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Abstract Inferring general biogeographic patterns in the sub‐Antarctic region has been challenging due to the
disparate geological origins of its islands and archipelagos—ranging from Gondwanan fragments to uplifted seafloor and
more recently formed volcanic islands—and the remoteness of these island systems, spread around the austral
continental landmasses. Here, we conduct phylogenetic reconstruction, divergence time estimation, and Bayesian Island
Biogeographic analyses to reconstruct the spatio–temporal colonization histories of seven vascular plant lineages, which
are either widespread across the sub‐Antarctic region (Acaena magellanica, Austroblechnum penna‐marina, Azorella selago,
Notogrammitis crassior) or restricted to an extremely remote sub‐Antarctic province (Colobanthus kerguelensis,
Polystichum marionense, Pringlea antiscorbutica). Our results reveal high biological connectivity within the sub‐Antarctic
region, with southern landmasses (Australia, New Zealand, South America) as key sources of sub‐Antarctic plant diversity
since the Miocene, supporting long‐distance dispersal as the primary colonization mechanism rather than tectonic
vicariance. Despite the geographic isolation of the sub‐Antarctic islands, eastward and westward colonization events
have maintained this connectivity, likely facilitated by eastward‐moving marine and wind currents, short‐term weather
systems, and/or dispersal by birds. Divergence time estimates indicate that most species diverged within the
Plio–Pleistocene, with crown ages predating the Last Glacial Maximum, suggesting that sub‐Antarctic archipelagos acted
as refuges for biodiversity. Our findings highlight the role of one of the most remote sub‐Antarctic archipelagos as both a
refugium and a source of (re)colonization for continental regions. These results underscore the urgent need for
establishing priority conservation plans in the sub‐Antarctic, particularly in the face of climate change.

Key words: austral biogeography, island colonization, long‐distance dispersal, phylogenetics, sub‐Antarctic islands.

1 Introduction
The sub‐Antarctic islands harbor a rich diversity of endemic
species, which have been the subject of significant debate
over decades (Hooker & Fitch, 1844; Convey, 2007). Central
to this debate are disagreements concerning the roles of
dispersal (time, direction, mode) versus geotectonic vicar-

iance in shaping the biogeography of the Southern Hemi-
sphere (Moseley, 1879; Darlington, 1959; Muñoz et al., 2004;
Sanmartín et al., 2007; Burridge et al., 2012; Winkworth
et al., 2015; Crowl et al., 2016; Testo et al., 2018; Baker
et al., 2020). Phylogenetic analyses provide a useful tool to
address these knowledge gaps or to test biogeographic
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hypotheses. However, clarification of biogeographic patterns
in the Southern Hemisphere remains challenging due to the
difficulties in achieving comprehensive taxon sampling across
species distributed on disjunct tectonic elements, separated
by large ocean basins, or in extremely remote and isolated
archipelagos (Moon et al., 2017).
The sub‐Antarctic islands are located amidst the primary

continental plates of the Southern Hemisphere, positioned
between the latitudes of 40°S and 54°S (Fig. 1). Their geographic
isolation from major continental landmasses has made these
islands some of the last pristine ecosystems remaining on the
planet, although they now face significant threats stemming
from biological invasions (Frenot et al., 2005; Le Roux
et al., 2020; Mairal et al., 2022, 2023) and climate change
(Smith, 2002; Nel et al., 2023). The location of these islands
between the Subtropical Convergence and the Antarctic Polar
Front (Fig. 1) places them in the direct trajectory of major wind
(West Wind Drift [WWD]) and water (Antarctic Circumpolar
Current [ACC]) currents. Exactly when the ACC and WWD
established, with their prevailing west‐to‐east flow, is still
debated; some authors suggest a late Oligocene origin (c.
24million years (My); Pfuhl & McCave, 2005), while others
suggest an earlier time frame (e.g., Sarkar et al., 2019),
coincident with the opening of the Drake Passage and the
Tasman Gateway during the Oligocene (28–34My; Livermore
et al., 2007; Sanmartín et al., 2007; Bahr et al., 2022). The ACC
and the parallel atmospheric circulation of the WWD have been
highlighted as drivers of unidirectional dispersal in plants and
small animals (Breitwieser et al., 1999; Swenson et al., 2001;
Muñoz et al., 2004; Sanmartín & Ronquist, 2004). Yet, several
studies have suggested that these circumpolar currents do not
impose absolute constraints in dispersal direction, and that
westward migration is possible via alternative dispersal
mechanisms, such as bird dispersal (Weimerskirch et al., 1985;
Winkworth et al., 2002; Sanmartín et al., 2007; Deppe, 2012).
Another interesting characteristic of the sub‐Antarctic

islands is their widely varying geological ages. For example,
South Georgia and the Falkland Islands/Islas Malvinas are
“ancient” islands. These landmasses originated from frag-
ments that broke off from the Gondwanan supercontinent.
Geological reconstructions suggest that the isolation of South
Georgia began around 30–35My ago, as part of the breakup
between the Antarctic Peninsula and southern South America,
to which it was closely connected at the time, while the
Falkland Islands were originally geologically associated with
southern Africa (Ramos et al., 2017). In contrast, other sub‐
Antarctic islands of volcanic origin, such as Prince Edward
Islands, were formed more recently (<1 My, Convey, 2007;
Quilty, 2007). This long and complex geological history of the
sub‐Antarctic islands is hypothesized to have played a key
role in maintaining biotic connectivity among the southern
continental landmasses of Africa, Australia, New Zealand, and
South America over time, likely through extreme long‐distance
dispersal (Moon et al., 2017; Smith et al., 2018).
The various geological ages of the sub‐Antarctic islands,

coupled with the presence of directional ocean and wind
currents, have led to different hypotheses regarding the
diversification and colonization histories of terrestrial organisms
in these insular systems (Fig. 1B). The current practice in
historical biogeography is to consider both tectonic vicariance
and dispersal to explain patterns of extant diversity in the

Southern Hemisphere (Waters, 2008; Sanmartín, 2012; Lopes
et al., 2024). In the case of the sub‐Antarctic islands, some
detached continental fragments, such as South Georgia
(30–35My), Falkland Islands (>120My; Ramos et al., 2017), and
the Kerguelen Archipelago (25–39My), have existed for over
tens of millions of years (Fig. 1A). It is thus possible that these
“ancient islands” have harbored currently endemic sub‐Antarctic
lineages over millions of years. Some authors (Convey, 2007;
Fraser et al., 2009, 2012; Convey et al., 2020) have hypothesized
that these ancient islands could have acted as refugia for
lineages that have remained isolated since at least the Plio–
Pleistocene or even earlier (Fig. 1B). The “refugia hypothesis”
(Table 1) posits that some sub‐Antarctic islands, such as
Gondwana‐derived fragments and ancient archipelagos, acted
as refugia for species or lineages that migrated to these regions
before or during the Pleistocene glaciations and geographically
persisted in ice‐free areas on these islands during the
Quaternary (Convey, 2007; Fraser et al., 2009, 2012; Convey
et al., 2020). These taxa, or their ancestors, likely migrated from
the nearby continental landmasses, for example, from southern
South America to South Georgia or the Falkland Islands. These
migration events did not necessarily involve large‐scale long‐
distance dispersal; they could have occurred through stepping‐
stone dispersal or, if old enough, through land dispersal,
followed by tectonic vicariance (Michaux & Leschen, 2005). The
opposing “recent (re)colonization hypothesis” (Table 1) posits
that most colonization events in the sub‐Antarctic islands
occurred in more recent times, after the Pleistocene glaciations
(e.g., Mortimer et al., 2011; Fraser et al., 2012). Convey (2007)
hypothesized that sub‐Antarctic islands of recent origin, such as
the volcanic Marion Island and the uplifted seafloor of
Macquarie Island (both less than 1My old), or those ancient
islands significantly affected by the most recent glaciations, like
Heard Island, likely acted as sinks for colonization events that
postdate the Pleistocene glaciations. These hypotheses can be
tested by inferring the age of the earliest colonization events
that gave rise to the extant populations of each endemic sub‐
Antarctic species. The recent (re)colonization hypothesis would
be supported if this age postdates the Pleistocene glaciations,
whereas an inferred age that predates or falls within the
Pleistocene glaciations would support the refugia hypothesis.
Regarding the directionality of dispersal events, the “aniso-

tropic hypothesis” (Fig. 1B; Table 1) postulates that the direction
of colonization events follows the prevailing west‐to‐east ocean
and wind currents, the ACC and WWD. Supporting evidence for
this hypothesis comes from biogeographic reconstructions and
phylogenetic data (Breitwieser et al., 1999; Swenson et al., 2001;
Muñoz et al., 2004; Sanmartín & Ronquist, 2004; Bergstrom
et al., 2006; Sanmartín et al., 2007). Conversely, the “isotropic
hypothesis” (Fig. 1B; Table 1) postulates that colonization may
also occur against the prevailing currents, that is, east‐to‐west.
Alternative dispersal mechanisms, such as zoochory, easterly
anticyclones, or stepping‐stone dispersal via island arc ridges or
submerged plateaus (e.g., the Kerguelen or the Campbell
Plateaus), might explain such isotropic dispersal events
(Breitwieser et al., 1999; Swenson et al., 2001; Sanmartín &
Ronquist, 2004; Moon et al., 2017). Distinguishing between these
two hypotheses requires inferences of the timing and direction
of dispersal events, for example, through biogeographic
analysis. It is important to note the challenge of identifying
and separating shorter countercurrent dispersal events from
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Fig. 1. Maps representing the Southern Hemisphere. A, Showing sub‐Antarctic delimitation by the Sub‐Tropical Convergence
(STC) and the Antarctic Polar Front (APF). Gondwanan continental fragments are represented by red circles. The names and
ages in million years (Hall, 2004; Convey, 2007; Quilty, 2007) of the principal sub‐Antarctic islands and archipelagos are
detailed. There are two types of volcanic islands: recent (0.45–9My) or ancient (20–40My). Black arrows represent the
direction of the wind (West Wind Drift, WWD) and marine (Antarctic Circumpolar Current, ACC) currents that flow west to east
around Antarctica. The pink ellipse delineates the Southern Indian Ocean Biogeographic Province (SIOBP). B, Outlining the
main hypotheses to explain biotic assembly in the sub‐Antarctic region, regarding (left) the geological age of the islands/
continental fragments in relation to the age of colonization events (long‐term refugia versus recent colonization) and (right)
the direction of colonization events (isotropic versus anisotropic dispersal events). Orange and purple arrows represent
anisotropic and isotropic dispersal directions, respectively. Abbreviations: A, Amsterdam Island; AN, Antipodes Island; AK,
Auckland Island; AU, Australia; C, Crozet Islands; CA, Campbell Island; F, Falkland Islands; H, Heard Island; K, Kerguelen
Archipelago; MA, Macquarie Island; MI, Marion Island; NZ, New Zealand; PE, Prince Edward Island; SA, South America; SG,
South Georgia; T, Tristan da Cunha group.
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long‐distance dispersal events that may circulate nearly or
entirely around the globe.
In order to test the hypotheses outlined above, multi‐clade

studies of a wide range of organisms are needed, including
organisms with different temporal origins and dispersal
strategies. This approach will allow for the distinction of
general biogeographic patterns from organism‐specific ones
(Sanmartín et al., 2008; Whittaker et al., 2017). The intrinsic
features of the sub‐Antarctic islands, such as their small sizes
and geographic isolation, pose significant challenges for
conducting such studies aimed at disentangling their biogeo-
graphic histories, and by extension, austral biogeography. In
this study, we selected seven vascular plant species (Fig. 2)
representing various evolutionary lineages (fern and angio-
sperm species from different families) and showing varying
distributional ranges and dispersal mechanisms (Table S1).
Species with wide distributions across the southern latitudes,
including those found on both sub‐Antarctic islands and
nearby continental landmasses (hereafter referred to as
“widespread species”), may offer valuable insights into the
historical connections among Southern Hemisphere land-
masses and the processes that have influenced them
(Sanmartín et al., 2007). Conversely, species with restricted
geographic distributions—that is, those endemic to one or a
few islands or archipelagos (hereafter referred to as
“restricted species”), can help us to explore which
hypothesized dispersal barriers have been key in shaping

geographic patterns within the region (Sanmartín et al., 2008;
Moon et al., 2017). Taxon sampling in our study encompassed
four widespread species (Figs. 2A–2D; Table S1): the
angiosperm (Eudicotyledon) species Acaena magellanica
(Lam.) Vahl (Rosaceae) and Azorella selago Hook.f.
(Apiaceae), and the fern species Austroblechnum penna‐
marina (Poir.) Gasper & V.A.O. Dittrich (Blechnaceae) and
Notogrammitis crassior (Kirk) Parris (Polypodiaceae), as well
as three restricted species (Fig. 2E; Table S1): the eudicots
Colobanthus kerguelensis Hook.f. (Caryophyllaceae) and
Pringlea antiscorbutica R. Br. ex Hook.f (Brassicaceae), and
the fern Polystichum marionense Alston & Schelpe
(Dryopteridaceae). The restricted species are distributed
exclusively in the four archipelagos of the “Southern Indian
Ocean Biogeographic Province” (SIOBP, pink ellipse in
Fig. 1A): the Prince Edward Archipelago (PEA, Prince Edward
and Marion Islands), Crozet Islands, the Kerguelen Archipe-
lago, and Heard Island (which also includes Macdonald
Island). The SIOBP stands out as one of the most remote
insular regions globally, with limited natural colonization
opportunities from continental sources (Fig. 1A). It is located
midway between the southern continental landmasses of
Australia–New Zealand and South America and is thus
subject to the influence of the ACC and WWD currents. For
instance, only a few vascular plant species have managed to
colonize and establish on the PEA, which support just 21
native vascular plant species (Chau et al., 2020). In addition

Table 1 Summary of the four main hypotheses underlying the origin and direction of colonization of the sub‐Antarctic

Hypotheses References Predictions Support

Geological age
Refugia Convey, 2007; Fraser

et al., 2009, 2012; Convey
et al., 2020

The sub‐Antarctic islands acted as
refugia for species that

migrated to these regions
before or during the

Pleistocene glaciations, and
geographically persisted in ice‐
free areas on these islands
during the Quaternary.

The age of the first colonization
event by the endemic sub‐
Antarctic species falls within
or predates the onset of the

Pleistocene glaciations.

Recent (Re)
Colonization

Convey, 2007; Mortimer
et al., 2011; Fraser et al., 2012;

Mairal et al., 2023

The sub‐Antarctic islands acted as
sinks of recent colonization
events that took place after
the Pleistocene glaciations.

The age of the first colonization
event by the endemic sub‐
Antarctic species postdates

the last Pleistocene
glaciation.

Directionality
Anisotropic Breitwieser et al., 1999; Swenson

et al., 2001; Muñoz et al., 2004;
Sanmartín & Ronquist, 2004;

Moon et al., 2017

The direction of colonization
events follows the west‐to‐east

prevailing ocean and wind
currents.

Phylogenetic data and
circumstantial evidence
support west‐to‐east
colonization events by

means of the long‐persistent
ACC and WWD currents.

Isotropic Weimerskirch et al., 1985;
Winkworth et al., 2002;
Sanmartín et al., 2007

The direction of colonization
events was predominantly
against the west‐to‐east
prevailing ocean and wind

currents.

Other dispersal mechanisms,
such as zoochory, easterly
anticyclones, or stepping‐
stone dispersal via island
ridges or submerged
plateaus, explain these

dispersal events.
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to variation in their distributions, the plant species that we
selected also represent a diverse array of dispersal
strategies, including anemochory, hydrochory, and zoochory
(Table S1). Another criterion for species selection was the
availability of molecular data; the seven selected species and/
or their closest relatives are well represented in online
repositories (e.g., GenBank; Appendix S1). Some of these
species have been subject to recent phylogeographic studies
(Chau et al., 2020).
Using our taxonomically and geographically diverse

species data set, our aims were to (i) reconstruct the
biogeographic history of the seven sub‐Antarctic plant
lineages; (ii) infer general patterns of vascular plant
distribution across the sub‐Antarctic region; and (iii) explore
possible explanatory processes, including ancient vicariance,
geographic persistence, and dispersal across barriers and, for
the latter, the timing and direction of dispersal events.
Additionally, we explored whether differences in biogeo-
graphic patterns exist between widespread and geograph-
ically restricted species. Our overarching objective was
to examine phylogenetic support (both temporal and spatial)
for alternative hypotheses that have been postulated

to explain floristic assembly in the sub‐Antarctic region
(Table 1; Fig. 1B).

2 Material and Methods
2.1 Taxon sampling and DNA sequencing
Access to the sub‐Antarctic archipelagos is restricted and
only possible with the support of national Antarctic
programs, international consortia, and governments with
sovereign authority. Due to these constraints, we obtained
DNA sequencing data for our selected plant species from
various sources. First, plant tissue samples were collected
during field expeditions conducted by some of the authors of
this study and their collaborators between 2008 and 2018.
This included material obtained from expeditions to South
Georgia, Kerguelen, Crozet, and Macquarie, and annual
expeditions to the PEA (e.g., Chau et al., 2020; Mairal
et al., 2023).
This study focuses on seven target species (Table S1):

Acaena magellanica, Austroblechnum penna‐marina, Azorella
selago, Colobanthus kerguelensis, Notogrammitis crassior,

Fig. 2. Maps representing the distribution of the sub‐Antarctic species that were included in this study. Widespread species: A,
Acaena magellanica (Lam.) Vahl. B, Austroblechnum penna‐marina (Poir.) Gasper & V.A.O. Dittrich. C, Azorella selago Hook.f. D,
Notogrammitis crassior (Kirk) Parris. Restricted species to the Southern Indian Ocean Biogeographic Province (SIOBP): E,
Colobanthus kerguelensis Hook.f.; Pringlea antiscorbutica R. Br. ex Hook.f.; and Polystichum marionense Alston & Schelpe.
Outlined areas in black represent sampled locations. Abbreviations: A, Amsterdam Island; AN, Antipodes Island; AK, Auckland
Island; AU, Australia; CA, Campbell Island; C, Crozet Islands; F, Falkland Islands; H, Heard Island; K, Kerguelen Archipelago; MA,
Macquarie Island; MI, Marion Island; NZ, New Zealand; PE, Prince Edward Island; SA, South America; SG, South Georgia; T,
Tristan da Cunha Group.
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Polystichum marionense, and Pringlea antiscorbutica. Nomen-
clature follows POWO (Plants of the World Online: https://
powo.science.kew.org/) for angiosperms and PPG‐I (2016) for
ferns. Other species were initially considered, including the
monocotyledonous species Carex dikei (Nelmes) K.L. Wilson,
Juncus scheuchzerioides Gaudich., Poa cookii (Hook.f.)
Hook.f., and Polypogon magellanicus (Lam.) Finot. However,
the primary reasons for not including these species in our
analyses are that they did not have an extended taxon
sampling (few available individuals) and/or because of the
low clade‐level resolution observed in available phylogenetic
analyses, which often resulted in polytomies with sister
species (e.g., Carex dikei and other related species from
North America, García‐Moro et al., 2021).
For the seven target species for which we collected

material, DNA extractions were conducted from leaf tissue of
silica‐dried samples using the NORGEN Biotech kit (Canada)
following the manufacturer's protocol. The Tissuelyser LT
instrument was used to finely mill tissue samples. The DNA
concentration and purity of all extractions were assessed
using a Nanodrop (Thermo Scientific; Table S2). We
generated DNA sequences for one nuclear region, the
Internal Transcribed Spacers ITS1 and ITS2, and four plastid
regions, maturase K (matK), ribulose‐1,5‐bisphosphate car-
boxylase/oxygenase large subunit (rbcL), ribosomal protein
S4 gene (rps4) and tRNA‐Ser intragenic space (trnS‐rps4), and
tRNA‐Leu and tRNA‐Phe intragenic space (trnL‐trnF) gene.
These gene regions were chosen based on their use in
published studies on our target species [Zhang et al. (2017)
and Jauregui‐Lazo & Potter (2021) for A. magellanica; Gasper
et al. (2017) for A. penna‐marina; Andersson et al. (2006) and
Nicolas & Plunkett (2012) for A. selago; Fior et al. (2006) and
Biersma et al. (2020) for C. kerguelensis; Ranker et al. (2004)
for N. crassior; and Bartish et al. (2012) for P. antiscorbutica]
and their routine use in plant systematics; for example,
rps4‐trnS and trnL‐trnF are frequently used in studies on ferns
(Trewick et al., 2002; Shaw et al., 2005). All PCR reactions
were performed using commercial semi‐automated kits from
nzytech®, amplified using a thermal cycler Sensequest
(Labcycler, Portugal) and purified with the QIAquick PCR
Purification kit (Macherey‐Nagel, Germany). Conditions for
the PCR protocol for each gene region are provided in
Tables S3, S4. Sequencing was carried out by Eurofins
Genomics. We verified the quality of the electropherograms
of each sequence using Geneious 11.0.4 software (www.
geneious.com/). Individual reads (forward and reverse
sequences) were aligned using the software MEGA X (Kumar
et al., 2018) to generate a consensus sequence per sample. In
total, we generated 141 consensus sequences: 52 for A.
magellanica (26 for ITS1‐ITS2 and 26 for matK), 57 for A.
selago (28 for matK and 29 for rbcL), seven for N. crassior
(five for trnL‐trnF and two for trnS‐rps4), 12 for P. marionense
(five for trnL‐trnF and seven for trnS‐rps4), and 13 for P.
antiscorbutica (six for ITS1‐ITS2 and seven for trnL‐trnF).
We supplemented our genetic data through a compre-

hensive search for available DNA sequencing data in the
GenBank online repository (https://www.ncbi.nlm.nih.gov/
genbank/), resulting in 48 additional sequences: eight for A.
penna‐marina (five for rbcL and three for trnS‐rps4), eight for
C. kerguelensis (four for ITS1‐ITS2 and four for atpB‐rbcL), 21
for N. crassior (eight for rbcL, four for trnL‐trnF, three for

trnS‐rps4, and six for atpB), and 11 for P. antiscorbutica (four
for ITS1‐ITS2 and seven for trnL‐trnF). The final database was
representative of the distributional ranges of the seven
species: for the widespread taxa A. magellanica, A. penna‐
marina, A. selago, and N. crassior (Figs. 2A–2D), our samples
covered both the sub‐Antarctic islands and the adjacent
continental landmasses; for the restricted species C.
kerguelensis, P. marionense, and P. antiscorbutica (Fig. 2E),
our sampling spanned their distribution across the SIOBP
islands, with some exceptions (Fig. 2E).
For outgroup taxa, we selected species that have been

inferred to be closely related to our seven target species in
recent molecular phylogenetic studies. We conducted an
extensive literature search to find the most comprehensive
phylogenetic hypotheses that included our study species. Ap-
pendix S1 provides more details on outgroup species,
collectors' names, GenBank accession numbers (when
applicable), and geo‐referenced coordinates of the samples
(when available). In the case of P. marionense, we used a
different approach. Since this species had never been
included in a published phylogenetic study, we conducted a
BLAST search to identify sequences of Polystichum species
that were most closely related to those that we generated
for P. marionense. We downloaded 12 DNA sequences from
GenBank generated in a recent study of phylogenetic
relationships and divergence times in the genus Polystichum
(Le Péchon et al., 2016) and aligned them with our sequences
of P. marionense. This allowed us to generate a preliminary
phylogenetic hypothesis to ascertain the phylogenetic
placement of this species within Polystichum and also to
provide calibration points for phylogenetic dating (see
below).
In total, our data set contained 48 GenBank sequences for

the target species and 82 sequences for the outgroup taxa
(Appendix S1); these published sequences were combined
with the 141 sequences generated in this study.

2.2 Phylogenetic inference and divergence time estimation
DNA sequences were aligned separately for each gene region
in MEGA X (www.ebi.ac.uk/tools/msa/muscle) using the
multilocus alignment method MUSCLE. Phylogenetic rela-
tionships were inferred using Bayesian Inference (BI)
implemented in MrBayes v. 3.2.7 (Ronquist et al., 2012). We
used jModelTest v2.10 (Darriba et al., 2012) to select the best‐
fitting substitution model for each gene region for each
target species, using the Akaike Information Criterion (AIC).
For some gene regions, the selected models were not
available for implementation in MrBayes (e.g., TVM, TPM1uf,
TPM3uf, TrNef, TrN, TPM, TIM1). In these cases, we used the
next most complex model available (i.e., GTR). We first
reconstructed a phylogenetic tree for each individual gene
region and target species to check for topological
congruence and to identify statistically supported relation-
ships by examining the Bayesian consensus trees. Clade
posterior probability values were considered to provide
“high” nodal support when≥0.95 (Alfaro et al., 2003). No
incongruent clades with high support were found among the
individual gene trees. Therefore, we concatenated all
markers into a combined nuclear/plastid data set for each
target species and their associated outgroup taxa separately,
which was used for further analyses (Appendix S1; Table S5).
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For some species, we could only successfully sequence
plastid gene regions: A. penna‐marina (rbcL and rps4‐trnS), A.
selago (matK and rbcL), N. crassior (atpB, matK, rbcL and
trnL‐trnF), and P. marionense (trnL‐trnF and trnS‐rps4). For A.
magellanica, C. kerguelensis, and P. antiscorbutica, for which
we were able to obtain both nuclear and plastid gene
regions, we partitioned the data set by these two gene
regions prior to analyses. We ran MrBayes with four coupled
Markov Chains, one heated and three cold, using Metropolis
Hastings MCMC simulations, with one million generations
per chain; burn‐in was set to 25% of the posterior probability
sample. Parameter convergence was assessed using
the Potential Scale Reduction Factor (PSRF approximates
1.0) and the effective sampling size for each parameter
(ESS values> 200). The post‐burn‐in trees were summarized
into a 50% majority rule consensus tree with clade posterior
probabilities to approximate the posterior distribution of the
phylogeny, using the sumt command in MrBayes. The
resulting tree was visualized using FigTree v.1.4.4. (http://
tree.bio.ed.ac.uk/software/figtree/).
Divergence time estimates between lineages were inferred

using the Bayesian molecular clock methods implemented in
BEAST v.1.10.4 (Suchard et al., 2018). The tree and clock prior
were selected using Bayes Factor comparisons of the model
marginal likelihood; to compute the marginal likelihood values,
we used stepping‐stone and path‐sampling power posteriors
(Baele et al., 2013) implemented in BEAST (Table S6). We
compared a model with incomplete taxon sampling
(Gernhard, 2008) versus a coalescent model (Kingman, 1982),
and a strict clock model versus an uncorrelated log‐normal
relaxed clock model (UCLD; Drummond et al., 2006). Given
that no dated fossils are available for most of our target
species, we used secondary age calibrations obtained from
the published phylogenies reviewed above (Table S7). The
only exception was A. magellanica, for which we used two
fossils (Jauregui‐Lazo & Potter, 2021): a pollen fossil assigned
to the genus (5.0My; Stokes, 1988), which was used to
calibrate the MRCA (most recent common ancestor) of all
individuals (i.e., the Acaena crown‐age), and a fossil attributed
to Rosa germerensis (47.8My; Edelman, 1975; Zhang
et al., 2017), which was used to calibrate the Rosa‐Potentilla
clade in our analysis. For other parameters, we implemented
distribution priors that are commonly used in plant systematic
studies. Specifically, we applied a uniform prior from 10−6 to
10−1 per site My−1 for the parameter ucld.mean (Wolfe
et al., 1987), and assigned the GTR+ G model (Posada, 2009)
as the molecular evolutionary model for the concatenated
matrix. We ran an MCMC analysis with 108 generations,
sampling every 1000th generation. We used Tracer v.1.7.2
(Rambaut et al., 2018) to monitor adequate mixing and
convergence to the stationary distribution (i.e., ESS values>
200 for each parameter). A Maximum Clade Credibility (MCC)
tree was constructed using TreeAnnotator software (within
the BEAST software), after discarding 25% of trees as burn‐in.
The MCC tree was visualized in FigTree v.1.4.4 (http://tree.bio.
ed.ac.uk/software/figtree/).

2.3 Inferring general dispersal patterns using Bayesian
hierarchical models
We used the Bayesian Island Biogeographic (BIB) model
described by Sanmartín et al. (2008) to infer general patterns

of dispersal among the sub‐Antarctic islands and their
adjacent continental landmasses. This model is a hierarchical
Bayesian model with conditional dependencies between the
biogeographic and molecular parameters. It implements
range evolution as a continuous‐time Markov Chain (CTMC)
process in which transitions between discrete states, that is,
migration between single areas, are modeled through a
parameter representing time‐dependent migration rates.
These transition (migration rate) parameters are estimated
by Bayesian MCMC simulations from input data comprising
the original matrix of DNA sequences and the associated
distribution ranges for each taxon in the matrix (Sanmartín
et al., 2008). For this, we used the DNA matrices used for
phylogenetic dating in BEAST as the input data for the BIB
model, after excluding all outgroup taxa. In the case of A.
magellanica, we excluded the sample “SG4 CAR21” from
South Georgia, as this individual appeared as the sister group
of A. cylindristachya and outside the core Acaena clade in the
phylogenetic analysis (see Fig. 3A below). This exclusion was
based on the possibility that this individual may represent a
hybrid, as some studies have suggested that hybridization
may occur between Acaena taxa in South Georgia
(Walton, 1979; Jauregui‐Lazo & Potter, 2021).
Unlike most biogeographic models (Ree & Smith, 2008;

Matzke, 2022), BIB models do not require a fixed tree
topology and can infer phylogenetic relationships and
biogeographic parameters simultaneously. Using the hier-
archical Bayesian approach, molecular parameters can be
modeled individually for each target species, while biogeo-
graphic parameters (such as migration rates) are inferred
across species, allowing inferences of generalities about
dispersal processes (Sanmartín, 2021). Specifically, each
lineage/species in the analysis is assigned its own substitution
model prior, Birth–Death tree prior, and molecular‐clock
model prior (Sanmartín et al., 2008). The root age is also
modeled individually, that is, some species might be ancient
relictual taxa, while others may represent recent endemics.
Species can also vary in their dispersal dynamics, that is,
zoochorous plant species may have higher dispersal abilities
than anemochorous species, or widespread species may have
higher overall dispersal rates than endemic species (Arjona
et al., 2018). To address this biological variation, the BIB
model incorporates a tree height scaler, the “species‐specific
overall migration rate” (m), which is defined as the expected
number of dispersal events per number of substitution
events per unit time (Sanmartín et al., 2010).
In contrast to these species‐specific biological parameters,

the BIB model is shared across all taxa by implementing
hyperpriors for the dispersal rate parameters in the CTMC
process (Sanmartín et al., 2008; Sanmartín, 2022). These are,
first, the “carrying capacities” (π) of each island, which are
the stationary or equilibrium frequencies of the biogeo-
graphic states in the CTMC model. The carrying capacities in
the BIB process can be interpreted biologically as the
expected number of lineages/species that would be present
in each island if the dispersal process modeled by the CTMC
is allowed to run for a very long time without external
disturbances (Sanmartín, 2022). In other words, the
probability of arrival of a plant propagule on each island
depends only on the species‐specific overall migration rates
connecting the islands, assuming that these are constant
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over time (Sanmartín, 2022). The second type of parameter in
the CTMC model is the “relative dispersal rate” (r), which is
the rate of dispersal between every pair of islands,
normalized by the number of lineages at the start of the
process (i.e., the number of lineages sampled per island). Our
dispersal rates were normalized as the number of events
per unit of time per lineage and are, therefore, influenced by
the number of populations sampled in our study (Sanmartín
et al., 2008). If our taxon sampling does not accurately
represent the extant diversity, for example, if the Eastern
austral archipelagos (EAA) region (SIOBP+Macquarie) is
overrepresented in our data set, our estimates will be biased.
In the BIB model, carrying capacities represent the
proportion of the total number of lineages or sequenced
individuals expected to be found on each “island” under
equilibrium conditions. Carrying capacities are exclusively
informed by the modeled dispersal process and its stationary
state frequencies (Sanmartín et al., 2008). Consequently, we
do not anticipate finding a correlation between the number
of lineages and island area, as suggested by classical Island
Biogeography Theory (MacArthur & Wilson, 1967). It is
noteworthy that, although the EAA is the best‐sampled “BIB‐
island” in our data set (Appendix S1), this region, particularly
the SIOBP, also harbors the greatest diversity of sub‐
Antarctic endemics. The “EAA” in our model consists of up
to six archipelagos/islands (PEA, Macquarie, Crozet, Ker-
guelen, Heard, and Macquarie), and we aimed to represent
each of the sub‐Antarctic islands with at least one gene
region. The composite “EAA island” covers a large area, with
significant variation in geographic distances both among its
component islands and between these islands and the
continents. For instance, Macquarie Island is much closer
to New Zealand—and even more so to the New Zealand sub‐
Antarctic islands—than to Marion Island (Fig. 1A).
We also explored possible correlations between the BIB

parameters and abiotic factors traditionally associated with
dispersal in island biogeography (MacArthur & Wilson, 1967).
We tested the correlation between the relative dispersal
rates and the minimum inter‐island geographic distance using
the non‐parametric Spearman's rank statistical test. For this
test, we used the minimum ellipsoidal geographic distance
between the coastline of each landmass measured in
QGis 3.20.3, as follows: South America–Gondwanan Frag-
ments= 500 km, South America–EAA= 6667.62 km, South
America–Australia+New Zealand= 7713.18 km, Gondwanan
Fragments–EAA= 5009.46 km, Gondwanan Fragments–New
Zealand+ Australia = 9037.8 km, and EAA–New Zealand+
Australia= 1079.91 km. We also tested for significant corre-
lations between the carrying capacity and the area of the
four “BIB‐islands.” The latter was calculated by the target
areas shaping with polygons using the “ellipsoidal measure
areas” tool in QGis 3.20.3, based on the distribution of the
target species in the continental landmasses (South
American= 2 082 445.136 km2, Australia +New Zealand sub‐
Antarctic region= 1 028 991 km2) and considering Quilty's
(2007) area measures (EAA= 7830 km2 and Gondwanan
Fragments= 22 345 km2). Additionally, we performed a
Kruskal–Wallis non‐parametric analysis to test for differences
in the species‐specific overall migration rate between the
widespread and restricted species.

We implemented the BIB model in the Bayesian software
RevBayes (Höhna et al., 2016), using prespecified functions
for molecular characters. Carrying capacities were modeled
as Dirichlet priors with a broad concentration parameter=
1.0 (simplex) to incorporate uncertainty and lack of prior
information. As in Sanmartín et al. (2008), we modeled the
inter‐island relative dispersal rates as symmetric, which
implies that dispersal rates were equal in both directions.
These pairwise dispersal rates were also modeled as Dirichlet
priors (α= 1.0). We implemented independent GTR sub-
stitution models for each species, with simplex Dirichlet
priors for the four base stationary frequencies and the six
relative dispersal rates. The evolutionary clock rate for each
group was drawn from an exponential prior distribution with
expectation= 0.0003, based on the BEAST estimates
(10−4–10−3). The age of the root was drawn from an
exponential prior distribution with lambda= 0.6 (95%
credible set: 0.001–13.06My). This broad prior was chosen
to incorporate the variation in the crown age of the target
species, as estimated by our BEAST analysis. Additionally,
each target species was permitted to evolve under its own
net diversification rates (speciation minus extinction) and
turnover (the ratio of extinction to speciation). Net
diversification rates were modeled using a gamma distribu-
tion (shape= 0.2, rate= 1.0), spanning a broad range of rates
considered to be realistic for plants (95% credible set:
10−6–10−4My); the turnover or background extinction rate
was modeled with a uniform prior between 0 and 1. The
“overall migration” rate per target species (mi) was modeled
using individual and identically distributed gamma distribu-
tions with parameters (α= 0.5, β= 1.5), which generate a 50%
credible set for m between 0.036 and 0.43. We ran an MCMC
analysis with 104 generations, sampling from the priors
distributions to estimate the mean and 95% confidence
interval around the mean representing the posterior
probability distribution for each parameter in the model
(Sanmartín et al., 2008). We analyzed the results of the
common BIB model in R v.4.1.2 (R Core Team, 2022) using
graphics such as “box‐whisker” and “density” plots. These
were generated using the R packages base, graphics, and
coda (R Core Team, 2022), as well as the software Tracer.
Initial exploratory analyses revealed that we did not have

enough power to run every single island/archipelago or
continental landmass as an individual state in the CTMC
model, that is, we had 10 islands/landmasses resulting in the
same number of carrying capacity parameters (πi) and 45
pairwise dispersal rates (ri). We therefore reduced the
complexity of our data set by assigning biogeographic states
into four categories based on their geological history:
(0) South America: corresponding to the sub‐Antarctic region
of this continental landmass; (1) Gondwanan fragments:
corresponding to the Falkland Islands and South Georgia,
which are the remains of continental crust that broke away
from different parts of the Gondwanan supercontinent;
(2) EAA, comprising the sub‐Antarctic archipelagos included
in the SIOBP region and Macquarie Island; and (3) New
Zealand and Australia, encompassing New Zealand's sub‐
Antarctic region and a continental area in Australia that,
while not sub‐Antarctic, supports certain sub‐Antarctic
lineages (Fig. 2).
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To recover fine‐scale dispersal patterns, especially in
relation to timing and direction, we ran individual BIB models
on some of the target species for which we had more
comprehensive taxon sampling: the widespread species A.
magellanica and A. selago, and the SIOBP‐restricted species P.
antiscorbutica. We first pruned the outgroup taxa from the
time trees generated by BEAST and recoded the biogeo-
graphic states in the individual BIB models to capture finer‐
grain biogeographic patterns for these three species; we
used four states for A. selago (South America, SIOBP,
Falkland Islands, and Macquarie Island) and P. antiscorbutica
(Prince Edward, Marion, Crozet, Kerguelen and Heard
islands) and five states for A. magellanica (South America,
SIOBP, Falkland Islands, South Georgia, and Macquarie
Island). Similar to the multi‐clade BIB analysis, we modeled
carrying capacities and symmetric relative dispersal rates
through Dirichlet priors with α= 1.0. For the root age prior,
we used a more informative gamma prior, spanning the
mean value and 95% HPD interval estimated in the individual
BEAST analyses. All other priors were identical to those used
in the multi‐clade BIB analysis. To ensure that these
biogeographic models had a non‐zero likelihood and that
the MCMC started close to the estimated time tree, we used
the MCC tree estimated by BEAST as the initial tree in the BIB
analyses for each target species. We ran an MCMC analysis
with 100 000 generations, sampling every 10th generation.
For each MCMC sample, we recorded the joint posterior
probability of ancestral states at each node and of changes in
geographic state along each branch, estimated using a
“rejection‐free” stochastic mapping procedure (Freyman &
Höhna, 2018). We summarized ancestral states and branch
states from the joint posterior distribution as marginal
probabilities in the Maximum A Posteriori (MAP) tree,
discarding 25% of samples as burn‐in. The R packages
RevGadgets (Tribble et al., 2022) and ggplot (Wickham, 2011)
were used to plot these results. The scripts to run the
multiclade and individual BIB analyses in RevBayes are
available in the GitHub page (https://github.com/
isabelsanmartin/Scripts_RevBayes_SubAntarctic).

2.4 Haplotype network analyses of A. magellanica
Given that we investigated intraspecific genealogical
relationships with potential gene flow among populations,
we explored the possibility of reticulate relationships by
reconstructing haplotype networks based on the chloroplast
sequencing data. We only performed this analysis for A.
magellanica since this species had the most extensive
intrapopulation sampling in our data set. We removed
individual “SG4 CAR21” from this analysis due to its possible
hybrid origin (see Material and Methods above). We used the
pegas R package (R Core Team, 2022; Paradis, 2010) to
reconstruct the haplotype network. We first computed a
distance matrix from the aligned sequences, using the
dist.dna function and the RMST model. This model addresses
ambiguities caused by the order of sequences in the data set,
by randomizing the input order to produce alternative
linkages in the haplotype network (Paradis, 2018). The
number of randomizations required to reach convergence
is affected by the number of sequences and their length and
mutation rates, without considering indels (Paradis, 2018).
Therefore, we simulated different numbers of random-

izations (5, 10, 20, 50, 100) and sequences (50, 100, 500,
1000), using the original number of haplotypes (N= 9) and
sequence length (L= 1326); the mutation rate for the
different states (μ) was constrained using the same priors
as those in the Acaena BIB model. For the final analysis, we
selected five randomizations because this resulted in the
highest mean number of additional links across different
values of the number of sequences (Table S8). We replicated
this procedure up to four times to ensure convergence in the
minimum spanning trees (MSTs), which were next con-
solidated into a summary network with inferred links across
replications. To better understand the network structure, a
haplotype tree was estimated using the hclust function in the
stats R package (Murtagh & Legendre, 2014). This function
allows for the estimation of a hierarchical clustering of
haplotypes, represented as a dendrogram, and is based on a
matrix of mutational steps. Specifically, it represents the
number of mutational steps between haplotypes, calculated
as Euclidean distances. Finally, we used the pegas R package
to compute various genetic diversity metrics for each
archipelago, including the number of haplotypes (Hn),
nucleotide diversity (π), and haplotype diversity (Hd).

3 Results
3.1 Phylogenetic relationships and molecular dating
The species time trees inferred for the target species using
BEAST have been pruned for clarity by excluding outgroups
(Fig. 3). Complete phylogenetic trees, inferred with MrBayes
for each target species based on concatenated sequence
data sets (Figs. S1–S7), along with the complete dated trees
(Figs. S8–S14) are presented.
For Acaena, we recovered a highly supported (PP= 1)

group that included Cliffortia intermedia Harv., Acaena
cylindristachya Ruiz & Pav., and A. magellanica (Fig. S1). The
diversification of these three species was dated to the middle
Miocene period (13.37 My; HPD= 11.46–15.41; PP= 1; Fig. S8).
A. magellanica was reconstructed as polyphyletic, in agree-
ment with its complex evolutionary history involving both
polyploidy and hybridization processes (Walton & Greene,
1971; Walton, 1979, 1982; Jauregui‐Lazo & Potter, 2021).
Within the A. magellanica clade, the primary split reveals two
lineages: one clade with a single A. magellanica individual of
possible hybrid origin from South Georgia (“SG4 CAR21”)
that groups with A. cylindristachya and a second clade
containing all other A. magellanica individuals, dated in the
late Miocene (stem age: 5.71 My; HPD= 3.81–8.92; PP= 1;
Fig. 3A). The MRCA of this core A. magellanica clade
was dated in the late Miocene (crown‐age: 4.35 My;
HPD= 2.27–7.12; PP= 0.99; Fig. 3A). This node corresponds
to a split between a clade including two individuals from
Macquarie Island and one from South America, and the
remaining A. magellanica samples. The divergence between
South American and Macquarie Island individuals was dated
to the early Pleistocene (1.62 My; HPD= 0.17–4.03; PP= 1;
Fig. 3A). A second clade grouped the individuals of the
Falkland Islands and South America, with an intraspecific
divergence dated to the middle Pleistocene (0.56My;
HPD= 0.015–2.26; PP= 0.861; Fig. 3A); the sister group to
this clade contained subclades of varying geographic origin,
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including accessions from South America, South Georgia, and
the remaining sub‐Antarctic islands. However, this clade
(PP= 0.65) and the internal subclades did not receive
significant support (PP< 0.10).
For Austroblechnum, we recovered a monophyletic clade

(PP= 1; Fig. S2) comprising A. microphyllum (Goldm.) Gasper
& V.A.O. Dittrich, A. penna‐marina, and A. stoloniferum
(E.Fourn.) Gasper & V.A.O. Dittrich. The divergence of A.
penna‐marina from South American A. microphyllum was
dated to the Plio–Pleistocene (2.48 My; HPD= 0.89–4.57;
PP= 1; Fig. 3B). Intraspecific divergence within A. penna‐
marina started in the early Pleistocene, corresponding to the

split of a South American individual (1.89My; HPD=
0.63–3.57; PP= 1; Fig. 3B).
For Azorella, we recovered a well‐supported monophyletic

group containing all A. selago samples (PP= 1; Fig. S3). The
divergence of A. selago from South American A. monanthawas
dated to the middle Miocene (14.66My; HPD= 8.81–20.59;
PP= 1; Fig. 3C). The first intraspecific divergence in the A.
selago clade involved a Prince Edward Island accession in the
upper Pliocene (3.29My; HPD= 1.14–5.55; PP= 1; Fig. 3C).
For Colobanthus, we recovered a monophyletic clade

comprising all samples of C. apetalus, C. kerguelensis, and C.
quitensis (PP= 1; Fig. S4). We inferred the divergence

Fig. 3. Maximum clade credibility trees for each target group, depicting phylogenetic relationships and divergence times
estimated using BEAST. The trees have been pruned to include only the target sub‐Antarctic species and their closest relatives;
complete time‐calibrated trees for each group are provided in Figs. S8–S14. A, A. magellanica (Lam.) Vahl. B, A. penna‐marina
(Poir.) Gasper & V.A.O. Dittrich. C, A. selago Hook.f. D, C. kerguelensis Hook.f. E, N. crassior (Kirk) Parris. F, P. marionense Alston
& Schelpe. G, P. antiscorbutica R. Br. ex Hook.f. Green stars represent the fossil calibration points and orange stars represent
the secondary calibration points used in phylogenetic dating as listed in Table S7. See Appendix S1 for population codes.
Abbreviations: A, Amsterdam Island; AN, Antipodes Island; AK, Auckland Island; AU, Australia; CA, Campbell Island; C, Crozet
Islands; F, Falkland Islands; H, Heard Island; K, Kerguelen Archipelago; MA, Macquarie Island; MI, Marion Island; NZ, New
Zealand; PE, Prince Edward Island; SA, South America; SG, South Georgia; T, Tristan da Cunha Group.
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between C. apetalus, a species endemic to the southern
regions of Australia, New Zealand, and South America, and C.
kerguelensis, in the middle Pleistocene (0.33 My; HPD=
0.16–0.52; PP= 1; Fig. 3D). The first intraspecific divergence
in C. kerguelensis occurred in the late Pleistocene, with the
divergence of an accession from Crozet Islands (0.14 My;
HPD= 0.03–0.29; PP= 0.99; Fig. 3D).
For Notogrammitis, all accessions of N. angustifolia (New

Zealand, South America and the peri‐Antarctic islands Tristan
da Cunha, New Amsterdam, and Auckland), N. billardierei, N.
crassior (Australia, New Zealand, South America), and N.
heterophylla (Australia, New Zealand) were clustered into a
well‐supported clade (PP= 0.93; Fig. S5). The divergence of
N. angustifolia and N. crassior from N. billardierei was dated to
the early Pliocene (4.40My; HPD= 4.11–4.69; PP= 1; Fig. 3E).
The accession of N. angustifolia appears embedded within a
N. crassior clade, suggesting that the latter species may be
paraphyletic (Fig. 3E). The first intraspecific divergence within
the N. crassior–N. angustifolia clade was dated to the upper
Pliocene (3.21 My; HPD= 1.85–4.34; PP= 0.91; Fig. 3E).
For Polystichum, we retrieved a clade comprising all P.

marionense accessions (PP= 1; Fig. S6). The divergence of P.
marionense from its sister clade (South Pacific P. vestitum (G.
Forst.) C.Presl–American P. mohrioides (Bory) C.Presl) was
dated to the Oligocene (27.22 My; HPD= 18.62–36.75; PP= 1;
Figs. 3F, S6). The first intraspecific divergence within P.
marionense was dated to the upper Pliocene (2.59 My;
PP= 1), although with broad confidence intervals for the
mean divergence estimate (HPD= 0.67–5.59).
For Pringlea, we recovered a well‐supported clade

containing all P. antiscorbutica accessions (PP= 1; Fig. S7),
sister to the South American species Polypsecadium
magellanicum (Juss. ex Pers.) Al‐Shehbaz. The divergence
between P. antiscorbutica and P. magellanicum was dated to
the early Pliocene (4.92 My; HPD= 3.22–6.75; PP= 0.99;
Fig. 3G). The first intraspecific divergence within P.
antiscorbutica was dated to the upper Pliocene (3.32 My;
HPD= 1.94–4.92; PP= 0.98; Fig. 3G). This event corresponds
to the divergence between a clade grouping all samples from
Marion Island, diverging in the early Pleistocene (2.25 My;
HPD= 1.15–3.53; PP= 0.99; Fig. 3G). A second group was
retrieved comprising the remaining SIOBP samples: acces-
sions from Crozet Islands appear as sister to a well‐supported
clade grouping samples from Heard Island and the Kerguelen
Archipelago, with divergence in the early Pleistocene
(1.37 My; HPD= 0.31–2.90; PP= 0.91; Fig. 3G). Furthermore,
two intraspecific divergence events occurred during the
middle Pleistocene comprising the Crozet Islands (0.29 My;
PP= 0.74; HPD= 0–1.23; Fig. 3G) and the Kerguelen
Archipelago and Heard Island (0.41 My; PP= 0.99;
HPD= 0.04–1.13; Fig. 3G) samples.
Table 2 provides a summary of the estimated lineage

divergence times, including the mean and 95% HPD credibility
intervals for the crown and stem nodes of each target
species.

3.2 Biogeographic inference
The hierarchical BIB analysis of the complete data set
estimated the largest carrying capacity (Fig. S15) for the
EAA (SIOBP+Macquarie Island; πEAA= 0.51), followed by
South America (SA, πSA= 0.23) and the Gondwanan frag-

ments (GF, Falkland Islands+ South Georgia; πGF= 0.16),
while the lowest value (πAU–NZ= 0.09) corresponded to the
continental landmasses of Australia (AU)–New Zealand (NZ)
(Fig. 4A). The highest relative dispersal rate (ri, Fig. S16) was
inferred between South America and Australia–New Zealand
(rSA–AU/NZ= 0.234), followed by dispersal rates between the
EAA with Australia–New Zealand (rEAA–AU/NZ= 0.19), between
GF and South America and GF and the EAA (rGF–SA= 0.17,
rGF–EAA= 0.17), and between the EAA and South America
(rEAA–SA= 0.14). The lowest relative dispersal rate was found
between the GF and Australia–New Zealand (rGF–AU/
NZ= 0.10). Species‐specific overall migration rates were
higher for the widespread sub‐Antarctic species (A.
magellanica, A. penna‐marina, A. selago, N. crassior) than for
the SIOBP‐restricted species (C. kerguelensis, P. marionense
and P. antiscorbutica) (Fig. 4B). The fern A. penna‐marina and
the eudicot P. antiscorbutica showed the highest and lowest
inferred migration rates, respectively (Fig. 4C).
Regarding the species‐specific migration rates, we

obtained a significant probability supporting higher overall
migration rates for widespread species than for species
geographically restricted to the SIOBP region (Kruskal–Wallis
non‐parametric test, chi‐squared= 4.5; p= 0.03; Fig. 4C).
Additionally, we did not find significant correlations between
the BIB parameters and abiotic island features: the relative
dispersal rates and the minimum inter‐island geographic
distance (Spearman's rank test=−0.3188741, p= 0.5379,
n= 6) and the carrying capacities and the actual size of the
four “islands” included in the hierarchical BIB analysis
(Spearman's R test=−0.8, p= 0.333, n= 4). Finally, we
examined the correlation between the species‐specific
overall migration rate (response variable) using an ANOVA
that included two factors: widespread versus restricted
distribution and fern versus angiosperm species. The result
showed that there was no significant difference in the mean
species‐specific overall migration rates between ferns and
angiosperms (p= 0.49). Although our dataset does not
appear to be affected by these correlations, we acknowledge
that testing for differences between ferns and angiosperms

Table 2 Mean values and 95% High Posterior Density (HPD)
confidence intervals for the ages of the stem and crown
nodes in each of the seven plant species analyzed in this
study

Species Stem node (My)
Crown
node (My)

Widespread species
A. magellanica 5.71 [3.81, 8.92] 4.35 [2.27, 7.12]
A. penna‐marina 2.89 [0.89, 4.57] 1.89 [0.631, 3.75]
A. selago 14.66 [8.81, 20.59] 3.29 [1.41, 5.55]
N. crassior 4.40 [4.11, 4.69] 3.21 [1.85, 4.34]

Restricted species
C. kerguelensis 0.33 [0.16, 0.51] 0.14 [0.04, 0.29]
P. marionense 27.23 [18.62, 36.75] 2.59 [0.67, 5.59]
P. antiscorbutica 4.92 [3.22, 6.75] 3.32 [1.94, 4.92]

Abbreviations: My, million years; Restricted, species endemic
to the Southern Indian Ocean Biogeographic Province
(SIOBP); Widespread, species with wide distributions across
the sub‐Antarctic latitudes.
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would be ideal in future analyses with improved sampling.
However, we found that distribution type (widespread or
restricted) significantly influenced migration rates (p< 0.05),
supporting our original findings.
In the individual BIB reconstruction of A. magellanica,

stochastic character mapping was uncertain for the longest
branches, with marginal probability values increasing
toward the tips of the tree as expected (Fig. S17). The
MRCA (node A, Fig. 5A) was recovered as originating in the
SIOBP region, although with a low marginal posterior
probability (PPSIOBP = 0.33; PPSG = 0.25; PPSA= 0.19). Node
B (Macquarie Island clade, 1.62 My; PP< 0.5) recovered with
Macquarie Island as the longest probable ancestral range,
although also associated with some uncertainty in order of
likelihood (PPMA = 0.32; PPSA= 0.28; PPSIOBP = 0.16). A first
dispersal event was inferred from SIOBP to South America
on the onset of the Pleistocene (c. 2.5 My; PP = 0.23;
Figs. 5A, S17) and followed slightly later by a second
dispersal event from South America to Macquarie Island
(c. 2.25 My; PP = 0.3; Figs. 5A, S17). Additionally, a back‐
dispersal event was inferred from Macquarie Island to South
America in the middle Pleistocene (c. 1.5 My; see “SA1
MIL01” in Fig. 5A). In node C (Falkland Islands clade), the
Falkland Islands are recovered as the most probable
ancestral range (PPFA= 0.5; PPSA= 0.24; PPSIOBP = 0.11).
This clade originated from a long‐distance dispersal event
from SIOBP to the Falkland Islands in the early Pleistocene

(c. 2.0 My; PP = 0.23; Fig. 5A), followed by a subsequent
dispersal from the Falkland Islands to South America during
the middle Pleistocene (c. 0.75 My; PP = 0.6; Fig. 5A). For the
remaining backbone nodes in the tree (node D), SIOBP was
recovered as the ancestral area, with larger marginal
probability values (Fig. 5A). Several dispersal events from
SIOBP to South Georgia were inferred with higher
probabilities occurring before the Last Glacial Maximum
(LGM): one in the early Pleistocene (c. 1.15 My; PP > 0.7;
Figs. 5A, S17) and four in the middle–late Pleistocene (c.
0.5 My; with PP values ranging from 0.5 to 1, the PP
increases in relation to the depth of the branch; Figs. 5A,
S17). We also detected a dispersal event from South Georgia
to South America in the middle Pleistocene (Fig. 5A).
The most probable ancestral area for A. selago (Fig. 5B)

was the SIOBP region (PP= 0.60; Fig. S18); this region was
also the ancestral range inferred for the remaining nodes in
the species' phylogeny, all with marginal probabilities >0.60
(Fig. S18). Multiple dispersal events were identified con-
necting SIOBP with other sub‐Antarctic regions: the
continental landmass of South America, the Gondwanan
fragment of the Falkland Islands, and the uplifted seafloor of
Macquarie Island. These dispersal events were all inferred to
fall within the late Pleistocene period, although pre‐LGM (c.
0.25 My; Fig. 5B).
The individual BIB reconstruction of P. antiscorbutica

(Fig. 5C) recovered this SIOBP‐restricted species as having

Fig. 4. Reconstruction of migrations for the seven sub‐Antarctic plant species using the hierarchical BIB (Bayesian Island
Biogeography) analysis. The diagram illustrates the relative dispersal rates (r) between island as blue arrows, with arrows'
width proportional to the estimated rates. Yellow circles represent “island” carrying capacities (π). A, Map of the sub‐Antarctic
region. B, C, Species‐specific overall migration rates (m) of the seven sub‐Antarctic species: A. magellanica (Lam.) Vahl, A.
selago Hook.f., C. kerguelensis Hook.f., P. antiscorbutica R. Br. ex Hook.f, P. marionense Alston & Schelpe, N. crassior (Kirk)
Parris, and A. penna‐marina (Poir.) Gasper & V.A.O. Dittrich. Abbreviations: R, restricted; W, widespread.
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originated on Marion Island (Fig. 5C; PP= 0.58; Fig. S19).
Exchanges between Marion Island and Crozet Islands
(PP= 0.35) were inferred in the early Pleistocene, and
between Crozet Islands and Heard Island and the Kerguelen
Archipelago in the late Pleistocene (Fig. 5C).

3.3 Haplotype diversity and network structure of A.
magellanica
We identified seven haplotypes within A. magellanica (Fig. 6A;
Table S9). The most prevalent haplotype (H2; 64.0%) had a
frequency of 40.0% in the SIOBP region and 24.0% in South
Georgia. The remaining haplotypes showed more restricted
distributions: H1 and H7 occurred exclusively in South
America, H3 and H4 on the Falkland Islands, and H5 and H6
on Macquarie Island. The haplotype network identified
haplotype H2 as the ancestral root haplotype (Fig. 6B), being
most closely related to the South American haplotype H7,
which was separated by one mutational step from another
South American haplotype, H1. The two haplotypes found
only on Macquarie Island (H5 and H6) were separated by two
mutational steps from H1 and were placed in an intermediate
position between South American (H1, H7) and Falkland
Islands (H3, H4) haplotypes. The Falkland Islands haplotypes

were separated by the greatest number of mutational steps,
five steps, from the Macquarie Island haplotypes. Hierarch-
ical clustering grouped the seven haplotypes into three
different groups (Fig. S20). One group included the
haplotypes from South America, South Georgia, and SIOBP
(H1, H2, H7); a second group comprised haplotypes from
Macquarie Island (H5, H6); and a third group was composed
of haplotypes from the Falkland Islands (H3, H4).

4 Discussion
4.1 Spatio–temporal evolution of the sub‐Antarctic
vascular flora
Our study emphasizes the pivotal role played by the
continental landmasses that reach higher southern and
sub‐Antarctic latitudes (40°S–54°S)—South America,
Australia, and New Zealand—in the colonization of the
sub‐Antarctic archipelagos. We inferred the sister species of
several sub‐Antarctic endemics—A. magellanica, A. penna‐
marina, A. selago, and P. antiscorbutica—to be the South
American species Acaena cylindristachya, Austroblechnum
microphyllum, Azorella monantha, and Polypsecadium magel-
lanicum, respectively (Figs. 3A–3C, 3G). We found that the

Fig. 5. Reconstruction of the ancestral area based on the individual BIB (Bayesian Island Biographic) analyses for: A, A.
magellanica (Lam.) Vahl. B, A. selago Hook.f. C, P. antiscorbutica R. Br. ex Hook.f. Marginal posterior probabilities for alternative
ancestral ranges are represented by pie charts at each node of the maximum‐a‐posteriori (MAP) tree (see legend for colors);
marginal posterior probabilities for dispersal events along branches, as estimated by stochastic character mapping, are
represented by colors following the legend. Divergence time estimates in million years (My) are shown for well‐supported
nodes (PP> 0.90). Abbreviations: A, Amsterdam Island; AN, Antipodes Island; AK, Auckland Island; AU, Australia; C, Crozet
Islands; CA, Campbell Island; F, Falkland Islands; H, Heard Island; K, Kerguelen Archipelago; MA, Macquarie Island; MI, Marion
Island; NZ, New Zealand; PE, Prince Edward Island; SA, South America; SG, South Georgia.
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sister species of the sub‐Antarctic endemics C. kerguelensis
and N. crassior are the New Zealand and Australian endemics
C. apetalus and N. billardierei, respectively (Figs. 3D, 3E; see
also the individual gene phylogenies in Figs. S4, S5). The
sister clade to P. marionense comprised P. vestitum, endemic
to Australia–New Zealand, and the South American species P.
mohrioides (Figs. 3F, S6). These findings align with other
studies that have reported sister‐group relationships
between sub‐Antarctic island endemic plants and species
inhabiting the sub‐Antarctic regions of the continental
landmasses, for example, the angiosperm genus Ranunculus
(Ranunculaceae; Lehnebach et al., 2017) or the brown algae
genus Durvillaea (Fucales; Fraser et al., 2009). Our inferred
phylogenetic relationships also agree with those recovered in
previous molecular studies on the target species A. penna‐
marina (Gasper et al., 2017), C. kerguelensis (Biersma
et al., 2020), N. crassior (Sundue et al., 2014; Perrie &
Parris, 2012), and P. antiscorbutica (Bartish et al., 2012).
Notably, none of the sub‐Antarctic islands shows a biogeo-
graphic connection in our target species with mainland
Africa, which is the geographically closest continental
landmass (Fig. 1A). This contrasts with other southern islands
located a few degrees further north, such as the Tristan da
Cunha group in the Atlantic Ocean or Amsterdam Island in
the Indian Ocean, where a close connection with Africa has
been reported for plant genera such as Phylica (Richardson
et al., 2003).
Most of our study species diverged from their sister taxa in

the last 23 My, that is, with the species' “stem age” falling
within the Neogene or the Quaternary periods (Table 2). The
only exception was P. marionense, with a stem age dated to
the Oligocene period (Table 2). Aceana magellanica and A.
selago showed upper‐middle Miocene stem divergences
(Figs. 3A, 3C; Table 2), while A. penna‐marina, C. kerguelensis,
N. crassior, and P. antiscorbutica showed younger stem ages,

spanning the Pliocene and Pleistocene periods (Figs. 3B, 3D,
3E, 3G; Table 2). These findings support long‐distance
dispersal over tectonic vicariance as the most plausible
mechanism for the initial colonization of the sub‐Antarctic
region by these plant species. Moreover, the timing of these
colonization events may be even more recent if we consider
that the divergence between the insular species and their
sister taxa might overestimate the age of arrival. For
instance, colonization might have involved other islands
that are geographically “in between”, followed by species
extinction on these intermediate islands, or it could have
occurred via stepping‐stone dispersal through intermediate
landmasses, such as now‐submerged islands. This scenario,
suggested for the colonization of the Hawaiian and Canarian
archipelagos (Fernández‐Palacios et al., 2011; García‐Verdugo
et al., 2019), predicts that the crown age—that is, the onset
of intraspecific divergence within an island endemic—
provides a more accurate estimate of the timing of island
colonization than the stem age. In our study, the “crown
ages” of the sub‐Antarctic species (Fig. 3; Table 2), ranging
from 4.35 My (A. magellanica) to 0.14 My (C. kerguelensis),
substantially postdate the final fragmentation of the
Gondwanan supercontinent. This lends further support to
the hypothesis that colonization of the sub‐Antarctic region
occurred primarily through long‐distance dispersal events
across marine barriers.
The inferred “crown ages” of most target species not only

conflict with tectonic vicariance but also, according to our
divergence time estimates (including their confidence
intervals), predate the Last Glacial Maximum (Table 2). In
the case of A. magellanica, A. selago, N. crassior, P.
antiscorbutica, and P. marionense, their “crown ages” also
predate the onset of Pleistocene glaciations (2.5 My ago;
Table 2). For A. penna‐marina, the crown age falls within this
period (Table 2). These estimates support the “refugia”

Fig. 6. Haplotype diversity and network structure of Acaena magellanica. A, Map. B, Haplotype distribution of A. magellanica.
Colors in the map show the geographical location of haplotypes. Population codes are given in Appendix S1. Circle size is
proportional to haplotype frequency among populations. Abbreviations: A, Amsterdam Island; AN, Antipodes Island; AK,
Auckland Island; AU, Australia; C, Crozet Islands; CA, Campbell Island; F, Falkland Islands; H, Heard Island; K, Kerguelen
Archipelago; MA, Macquarie Island; MI, Marion Island; NZ, New Zealand; PE, Prince Edward Island; SA, South America; SG,
South Georgia.
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hypothesis and contrast with the “recolonization” hypoth-
esis (Table 1). The only exception is C. kerguelensis, whose
crown age dated to after the LGM, aligning with the
“recolonization” hypothesis (Fig. 3D). The “refugia” hypoth-
esis has previously been supported for various taxa
(reviewed in Fraser et al., 2012), as suggested by
paleobotanical data on vascular plants (van der Putten
et al., 2010), and by molecular evidence such as the case of
Pleurophyllum (Asteraceae). This species is presumed to have
survived the Pleistocene glaciation in the sub‐Antarctic
regions, specifically on Macquarie Island and New Zealand's
sub‐Antarctic islands (Wagstaff et al., 2011). Further support
for this hypothesis comes from phylogeographic studies of
other organisms showing deep crown ages predating the
LGM, such as the freshwater crustacean Boeckella poppei
(Maturana et al., 2021) and oribatid mites (Mortimer
et al., 2011; van Vuuren et al., 2018). Additional evidence,
including intra‐island phylogenetic differences among pop-
ulations of A. selago, also suggests colonization events
predating the Quaternary period (Mortimer et al., 2008).
We note that some of our divergence time estimates are

apparently in conflict with geological information, such as
instances of the inferred origin of an island endemic
predating the emergence of the island it inhabits. For
example, the first divergence events within A. selago, P.
marionense, and P. antiscorbutica correspond to the split of a
population endemic to Prince Edward Archipelago (PEA).
However, the geological age of these two islands (c. 0.45 My;
Quilty, 2007) substantially postdates the crown ages of A.
selago (3.29My), P. marionense (2.59 My), and P. antiscorbu-
tica (3.32 My) inferred by our analyses (Figs. 3B, 3F, 3G).
Incomplete taxon sampling of the target species and among
the outgroup taxa might have decreased the accuracy of our
divergence time estimates, through its effects on branch
lengths and calibration priors (Ho et al., 2015). However, we
notice that these results hold even after accounting for the
broad credibility intervals that surround our mean divergence
time estimates: the geological age of PEA postdates the
lowest bound of the 95% HPD credibility interval in A. selago
(1.41 My), P. antiscorbutica (1.94 My), and P. marionense
(0.67 My; Table 2). A more plausible explanation is that the
populations of these three species endemic to the PEA
originated on another geologically older island or landmass.
After colonizing the PEA, the original source population(s)
went extinct. This scenario is supported by the fact that most
of the sub‐Antarctic islands on both sides of the PEA
experienced near‐complete glaciations (South Georgia,
Kerguelen Archipelago, and Heard Island; Fig. 1A), while the
islands of the PEA and Crozet either avoided glaciation or
were affected to a lesser extent (Convey, 2007; Quilty, 2007).
This scenario has been suggested for other archipelagos
(García‐Verdugo et al., 2019). For example, in the case of the
Canary Island endemic Euphorbia balsamifera, the youngest
volcanic island in the archipelago, El Hierro Island, was
identified as the source of propagules that dispersed to
geologically older islands (Rincón‐Barrado et al., 2024).
Another possibility is that these species are present on
other islands that were not sampled in our study (Fig. 2).
Increasing population sampling efforts within these species,
and among their closest relatives, are needed to test this
hypothesis.

In summary, initial colonization events of the sub‐Antarctic
region in our data set—defined by either the stem or the
crown ages of the study species—generally postdate the
final stages of Gondwanan fragmentation. In addition,
despite the limitations in our taxon sampling, our findings
largely support the refugia hypothesis and favor across‐
oceanic dispersal as the main process driving floristic
assembly in the sub‐Antarctic region.

4.2 Connectivity and direction of colonization within the
sub‐Antarctic vascular flora
The archipelagos and islands located in the sub‐Antarctic
region are considered the most remote insular systems in the
world, separated by thousands of kilometers from each
other and any continental landmasses. Despite their
remoteness and geographic isolation, our results show that
these islands have maintained significant biological con-
nectivity (Fig. 4). This connectivity is particularly evident in
the fact that the highest inferred dispersal rate connects the
most distant BIB unit areas—South America and Australia–
New Zealand (Fig. 4A)—which are separated by thousands of
kilometers across the South Pacific Ocean, with no
intermediate sub‐Antarctic islands that could serve as
stepping stones. Furthermore, we inferred a significantly
higher species‐specific overall migration rate for widespread
species compared to geographically restricted species in the
area (Figs. 4B, 4C).
The inferred relative dispersal rates, ranging from 0.10

to 0.234 dispersal events per lineage per million years
(Fig. 4A), are similar to those reported by Sanmartín et al.
(2008) for the Atlantic Canary Islands, despite the latter
being geographically much closer to the relevant con-
tinental landmass. However, unlike Sanmartín et al. (2008),
we found no strong correlation between the relative
dispersal rates and the minimum inter‐island geographic
distance. This is in agreement with Biersma et al. (2017),
who inferred that bipolar Polytrichales mosses were
connected by very infrequent long‐distance dispersal
events, as few as four in 10 million years depending on
the dating analysis used. Carrying capacities in our study
also appeared to be unrelated to the actual area of the
four “islands” used in the BIB analysis. They were
estimated to be largest for the EAA region (7830 km2)
and lowest for Australia–New Zealand (1 028 991 km2)
(Fig. 4A). Sanmartín et al. (2008) reported similar patterns
in the Canary Islands, with island carrying capacities
unrelated to their current sizes. Carrying capacities in the
BIB model are estimated directly from the inferred
transition (dispersal) probabilities between the “island”
states (Sanmartín et al., 2008). Akin to a molecular
evolutionary process, dispersal in BIB is modeled as a
time‐homogeneous process that reaches a stationary state
if left undisturbed, at which point the carrying capacities
represent the equilibrium frequencies of island diversity,
that is, the number of lineages expected on each island if
this only depends on the model's dispersal probabilities
(Sanmartín, 2022). Since parameters in the BIB model are
not informed by any abiotic factors, such as island size or
inter‐island geographic distance, a direct correlation
between these factors and the inferred carrying capacities
and dispersal rates is not necessarily expected, even
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though these abiotic factors have probably contributed to
the dispersal history of the sub‐Antarctic archipelagos.
Regarding the direction of dispersal events, our species‐

specific individual BIB models provide examples that
potentially support both the anisotropic (eastward) and
isotropic (westward) hypotheses. A notable case is that of
A. magellanica, where the majority of the dispersal events
were inferred to be in the opposite direction to the sub‐
Antarctic marine currents. For instance, as shown in Fig. 5A,
five dispersal events are inferred from the SIOBP to South
Georgia, one event from South Georgia to South America,
one event from the SIOBP to the Falkland Islands, and one
event from the Falkland Islands to South America. This
asymmetric connectivity between regions was also sup-
ported by the haplotype analysis (Fig. 6B). Specifically, the
most frequent haplotype (H2), shared between the SIOBP
and South Georgia, had the fewest intermediate mutation
steps separating it from the other South American
haplotypes (H1 and H7). Aceana magellanica is a zoochorous
species, so dispersal against the prevailing WWD and ACC
currents is plausible. The species' fruit also matures in late
summer, when summer breeding birds such as gulls and
skuas leave South Georgia and migrate toward South
America. There are seabirds that require more frequent
breaks for rest and foraging while crossing the South
Pacific, particularly when facing strong headwinds that
oppose the WWD (Guilford et al., 2009; Landers et al., 2011).
Zoochorous plants, such as A. magellanica, might be
dispersed attached to the feathers of these seabirds,
facilitating colonization of land where birds stop as part
of a “stepping‐stone” dispersal strategy. Observations have
documented seeds of A. magellanica attached to the
feathers or feet of flying seabirds (e.g., Bergstrom
et al., 2006). Mazibuko et al. (2024) experimentally
demonstrated that more than half (53%) of this spe-
cies' seeds tested on Marion Island for their ability to
attach to seabird feathers could potentially disperse via
zoochory.
Within A. selago, both westward and eastward dispersal

events were inferred. For instance, four isotropic events
(from the SIOBP to Macquarie Island) and seven anisotropic
events (four from the SIOBP to South America and three
from the SIOBP to the Falkland Islands) are inferred (Fig. 5B).
This species is anemochorous, which agrees with the
inference of anisotropic dispersal following the direction of
the WWD current, for example, from SIOBP to Macquarie
Island (Fig. 5B). Isotropic events against the prevailing
currents are more difficult to explain. Some authors have
suggested explanations for westward dispersal in the
southern latitudes, such as the existence of easterly
anticyclones, moving from east to west, or short‐distance
stepping‐stone dispersal using island arc ridges or now‐
submerged plateaus connecting landmasses separated by
water barriers (Michaux & Leschen, 2005; Sanmartín
et al., 2007; Winkworth et al., 2015). An additional alternative
is the possibility of propagules drifting with the prevailing
eastward currents all the way around the Southern
Hemisphere rather than going against these currents, a
scenario that has been suggested for drifting buoys, tree
trunks, and seaweed rafts entrained in the ACC
(Patterson, 1985; Macaya et al., 2016).

In the geographically restricted P. antiscorbutica, all
inferred dispersal events occurred in an anisotropic eastward
direction, from the westernmost islands of the SIOBP to the
eastern archipelagos. This dispersal route seems to have
followed a stepping‐stone progression, from Prince Edward
Archipelago in the west to the Crozet Islands, Kerguelen
Archipelago, and Heard Island in the east (Fig. 5C). An
eastward geographic progression is further supported by the
more severe glaciation in the eastern SIOBP islands
compared to the western islands, with the latter acting as
refugia and sources of later migration events. Eastward
dispersal may have been facilitated by the prevailing marine
currents, with hydrochory proposed as a probable dispersal
mechanism. The mucilaginous seeds of P. antiscorbutica
could have enabled rafting, at least along the coasts of the
Kerguelen Archipelago, as suggested by Bartish et al. (2012).
Supporting this, experiments on seed viability and buoyancy
of P. antiscorbutica revealed that 77% of viable seeds were
buoyant (Mazibuko et al., 2024).

4.3 The critical role and conservation value of sub‐Antarctic
islands as biodiversity refugia
The sub‐Antarctic region, due to its latitudinal position and
isolation, has emerged as a unique biodiversity cradle. Its
biota is characterized by a small number of species that show
high levels of endemism (Convey, 2007; Chau et al., 2020),
underscoring the region's conservation significance. Our
study supports the hypothesis that the sub‐Antarctic islands
have acted as long‐term refugia for species that colonized
these regions from the southern latitudes of South America
or Australia–New Zealand prior to periods of glaciation
(Hulton et al., 2002; Convey, 2007). Our crown‐age estimates
indicated that these colonization events have spanned at
least the last four million years and possibly much longer if
sister‐group divergence timings are representative of
colonization timings. Among the different sub‐Antarctic
islands and archipelagos, those that are Gondwanan frag-
ments (the Falkland Islands and South Georgia) are likely to
have played a significant role as sources for secondary
colonization events (Figs. 5A–5C). Extended isolation in
Gondwanan fragments could also have facilitated the
maintenance or emergence of polyploid lineages (van de
Peer et al., 2017). This is likely the case for the “Falkland
Islands clade” of A. magellanica (Figs. 3A, 5A), which groups
all individuals from the Falkland Islands into a single clade
that may consist of tetraploid cytotypes, in contrast to the
diploid cytotypes found in populations across South America
and the rest of the sub‐Antarctic region (Marticorena &
Cavieres, 2000).
The SIOBP region has been recognized as a cradle of

unique phylogenetic diversity in phylogeographic studies
(Chown, 1994; Chown et al., 1998), with numerous intra-
specific diversification events identifying it as the ancestral
range. This suggests that allopatric speciation, mediated by
marine barriers between islands, has played a significant role
in shaping the region's flora. Some of the SIOBP islands were
not heavily/completely glaciated during the LGM and
previous glacial maxima (e.g., PEA, Crozet Islands), unlike
other ancient islands such as South Georgia, Kerguelen
Archipelago, and Heard Island, which were almost com-
pletely or completely glaciated (Convey, 2007; Fraser
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et al., 2009). The younger SIOBP Archipelagos might have
acted as climatic “refugia within refugia” (Gómez &
Lunt, 2007), consistent with the higher carrying capacity
detected for this region (Fig. 4A). These archipelagos could
also have served as source areas, with recolonization
potentially occurring toward other SIOBP islands, ancient
Gondwanan fragments, or the continental landmasses. In
contrast, Gondwanan fragments such as South Georgia and
the sub‐Antarctic regions of the continental landmasses were
more heavily glaciated (Clapperton, 1990). Additionally, the
ocean's tempering effect may have enabled the persistence
of plant lineages in the SIOBP archipelagos (Fraser
et al., 2012). The role of islands as crucial refuges and
sources of diversity for the continental mainlands is
supported in numerous phylogeographic studies on vascular
plants (Fernández‐Mazuecos & Vargas, 2011; García‐Verdugo
et al., 2021) and also for the sub‐Antarctic islands in two
studies on crabs (Xu et al., 2009) and oribatid mites
(Mortimer et al., 2011).
Although conservation is not the main focus of the study,

it is important to note that preserving this unique intra-
specific genetic diversity is crucial, as it supports evolutionary
potential and enables species to adapt to environmental
change (Mairal et al., 2018).

5 Conclusions
Our study of the spatio–temporal evolution of the sub‐
Antarctic vascular flora supports long‐distance dispersal as
the primary mode of colonization. We highlight the critical
role of sub‐Antarctic islands as unique biodiversity refugia
over millions of years, with some areas experiencing only
mild glaciation, thus allowing the persistence of some
species during glacial maxima. Additionally, we identify
instances where these islands have acted as evolutionary
cradles for further diversification (Schrader et al., 2024), with
phylogenetic analyses indicating that several endemic
species have evolved in a context of isolation. Despite their
remote locations, biological connectivity—both isotropic and
anisotropic—has facilitated the persistence and enhance-
ment of genetic diversity of plant lineages within the sub‐
Antarctic islands. We have detected anisotropic colonization
events that align with the prevailing eastward winds and
ocean currents in the region, as well as several isotropic
events, potentially mediated by zoochory. Future research
into the evolutionary and biogeographic history of more
endemic species of the sub‐Antarctic islands is needed for
refining our understanding of the biogeographic processes
mediating plant community assembly in this region. Given
these islands' isolation at the Earth's southernmost latitudes
and the ongoing threats posed by anthropogenic activities
and invasive species to their unique floras and faunas, we
argue that urgent conservation measures are required for
the sub‐Antarctic regions.
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Supplementary Material
The following supplementary material is available online for
this article at http://onlinelibrary.wiley.com/doi/10.1111/jse.
13170/suppinfo:
Appendix S1. Sample information: GenBank accession
numbers, geographical coordinates, voucher information,
and summary statistics for each sample's DNA alignments.
Fig. S1. Maximum Clade Credibility (MCC) tree of Acaena
magellanica showing the phylogenetic relationships based on
the combined sequences using Bayesian Inference.
Fig. S2. Maximum Clade Credibility (MCC) tree of Austro-
blechnum penna‐marina showing the phylogenetic relation-
ships based on the combined sequences using Bayesian
inference.
Fig. S3. Maximum Clade Credibility (MCC) tree of Azorella
selago showing the phylogenetic relationships based on the
combined sequences using Bayesian Inference.
Fig. S4.Maximum Clade Credibility (MCC) tree of Colobanthus
kerguelensis showing the phylogenetic relationships based on
the combined sequences using Bayesian Inference.
Fig. S5. Maximum Clade Credibility (MCC) tree of Noto-
grammitis crassior showing the phylogenetic relationships
based on the combined sequences using Bayesian Inference.
Fig. S6. Maximum Clade Credibility (MCC) tree of Polystichum
marionense showing the phylogenetic relationships based on
the combined sequences using Bayesian Inference.
Fig. S7. Maximum Clade Credibility (MCC) tree of Pringlea
antiscorbutica showing the phylogenetic relationships based
on the combined sequences using Bayesian Inference.
Fig. S8. Maximum Clade Credibility (MCC) tree showing the
divergence ages of Acaena magellanica. The orange stars
represent the secondary calibration point and green stars
represent the fossil calibration points. The purple bars in

nodes show the confidence interval 95% HPD (High Posterior
Density). Crozet Islands, C; Falkland Islands, F; Heard Island,
H; Kerguelen Archipelago, K; Macquarie Island, MA; Marion
Island, MI; Prince Edward Island, PE; South America, SA; and
South Georgia, SG.
Fig. S9. Maximum Clade Credibility (MCC) tree showing the
divergence ages of Austroblechnum penna‐marina. The
orange stars represent the calibration point. The purple
bars in nodes show the confidence interval 95% HPD (High
Posterior Density). Australia, AU; Marion Island, MI; New
Zealand, NZ; and South America, SA.
Fig. S10. Maximum Clade Credibility (MCC) tree showing the
divergence ages of Azorella selago. The orange stars
represent the calibration point and the purple bars in nodes.
The purple bars in nodes show the confidence interval 95%
HPD (High Posterior Density). Crozet Islands, C; Falkland
Islands, F; Heard Island, H; Kerguelen Archipelago, K;
Macquarie Island, MA; Marion Island, MI; Prince Edward
Island, PE; and South America, SA.
Fig. S11. Maximum Clade Credibility (MCC) tree showing the
divergence ages of Colobanthus kerguelensis. The orange
stars represent the calibration point. The purple bars in
nodes show the confidence interval 95% HPD (High Posterior
Density). Amsterdam Island: A; Crozet Islands, C; Kerguelen
Archipelago, K; and Prince Edward Island, PE.
Fig. S12. Maximum Clade Credibility (MCC) tree showing
the divergence ages of Notogrammitis crassior. The
orange stars represent the calibration point. The purple
bars in nodes show the confidence interval 95% HPD (High
Posterior Density). Australia, AU; Kerguelen Archipelago,
K; Marion Island, MI; New Zealand, NZ; and South
America, SA.
Fig. S13. Maximum Clade Credibility (MCC) tree showing the
divergence ages of Polystichum marionense. The orange stars
represent the calibration point. The purple bars in nodes
show the confidence interval 95% HPD (High Posterior
Density). MI: Marion Island.
Fig. S14. Maximum Clade Credibility (MCC) tree showing the
divergence ages of Pringlea antiscorbutica. The orange stars
represent the calibration point. The purple bars in nodes show
the confidence interval 95% HPD (High Posterior Density).
Amsterdam Island: A; Antipodes Island, AN; Auckland Island,
AK; Australia, AU; Campbell Island, CA; Crozet Islands, C;
Falkland Islands, F; Heard Island, H; Kerguelen Archipelago, K;
Macquarie Island, MA; Marion Island, MI; New Zealand, NZ;
Prince Edward Island, PE; South America, SA; South Georgia,
SG; and Tristan da Cunha Islands Group, T.
Fig. S15. Graphic showing carrying capacity analysis of the
sub‐Antarctic areas. We identified four areas: South America,
Gondwanan fragments (Falkland Islands and South Georgia),
the Eastern Austral Archipelagos (SIOBP and Macquarie), and
Australia/New Zealand.
Fig. S16. Graphic showing the dispersal rates between the
identified sub‐Antarctic areas in Fig. 1. SA: South America; GF:
Gondwanan Fragments; EAA: Eastern Austral Archipelagos;
AU: Australia; and NZ: New Zealand.
Fig. S17. Stochastic mapping showing the posterior proba-
bility of the changes between the ancestral states of Acaena
magellanica. The posterior probability is represented by a
gradient between the maximum in red (1) and the minimum
in yellow (0).
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Fig. S18. Stochastic mapping showing the posterior probability
of the changes between the ancestral states of Azorella selago.
The posterior probability is represented by a gradient between
the maximum in red (1) and the minimum in yellow (0).
Fig. S19. Stochastic mapping showing the posterior proba-
bility of the changes between the ancestral states of Pringlea
antiscorbutica. The posterior probability is represented by a
gradient between the maximum in red (1) and the minimum
in yellow (0).
Fig. S20. Hierarchical cluster of haplotypes for Acaena
magellanica (Lam.) Vahl showing the mutational steps
between the different haplotypes found in the sub‐
Antarctic region. Abbreviations: FA, Falkland; MA, Macquarie;
SA, South America; SIOBP, Southern Indian Ocean Biogeo-
graphic Province; SG, South Georgia.
Table S1. Biological information about the seven target plant
species. Abbreviations: a, anemochory; c, coastal; cc, cinder
cones; fl, fellfield; fn, fernbrake; h, hydrochory; m, mire;
p, polar desert; s, springs; z, zoochory.
Table S2. Extraction information of the DNA samples per
each species showing the concentration (ng/μL), the purity
(A280/A260), and the amplified molecular markers.
Table S3. PCR conditions used in this study. The rules
described in the protocol of the commercial kit of extraction
(nzytech, Portugal) were applied using the following

reactives: 2.5 μL of forward primer forward (5 μM), 2.5 μL
of reverse primer (5 μM), 2 μL of DNA sample, 5 μL of Buffer
Reaction, 2.5 μL of MgCl2 (50mM), 2.5 μL of dNTPs (10 mM,
1 mL per each nucleotide), 0.5 μL of DNA‐polymerase
(Supreme NZYTaq II, 5U/μL), and 32.5 μL of distilled water.
Table S4. Sequences of primers used for the seven
target taxa.
Table S5. Summary of the basic information on the seven
taxa: alignment length (in bp), percentage of identical sites
(%), number of sequences, and GC content (%).
Table S6. Summary of the likelihood of the Stepping‐Stone
comparisons in BEAST software. Bold format represents the
selected models. UCLN: Uncorrelated clock; SC: Strict clock;
BD: Birth‐Death prior; and COAL: Coalescence prior.
Table S7. Summary of the calibration points used for the
molecular dating. Fossils are marked with an asterisk. My:
millions of years; STDE: standard deviation.
Table S8. Results of the simulations performed for exploring
the mean number of additional links found in the RMST
algorithm (N: number of sequences; NUD: mean number of
unique distances).
Table S9. List of haplotypes and associated genetic
statistics in A. magellanica. Abbreviations: H(n), number of
haplotypes; SIOBP, Southern Indian Ocean Biogeographic
Province.
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