCC) tree using TreeAnnotator 1.10.4 (Rambaut and Drum-
mond, 2018). The resulting chronogram was visualised in FigTree
(Rambaut, 2018).

Since Bayesian dating is unfeasible with genome-wide GBS data due
to computational limitations, we dated the intraspecific lineages of
W. radicans using the penalised likelihood approach implemented in
treePL (Smith and O’Meara, 2012). As input file, we used the ML phy-
logram obtained in RAXML from the GBS dataset c85m18 (see results), i.
e. excluding Azores individuals. The tree was pruned to include only one
arbitrarily selected individual per geographic area/island, prioritizing
populations with supported relationships in the phylogenetic recon-
struction. Two secondary calibration points were derived from the dated
tree constructed with the Woodwardioideae ptDNA dataset (see results):
the crown node of the genus Woodwardia, with an estimated age range of
13.66 to 28.43 Ma, and the divergence between W. radicans and
W. unigemmata, with an age range of 1.85 to 4.64 Ma. A first analysis was
conducted using the prime option to determine optimal parameter
values. Based on these results, a second analysis was performed using
the cross-validation option to identify the best smoothing parameter,
which was determined to be 1 x 1071%. In all cases, the exhaustive
analysis option was applied, with 200,000 iterations for penalised
likelihood and 5,000 iterations for cross-validation. To assess uncer-
tainty in node ages, two additional estimations were performed, each
following the three steps outlined above: one for calculating minimum
values and another for maximum values. In both cases, the corre-
sponding calibration ages were used, meaning that the minimum and
maximum values from the Woodwardioideae ptDNA tree were applied
as calibration ages for their respective calculations. The smoothing value
varied between analyses: 0.01 was used for the minimum ages, while 1
x 10" was applied for the maximum ages. The resulting chronograms
were visualised in FigTree.

To reconstruct ancestral ranges and dispersal patterns, we applied
the Bayesian Island Biogeographic (BIB) model (Sanmartin et al., 2008;
Aguado-Lara et al., 2025), a hierarchical Bayesian framework linking
biogeographic and molecular data through a continuous-time Markov

Chain process. Migration rates between regions were estimated via
MCMC using DNA sequence data and taxon distributions. Analyses were
performed in RevBayes (Hohna et al., 2016), with predefined molecular
characters and Dirichlet priors (x = 1.0) assigned to carrying capacities
and dispersal rates to reflect uncertainty. We defined four biogeographic
areas based on the distribution of the W. radicans—-W. unigemmata lineage:
Eastern Palearctic (EP), Mediterranean Basin (MED), Atlantic Iberia
(AI), and Macaronesia (MAC). Outgroup taxa were removed, and
biogeographic states were coded for the BIB model. MCMC was run for
100,000 generations (sampling every 10), with a gamma prior on root
age based on BEAST estimates. Posterior probabilities of ancestral and
branch states were computed using stochastic mapping (Freyman and
Hohna, 2018). Summaries were derived from the Maximum A Posteriori
(MAP) tree, discarding a 25% burn-in. Results were visualized in R
(v4.1.2) using the base, graphics, coda, RevGadgets (Tribble et al., 2022),
and ggplot2 (Wickham, 2016) packages, as well as Tracer.

2.6. Environmental niche modelling

By reconstructing the climatic niches of the
W. radicans-W. unigemmata lineage and projecting them backward in
time, we aimed to identify climatically suitable areas that might have
been part of the geographic distribution or served as climatically suit-
able areas or refugial connectivity routes (Yesson and Culham, 2006;
Smith and Donoghue, 2010; Mairal et al., 2015). Occurrence data for
W. radicans and W. unigemmata were downloaded from the Global
Biodiversity Information Facility (GBIF) (accessed 9 March 2023; GBIF
Occurrence Download: https://doi.org/10.15468/dl.8u79bu) and pro-
cessed using the R package CoordinateCleaner 3.0.1 (Zizka et al., 2019).
A general cleaning of the data was performed following Maldonado et al.
(2015), resulting in a total of 3,873 points for W. radicans and 840 for
W. unigemmata. To mitigate sampling bias, a minimum distance of 2 km
between points was established to reduce spatial autocorrelation,
consistent with the resolution of the environmental layers
(Kramer-Schadt et al., 2013; Boria et al., 2014), and finally an individual
cleaning using QGIS 3.12 (QGIS Development Team, 2020) yielded a
final set of 130 points for W. radicans and 153 for W. unigemmata.

Climate layers were obtained from CHELSA 2.1 (Karger et al., 2017),
at a resolution of 5 km. For projections to the past, we used climate
layers for various periods from PaleoClim (https://www.paleoclim.org):
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the mid-Pliocene warm period (3.205 Ma), the Marine Isotope Stage 19
(MIS 19, 787,000 years ago; Brown et al., 2018), the Last Interglacial
(130,000 years ago; Otto-Bliesner et al., 2006), the Last Glacial
Maximum (21,000 years ago; Karger et al., 2017), the mid-Holocene
(Northgrippian Stage, 8,326 to 4,200 years ago), and the
late-Holocene (Meghalayan Stage, 4,200 to 300 years ago). Prior to
modelling, a correlation analysis between the current climate layers was
conducted using the R package corrgram (Wright, 2018) for a sample of
30,000 points from an area spanning the distribution ranges of
W. radicans and W. unigemmata (from 35° W to 160° E longitude and
from 11° to 70° N latitude), including presence and absence points.
Correlations among climate variables were assessed, and when two
variables were highly correlated (Pearson’s correlation coefficient >
0.8), one of them was excluded, leading to a final set of six uncorrelated
variables for model calibration: annual mean temperature (biol), min-
imum temperature of the coldest month (bio6), mean temperature of the
wettest quarter (bio8), annual precipitation (biol2), precipitation sea-
sonality (biol5) and precipitation of the coldest quarter (bio19). These
variables represent the main climatic gradients relevant to W. radicans
(temperature, precipitation, and seasonality). The use of non-correlated
predictors follows standard best practices to minimise model overfitting
and enhance transferability (Elith et al., 2011; Dormann et al., 2013).
Two modelling approaches were implemented: i) a combined anal-
ysis, in which distribution data for both W. radicans and W. unigemmata
were included (283 points), focusing on an area spanning from 35° W to
160° E longitude and from 11° to 70° N latitude; and ii) a W. radicans
analysis (130 points), focusing on an area spanning from 36° W to 45° E
longitude and from 23° to 53° N latitude. We note that the combined
analysis is not intended to infer a shared or ancestral niche, but rather to
approximate a broad climatic envelope representing the environmental
space historically accessible to the post-boreotropical, paleotropical-af-
finity Woodwardia lineage in Eurasia. Environmental niche models and
projections to the past were carried out using MaxEnt 3.4.4 (Phillips,
Anderson and Schapire, 2006). Each model was run with ten cross-
validated replicates, using 25% of the samples for validation. Model
accuracy was assessed using AUC and omission rates, which indicated
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W. radicans-W. unigemmata model was projected to the mid-Pliocene
warm period, which was close to the common ancestor of the two spe-
cies (see Results). Variable bio6 was excluded from this model because it
was not available for the mid-Pliocene. The W. radicans analysis
involved projections to time slices ranging from the MIS 19 to the pre-
sent, when the species had already diverged from W. unigemmata. For
the MIS 19 projection, a model was run excluding variable bio6 because
it was not available for this period. For the remaining projections, the
model included all six selected variables.

3. Results
3.1. Phylogenetic relationships and divergence times of Woodwardioideae

The Woodwardioideae ptDNA matrix consisted of 4,976 base pairs.
Model selection in jModelTest 2.1.10 (Darriba et al., 2012) indicated
GTR + G as the best-fitting nucleotide substitution model for the anal-
ysis. The phylogenetic tree obtained in MrBayes from this dataset
generally shows high resolution and support values (Fig. 2). The sub-
family Woodwardioideae was identified as the sister group to a clade
including the subfamilies Stenochlaenoideae and Blechnoideae. Within
the subfamily Woodwardioideae, Lorinseria was positioned as the
earliest-diverging genus followed by Anchistea. The latter genus was
sister to Woodwardia, which formed a monophyletic group. Within
Woodwardia, W. unigemmata and W. radicans were sisters to each other.
All these relationships exhibited posterior probabilities (PPs) above
0.95.

The dated MCC trees obtained from the BEAST analyses of the
Woodwardioideae ptDNA dataset (Fig. 3) were topologically congruent
with the MrBayes tree (Fig. 2). The analyses using the Yule and the BD
priors yielded congruent divergence times and posterior probabilities.
Model comparison using path sampling and stepping-stone sampling
showed that the Yule and BD priors had nearly identical marginal like-
lihoods (Bayes factors < 2), indicating no statistical preference for either
model. Given this equivalence, and because the BD prior represents a
more biologically realistic diversification process for Woodwardia, we
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indicate Bayesian posterior probabilities above 0.95.
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Fig. 3. Maximum clade credibility tree obtained in BEAST from the Woodwardioideae ptDNA dataset, with 95% highest posterior density intervals for divergence
times. Asterisks above branches indicate Bayesian posterior probabilities above 0.95.

(Fig. 3, Fig. S2). Divergence of Woodwardioideae and the rest of the
Blechnaceae family was dated to the Late Cretaceous (74.31 Ma, 95%

highest posterior density (HPD) = 66.66-82.52 Ma; PP = 1). The crown
node of the subfamily Woodwardioideae was dated to the Paleocene
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Fig. 4. Concatenation-based maximum-likelihood phylogenetic tree of Woodwardia radicans populations obtained in RAXML using GBS data (c85m18 dataset;
excluding samples from the Azores), with W. unigemmata as the outgroup. Asterisks (*) indicate nodes with bootstrap support values (BS) > 95, while plus signs (+)
indicate nodes with 70 < BS < 95. The letters within parentheses show the regions: Al: Atlantic Iberia, C: Corsica, I: Italy, S: Sicily and Cr: Crete. Numbers correspond

to each population, with codes provided in Table 1.
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(58.86 Ma, 95% HPD = 56.03-59.57 Ma; PP = 1). The crown node of
Woodwardia was dated to the late Eocene—early Miocene (29.33 Ma,
95% HPD = 21.69-37.46 Ma; PP = 1). The divergence between
W. radicans and W. unigemmata was dated to the Pliocene or early
Pleistocene (2.76 Ma, 95% HPD = 1.85-4.64 Ma; PP = 1), whereas
crown ages were dated to the late Pliocene or Pleistocene for
W. unigemmata (1.38 Ma, 95% HPD = 0.38-2.66 Ma; PP = 0.98) and to
the Pleistocene for W. radicans (0.73 Ma, 95% HPD = 0.02-1.92 Ma; PP
=1).

3.2. Phylogenomics, population genomics, divergence times and ancestral
ranges in W. radicans

For the four assembled datasets with m values of 18-20, the resulting
number of loci ranged from 12,000 to 16,500, resulting in concatenated
matrices ranging from 2.7 to 3.6 million base pairs (Table 2). The per-
centage of missing data was around 30%. For the two datasets with m =
4, the number of loci was around 40,000, with a concatenated length of
> 8 million base pairs and > 60% of missing data.

The ML phylogenetic analysis of the c85m18 dataset, in which
Azores samples were excluded, displayed the best resolution and support
values (Fig. 4). This tree revealed an early-diverging position for the
Madeira populations and the introduced Sintra (Portugal) population,
with unsupported relationships among them, and the remaining pop-
ulations (Canary Islands and Western Palearctic) forming a strongly
supported clade (bootstrap support, BS = 99%). This clade was further
divided into two well-supported and geographically structured clades:
one comprised populations from the central-western Canary Islands
(Tenerife, La Palma and La Gomera; BS = 97%), while the other included
Western Palearctic populations (BS = 100%). Three populations from
the central Canary Islands (Tenerife and Gran Canaria) displayed un-
certain relationships and were grouped with the Western Palearctic
clade with low support. Therefore, the Western Palearctic populations

pPC2
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formed a monophyletic group nested within the Macaronesian pop-
ulations, making the latter a paraphyletic assemblage. Within the
Western Palearctic clade, populations from the eastern Mediterranean
continental islands (Sicily and Crete) were nested within the Western
Palearctic populations (closely related to Atlantic Iberia populations)
and formed a clade with strong support (BS = 100%). The ML analyses of
the four datasets generated with m values of 18-20 (Table 2) produced
the same overall topology, with some minor variations. In the analyses
including the Azores populations, these were well supported as being
part of the clade encompassing populations from the Canary Islands and
Western Palearctic (BS = 88% for the ¢c85m20 dataset; Fig. S3), but with
unsupported relationships within this clade. In the ML analyses of the
two datasets generated using m = 4, the overall relationships were
similar, but with weaker support at some key nodes, which led us to
discard these datasets for downstream analyses (results not shown).
The PCA based on the c85m20 dataset displayed a clear differenti-
ation between W. radicans and W. unigemmata, forming two distinct,
non-overlapping clusters along the principal components (Fig. S4).
Within W. radicans, the PCA also revealed differentiation between
Macaronesian and Western Palearctic populations (Fig. 5), particularly
along PC2, with Macaronesian populations (including the introduced
Sintra population, 33) showing higher values than Western Palearctic
ones. Among Macaronesian populations, those from the Canary Islands
and Madeira displayed a high level of dispersion along PC1, while
Azores populations displayed the highest values for this PC. Among
Western Palearctic populations, those from Atlantic Iberia and Medi-
terranean continental islands clustered closely together at small values
of both PC1 and PC2, with the exception of the Corsica population (34),
which exhibited higher values for both PCs and was close to some Azores
and Canary Island populations, possibly due to their high levels of
missing data (Fig. 5). The DnaSP analysis estimated higher nucleotide
diversity (n) for Macaronesian (0.00063) than for Western Palearctic
(0.00051) populations. Similarly, when considering five population

Group

Azores
Canary Islands ~ Macarone:

Madeira

Atlantic Iberia Wester
Mediterranean Basin Palearc

PC1

Fig. 5. Principal component analysis plot based on SNPs obtained by genotyping-by-sequencing (GBS) of Woodwardia radicans samples, showing genetic variation
among geographic regions. PC1 and PC2 represent the first two components, explaining 48.7% and 9.5% of the variance, respectively. Each point represents an
individual from a different population, numbered as in Table 1, with colors indicating geographic origin as shown in the legend.
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groups, Madeira, Azores and Canary Island populations displayed higher
nucleotide diversity than Mediterranean Basin and NW Iberian Penin-
sula populations, with Madeiran populations displaying the highest di-
versity and NW Iberian populations the lowest (Table S2). Genetic
differentiation between these two major regions, as measured by the Fgp
index, was 0.0557, indicating moderate genetic differentiation. When
considering five population groups, the lowest differentiation values
were found between the three pairs of Macaronesian archipelagos, while
the highest values were found between Mediterranean Basin populations
and those from Madeira and the Canary Islands (Table S3).

The chronogram obtained in treePL from the GBS phylogram (Fig. 6)
showed a crown age for W. radicans in the Pleistocene, around 0.57 Ma
(0.38-0.66 Ma). After the divergence of the Madeiran populations, the
common ancestor of populations in the Canary Islands and the Western
Palearctic had an estimated age of 0.35 Ma (0.27-0.47 Ma). The esti-
mated crown age of Canarian populations was 0.26 Ma (0.17-0.33 Ma),
while that of Western Palearctic populations was 0.27 Ma (0.19-0.36
Ma).

The BIB reconstruction of the W. radicans-W. unigemmata lineage
inferred a range for the most recent common ancestor (Fig. 6) with low

Ancestral range color codes:
. Eastern Palearctic (EP)
. Macaronesia (MAC)
O Atlantic Iberia (A)

. Mediterranean Basin (MED)

Molecular Phylogenetics and Evolution 219 (2026) 108551

marginal posterior probabilities across the defined biogeographic areas
(MAC = 0.29; MED = 0.24; AI = 0.24). These values indicate substantial
uncertainty at this deeper node, and therefore no single ancestral area
can be reliably inferred. Within the Western Palearctic clade (crown age:
0.57 Ma), Macaronesia was identified as the most probable ancestral
area, with moderate support (MAC = 0.76; Al = 0.15; MED = 0.05).
Macaronesia probably acted as the ancestral source region for Atlantic
Iberia (AI) around 0.35 Ma (MAC = 0.71; Al = 0.23), although some
uncertainty remains regarding the exact timing and directionality of this
range shift. Subsequently, Atlantic Iberia was the most likely ancestral
area for at least three dispersal events to the Mediterranean Basin over
the last 0.27 Ma (AI = 0.92; MED = 0.06).

3.3. Environmental niche modelling

The average AUC values for the models, ranging between 0.975 and
0.996 (standard deviation between 0.002 and 0.008), together with test
omission rates being close to predicted omission, indicated good pre-
dictive performance (Fig. S1). For the W. radicans-W. unigemmata
model, the variables with the highest percent contributions were biol

Carasa (Al) 31
Galdames (Al) 22
Lemoniz (Al) 23
Lekeitio (Al) 25
Mundaka (Al) 24
Fragas do Eume (Al) 29
£: Nea Rumata (MED) 37

Scuderi (MED) 36

Garganta de Urdén (Al) 32

0.27
(0.19 - 0.36) .
Grilo (Al) 27
—@ Amalfi (MED) 35
Seixo (Al) 30
0.35
(0.27 - 0.47) —@ Dans le Cap (MED) 34

Purén (Al) 28

Picos de Europa (Al) 26

—@) La Gomera (MAC) 9

0.57
(0.38 - 0.66)

3.99
(1.85 - 4.64)

@

@ La Palma (MAC) 13

Tenerife (MAC) 17

0.26

(0.17 - 0.33)

@ Madeira (MAC) 1

@ . unigemmata (EP)

3 Ma

1 Ma

0.5 Ma
1 1

Pliocene

Hol.

Pleistocene

Neogene

Quaternary

Fig. 6. Time-calibrated phylogenetic tree and ancestral range reconstruction of Woodwardia radicans, obtained with treePL from a pruned RAXML tree based on GBS
data and using the BIB model (Bayesian Island Biogeography). Nodes are labeled with mean divergence ages (Ma), with minimum-maximum estimates in paren-
theses. Pie charts at the nodes show the marginal posterior probabilities of ancestral geographic ranges (see legend for colors). Marginal posterior probabilities for
dispersal events along branches, estimated via stochastic character mapping, are represented by colors according to the legend.
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(52.4%) and biol2 (29.6%). For the W. radicans model including all six
variables, the ones with the highest contributions were bio19 (42.7%),
bio6 (25.1%) and biol (21.8%). When excluding bio6, they were bio19
(53.3%) and biol (27.7%). Projection of the combined
W. radicans-W. unigemmata model to the mid-Pliocene warm period
(Fig. 7a; 3.205 Ma) revealed a broad potential distribution range, with
high suitability along a discontinuous latitudinal band extending from
eastern Asia to the western Mediterranean, with patchy high-suitability
areas across these regions. This includes widespread suitability in
Europe, the Eastern African Rift Mountains, and parts of Asia,

A

w
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particularly in the east of the Black Sea and the Himalayas. Projections
of the W. radicans model in the Western Palearctic (Fig. 7b-g) indicated
suitable conditions for its persistence throughout the late Quaternary,
but with reduced suitability and increased fragmentation compared to
the mid-Pliocene potential distribution (Fig. 7a). During the MIS 19
(Fig. 7b), the potential distribution was notably fragmented, and pri-
marily restricted to the northern Mediterranean Basin and the Iberian
Atlantic coasts. In Macaronesia, suitability was found in the Azores,
Madeira and, to a lesser extent, the Canary Islands. Habitat suitability
further declined leading up to the Last Interglacial (Fig. 7c), particularly

MIS 19
ca. 787,000 BP

Last Interglacial
ca. 130,000 BP

Last Glacial Maximum
ca. 21,000 BP

Late-Holocene-Meghalayan
4,200-300 BP

Present
0 BP

Fig. 7. Environmental niche modeling for Woodwardia radicans in the Mediterranean Basin based on climatic variables. Environmental suitability is shown for six
historical time periods (A-F) and the present (G), as predicted by maximum entropy modeling. The color gradient ranges from cool to warm, indicating areas of low
suitability in cooler tones and regions of higher suitability in warmer tones. Projection A corresponds to the W. radicans—W. unigemmata model, while projections B-G

correspond to the W. radicans model.
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in the Mediterranean coasts, although it increased in the Canary Islands.
During the Last Glacial Maximum (Fig. 7d), suitability declined at higher
latitudes, while increasing at lower latitudes, particularly in northern
Africa. During the Holocene, the potential distribution contracted again
and became largely confined to the Macaronesian archipelagos, the
Atlantic coasts of western Europe and, to a lesser degree, the coast of the
Mediterranean Basin (Fig. 7e-g).

4. Discussion

4.1. Tracing intracontinental vicariance across Eurasia: Woodwardia and
the legacy of the paleotropical belt

Our phylogenetic reconstruction for Blechnaceae (Fig. 2) reveals a
topology consistent with the most comprehensive phylogenetic studies
available for the family (Gasper et al., 2017; Testo et al., 2022), con-
firming the sister relationship between the subfamily Woodwardioideae
and a clade including the subfamilies Stenochlaenoideae and Blech-
noideae, as well as the monophyly of the genus Woodwardia, which is
also confirmed as sister to the monotypic genus Anchistea (Fig. 2).

The current disjunct distribution of Woodwardia across continents
has been hypothesized to result from the existence of an ancient pale-
otropical vegetation belt in the Northern Hemisphere (Mai, 1989,
1991)—also termed the boreotropical flora sensu Mai (1989, 1991)—
that extended across the Northern Hemisphere during the early Ceno-
zoic. Under this scenario, Asia, Europe, and North America would have
experienced biotic exchange during the early to mid-Cenozoic, enabled
by broad-scale climatic connectivity and intermittent land bridges. This
would be reflected in reciprocal monophyly among lineages from
different continents, as well as deep divergence times coinciding with
the progressive fragmentation of these corridors from the Miocene on-
ward. Our results support this scenario: we found reciprocal monophyly
between Woodwardia lineages from Asia and America. One lineage in-
cludes the Central American W. martinezii Maxon ex Weath. as sister to
the Asian W. harlandii Hook. and W. kempii Copel., diverging during the
Oligocene-Miocene (20.13 Ma, 95% HPD = 12.26-28.94; Fig. 3).
Similarly, the Eurasian clade W. radicans—W. unigemmata is sister to the
American clade W. fimbriata Sm. — W. spinulosa M.Martens & Galeotti,
with a divergence time of 17.16 Ma (95% HPD = 10.54-24.26; Fig. 3),
although this relationship shows lower support (PP = 0.95). An alter-
native topology recovered by Testo et al. (2022) placed these American
species closer to other Asian taxa (W. magnifica, W. prolifera,
W. orientalis), but still reflected a clear biogeographic connection be-
tween Asia and America. These patterns, along with warmer tempera-
tures during the Mid-Miocene Climatic Optimum (MMCO, 17-14 Ma;
Beerling et al., 2012), are consistent with a period of increased biotic
exchange between Asia and America. Similar connections have been
documented in numerous Northern Hemisphere plant and animal line-
ages (Donoghue et al., 2001; Sanmartin et al., 2001; Wen et al., 2016),
likely facilitated by the Bering Land Bridge (Hsu, 1983; Tiffney and
Manchester, 2001; Lee et al., 2020). This dispersal route was especially
important for paleotropical floras, including ferns (Sigel et al., 2014;
Xiang et al., 2015; Molino et al., 2019), and likely facilitated the early
diversification and dispersal of ancestral Woodwardia lineages.

Additionally, we confirm the reciprocal monophyly of W. radicans
and W. unigemmata across a major Eurasian disjunction, which origi-
nated in the Plio-Pleistocene (2.76 Ma, 95% HPD = 1.85-4.64 Ma,
Fig. 3; 3.99 Ma, 95% HPD = 1.85-4.64 Ma; Fig. 6). This pattern aligns
with the fragmentation of a previously more continuous distribution
caused by aridification, leaving relict populations of paleotropical-
affinity taxa at the eastern and western ends of that geographic range
(Mairal et al., 2015, 2017). This is further supported by fossil evidence
and niche modelling, indicating the historical presence of Woodwardia
populations in intermediate areas bridging the current geographic
ranges of these extant sister species (Collinson, 2001). Specifically,
Woodwardia fossils dating from the Oligocene to the Pliocene have been
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found in intermediate areas of central Europe and Georgia (Fig. la;
Table 3). The Woodwardia fossil record, however, is geographically
biased, with numerous occurrences in central and western Europe but
few from the eastern Palearctic. This pattern likely reflects a combina-
tion of preservation and collection biases, rather than a genuine absence
of the lineage in eastern regions. Moreover, due to the morphological
conservatism of fern fronds and sori, the assignment of fossils to species
must be interpreted cautiously, as diagnostic features are not always
preserved. In addition to fossil evidence, the environmental niche model
for the mid-Pliocene warm period (ca. 3.205 Ma; Fig. 7) reveals a broad
potential distribution for the W. radicans-W. unigemmata lineage,
spanning Europe, North Africa, and parts of Asia. This combined model
represents a broad climatic envelope for the lineage rather than a shared
niche of the two species. Although this reconstruction does not support
the existence of a continuous vegetational belt across the continent, it
points to the presence of patchy climatically suitable areas that may
have functioned as stepping-stones for Woodwardia dispersal between
the eastern and western extremes of Eurasia, before being disrupted by
progressive aridification and cooling (Klotz et al., 2006). As with any
paleoclimatic ENM, these projections must also be interpreted with
caution due to uncertainties in past-climate reconstructions, including
the use of single-GCM layers, CO estimates, and the assumption of long-
term niche stability (Varela et al., 2011; Nogué et al., 2017).

In summary, the current distribution of the Woodwardioideae in
Eurasia, confined to the extremes of the continent, is consistent with a
historical scenario dominated by range fragmentation and survival in
refugial remnants of the former paleotropical (lauroid) vegetation belt.
An ancestral Woodwardia species was likely widespread throughout the
paleotropical belt in Eurasia during the early Cenozoic. As climate
changes caused the retreat of this vegetation, surviving populations
were forced to migrate toward southern latitudes, finding refuge in
continental margins or nearby archipelagos with milder climates
(Barron, 2003; Fernandez-Palacios et al., 2011; Vanderpoorten et al.,
2007). The extinction of intermediate populations across Eurasia dis-
rupted connectivity between eastern and western lineages, with subse-
quent persistence and limited post-boreotropical stepping-stone
colonization shaping the divergence between them. This combination of
vicariance, episodic dispersal, and localized extinction ultimately led to
the emergence of two distinct species: W. radicans in the west and
W. unigemmata in the east.

Vicariance-driven speciation in ferns has been well documented,
especially in the context of biogeographic disjunctions between eastern
Asia and eastern North America (Kuo et al., 2020; Wen et al., 2016; Wolf
et al., 2001). However, intracontinental vicariance across the Northern
Hemisphere is less understood, probably due to elevated extinction rates
in western Eurasia (Milne and Abbott, 2002). In this sense, the Wood-
wardia disjunction represents one of the most extensive intracontinental
fragmentation patterns known in the Northern Hemisphere, with sister
species now separated by more than 5,000 km. Other plant disjunctions
across the Palearctic may similarly reflect remnants of pre-Quaternary
distributions. For instance, Rhododendron subsect. Pontica G.Don
(Milne, 2004) shows a fragmented distribution spanning SW Eurasia,
North America, Taiwan, and NE Asia, while being absent from mainland
SE Asia. Comparable patterns are observed in several fern lineages, such
as the Adiantum reniforme L. — A. nelumboides X.C.Zhang clade (Wang
et al., 2015), which exhibits a fragmented distribution spanning Maca-
ronesia, continental Africa, the Indian Ocean islands, and China. The
Stegnogramma Blume clade (Kuo et al., 2020) and the relictual distri-
bution of Osmunda regalis L. (Tsutsumi et al., 2021) provide further ex-
amples of such historical biogeographic patterns in ferns.

4.2. The role of climatic refugia following the fragmentation of the
paleotropical belt

The Plio-Pleistocene fragmentation of the paleotropical-affinity
lineage represented by W. radicans and W. unigemmata exemplifies the
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crucial role of climatic refugia in shaping plant distributions across
Eurasia. While W. unigemmata persisted in the relatively stable and
topographically complex montane forests of East Asia—an area recog-
nized as a major refugium for “Tertiary” flora—W. radicans became
confined to archipelagos and refugial areas in the Western Palearctic,
where paleotropical-affinity lineages faced more severe extinction
pressures (Milne and Abbott, 2002; Tiffney, 1985). This asymmetry re-
flects the contrasting climatic and geographic contexts of each region:
while East Asia maintained humid, forested environments at mid-
latitudes, similar vegetation in Western Eurasia became increasingly
restricted due to progressive aridification and glaciation. These changes,
combined with major dispersal barriers such as the Sahara Desert and
the Mediterranean Sea, further isolated western populations (Mairal
et al., 2015, 2017; Milne and Abbott, 2002; Postigo-Mijarra et al., 2009;
Tiffney, 1985). While most paleotropical lineages, such as laurel-leafed
oaks, were lost to climatic shifts (Milne and Abbott, 2002; Barron,
2003), some adapted (Kondraskov et al., 2015; Sanz-Arnal et al., 2022)
or persisted in climatically stable refugia, particularly in the Atlantic
regions of the Iberian Peninsula and peripheral areas such as the Mac-
aronesian Islands (Fernandez-Palacios et al., 2011; Kondraskov et al.,
2015; Schuler et al., 2021; Suéarez-Santiago et al., 2024).

Although W. radicans and its sister species W. unigemmata diverged in
the Pliocene or early Pleistocene (Figs. 3, 6), the crown age of
W. radicans itself was estimated in the Pleistocene, less than 0.7 Ma, with
the Macaronesian populations from Madeira representing the earliest-
diverging lineages. Long branches between sister species have previ-
ously been interpreted as evidence of extinction among intermediate
populations (Antonelli and Sanmartin, 2011; Coello et al., 2024; Mairal
etal., 2015), a process that may also be contributing to the low marginal
probabilities observed for the ancestral range of the lineage (Fig. 6).
Thus, our results are consistent with high extinction in continental
W. radicans — W. unigemmata populations, alongside long-term persis-
tence in stable microclimates. It is likely that W. radicans populations
became extinct across much of the Western Palearctic during the Plio-
cene or early Pleistocene, persisting in Macaronesian refugia from which
they later recolonized parts of the European mainland. Within Maca-
ronesia, we found complex phylogenetic patterns. For example, the
placement of some populations from the central Canary Islands (Ten-
erife, Gran Canaria) was only weakly supported, suggesting possible
ancient population structure or secondary colonization events within
the archipelago. Similarly, the exclusion of Azorean populations from
the main dated tree reflects a technical decision related to their lower
data completeness rather than any deep phylogenetic distinctiveness;
when included, Azorean samples form a well-supported subclade (BS ~
88%) within the Canary + Western Palearctic cluster (Fig. S3). These
uncertainties do not affect the biogeographic inference of a continental
recolonization from Macaronesia, which remains robust across analyses.
Colonization across Macaronesia may have been facilitated by the large
number of palaeo-islands that existed between these archipelagos,
potentially acting as stepping stones (Fernandez-Palacios et al., 2011;
Rijsdijk et al., 2014; Vitales et al., 2023). Additionally, abiotic and biotic
factors—such as the islands’ greater climatic stability, along with the
clonal reproduction and mixed breeding system of W. radicans—likely
favored both the colonization and long-term persistence of Maca-
ronesian populations, as has been suggested for other paleotropical fern
lineages (Schuler et al., 2021; Suarez-Santiago et al., 2024). In line with
this, Macaronesian populations of W. radicans exhibit higher levels of
genetic diversity than their continental counterparts, and a combination
of early-diverging and later-diverging branches indicating a long-term
process of lineage divergence in these archipelagos (Patino et al.,
2015; Schuler et al., 2021). Furthermore, environmental niche re-
constructions are consistent with long-term persistence of W. radicans in
Macaronesian archipelagos (including Madeira, the Azores and the Ca-
nary Islands) since at least the mid-Pleistocene (Fig. 7b), and more
limited and fluctuating suitability in continental areas (Fig. 7), except
for a stable suitability along the Iberian Atlantic coast.

14

Molecular Phylogenetics and Evolution 219 (2026) 108551

The ancestral range reconstruction (Fig. 6) supports a west-to-east
recolonization of W. radicans during the late Quaternary, originating
in Macaronesia and expanding into various continental regions and
Mediterranean islands. In our BIB analysis, posterior probabilities for
ancestral ranges were generally low at deeper nodes, reflecting the high
uncertainty typical of model-based biogeographic reconstructions (Ree
and Smith, 2008; Matzke, 2013). Accordingly, no single ancestral area
can be confidently inferred at these nodes. Nevertheless, the probability
for a Macaronesian origin of the W. radicans crown (0.76) represents a
moderately well-supported estimate within this analytical framework.
Populations appear to have first recolonized Atlantic Iberia from Mac-
aronesia, and subsequently dispersed into other parts of the Mediterra-
nean Basin, including the Italian Peninsula, Corsica, Sicily, and Crete
(Fig. 6). The role of Macaronesia as a refuge and source of relict pale-
otropical biodiversity has long been argued (Fernandez-Palacios et al.,
2011). However, alternative but compatible scenarios, such as ancient
population structure followed by differential extinction or incomplete
lineage sorting among refugial lineages, could also have contributed to
the observed patterns.

A relictual status in Macaronesia has been suggested for other fern
species such as Adiantum reniforme (Wang et al., 2015), Diplazium cau-
datum (Schuler et al., 2021), and Culcita macrocarpa (Suarez-Santiago
et al., 2024). In these species, continental populations experienced ge-
netic  bottlenecks—sometimes leading to extinction, as in
D. caudatum—during the Last Glacial Maximum, whereas island pop-
ulations in the Macaronesian archipelagos persisted and retained higher
genetic diversity. This pattern is well documented in D. caudatum
(Schuler et al., 2021) and C. macrocarpa (Suarez-Santiago et al., 2024),
and aligns with our findings in W. radicans. This species exhibits
markedly higher genetic diversity in Macaronesian populations
compared to their continental counterparts, consistent with long-term
persistence, highlighting historical connectivity. These results support
the hypothesis that Macaronesian islands acted as critical glacial refugia
for paleotropical-affinity fern lineages, with subsequent recolonization
of continental areas, primarily in the last million years. Other taxa
exhibit similar island-continent dynamics—although with differences in
temporal scales and inferred by different molecular markers and meth-
ods—and together provide comparative evidence for back-colonization
rather than simple refugial persistence (Table 4). This recolonization
was likely facilitated by the high dispersal capacity of fern spores (Wolf
etal., 2001). Wind-driven dispersal from Macaronesia to the continent is
a plausible mechanism, as suggested by prevailing westerly airflow
patterns during Pleistocene climatic oscillations (Rognon and
Coudé-Gaussen, 1996; Uriarte Cantolla, 2003), although direct evidence
is not available.

These findings challenge the traditional view that continental en-
claves acted as ancient pre-Quaternary, or “Tertiary,” refugia for
paleotropical-affinity taxa such as W. radicans (Pichi-Sermolli, 1979).
While it remains plausible that W. radicans inhabited these enclaves
during the Plio-Pleistocene, the genetic and biogeographic evidence
suggests that such populations were subsequently lost to extinction and
replaced by more recent recolonization events from Macaronesia.
Nevertheless, additional lines of evidence—such as the presence of
W. radicans along the Atlantic coast of the Iberian Peninsula throughout
the late Quaternary, even before the Last Interglacial (Fig. 7c-g)—
indicate that at least some continental populations may have persisted as
relicts through more recent climatic fluctuations.

5. Conclusions

Our study supports the hypothesized fragmentation of an ancient
belt of paleotropical flora that facilitated biotic exchange across the
Northern Hemisphere. The current distribution of Woodwardioideae is
consistent with a vicariance-driven speciation process shaped by his-
torical climatic shifts. Notably, we identified intracontinental vicariance
on both sides of Eurasia between W. radicans and W. unigemmata during
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Table 4

Examples of organisms providing evidence of intraspecific diversity refugia in
Macaronesia, with a potential subsequent recolonization of continental areas. In
the third column, the crown age is provided when back-colonization age is not
available.

Organism Molecular data Crown age / Reference
back-
colonization age
Bituminaria Chloroplast DNA 1.02 Ma Garcfa-Verdugo
bituminosa (L.) C. and (0.31-2.06) et al., 2021
H.Stirt. microsatellites
Convolvulus ITS — Carine et al.,
fernandesii P.Silva 2004
& Teles
Culcita macrocarpa Chloroplast DNA - Suarez-
C.Presl and Santiago et al.,
microsatellites 2024
Diplazium caudatum Microsatellites <0.98 Ma Schuler et al.,
(Cav.) Jermy 2021
Euphorbia HybSeq 0.72 Ma, 0.83 Ma  Rincon-Barrado
balsamifera Aiton et al., 2024
Fissidens serrulatus Chloroplast DNA Middle Patino et al.,
Brid. and nuclear DNA Pleistocene 2015
loci
Platyhypnidium Microsatellites Post-Glacial Hutsemékers
riparioides Maximum etal., 2011
(Hedw.) Dixon
Radula Chloroplast DNA Post-Glacial Laenen et al.,
lindenbergiana Maximum 2011
Gottsche ex C.
Hartm.
Several Atlantic Chloroplast DNA Late Pleistocene Patino et al.,
Bryophytes and nuclear DNA 2015
loci

the Pliocene-Pleistocene, where intermediate populations went extinct,
leaving these species confined to the opposing ends of Eurasia, within
refugial remnants of paleotropical-affinity (lauroid) forests. In the
western part of the distribution, continental populations of W. radicans
probably went extinct, retreating to Macaronesian archipelagos, from
where they recolonized small European continental enclaves in the late
Pleistocene. These findings underscore the role of peripheral islands as
both crucial reservoirs of diversity for paleotropical-affinity relicts once
widespread across the continent, as well as important sources of genetic
diversity for continental enclaves. The conservation of Macaronesian
refugia is therefore critical for preserving these unique lineages. Simi-
larly, continental refugia, though more recent, hold significant conser-
vation value as they harbor the last continental populations of ancient
lineages severely threatened by climate change. The extinction debt
impacting subtropical flora (Mairal et al., 2018) is likely to extend to
paleotropical-affinity lineages, highlighting the urgent need for proac-
tive conservation efforts to protect these ecosystems in the face of
ongoing threats of climate change and habitat alteration. We emphasize
the importance of integrating both historical and contemporary climatic
dynamics into conservation strategies to effectively preserve the unique
biodiversity of paleotropical-affinity lineages.
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