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Amphi-Pacific disjunct distributions between South America and Australasia are correlated with the breakup and
changing palaeo-climate of Gondwana. For a long period, with a temperate climate, Antarctica formed a land
bridge between Australia and South America, allowing species to disperse/vicariate between both continents.
Dated phylogenies in the literature, showing sister-clades with a distribution disjunction between South America
and Australia, were used for the correlation. The initiation of the Antarctic Circumpolar Current, and a change to a
colder Antarctic climate is associated with the opening of the Drake Passage between South America and Antarc-
tica at c. 30 Ma, and the final separation of Australia and Antarctica along the South Tasman Rise at c. 45 Ma. The

Editor: A.S. Collins

Keywords: distribution data highlighted the existence of a “southern disjunct distribution” pattern, which may be the result
Antarctica of continental vicariance/dispersal. This is strongly indicative of a connection between Antarctica, South America
Australia, disjunct distributions and Australia; which later provided a dispersal pathway and facilitated vicariance after break up. The taxa that
Dispersal likely dispersed/vicariated via Antarctica included all species with a more (sub)tropical climate preference.
South America Twelve distributions, younger than 30 Ma, are interpreted as the result of long distance dispersal between
Vicariance South America and Australia; these taxa are suited to a temperate climate. The climatic signal shown by all
taxa is possibly a consequence of the Australian plate's asynchronous rifting over tens of millions of years in com-
bination with climate changes. These events may have provided opportunities for tropical and sub-tropical spe-

cies to disperse and speciate earlier than what we observe for the more temperate taxa.
Crown Copyright © 2016 Published by Elsevier B.V. on behalf of International Association for Gondwana
Research. All rights reserved.
1. Introduction Many more “southern disjunct distributions” (SDDs) are now recog-

1.1. Amphi-Pacific distributions

The Southern Beech (Nothofagus Blume, Nothofagaceae) shows a
disjunct distribution, it is present in South America and Australasia, a
distribution also known as an “amphi-Pacific distribution”. Van Steenis
(1962) explicitly rejected the theory of continental drift (Wegener,
1929) to explain such phenomena. He instead explained that the distri-
bution occurred due to dispersal via Pacific land bridges between the
northern and southern hemispheres in the Cretaceous (145-66 Ma),
and he especially favored an Antarctic land bridge. While the mecha-
nism proposed to explain this initial prediction was incorrect, van
Steenis (1962) described multiple plant genera that exhibit similar dis-
junct distribution patterns that we now describe as “Gondwanan” or
“Plant Southern Pattern” (Sanmartin and Ronquist, 2004 ), for example:
Hebe Comm. ex Juss. (Plantaginaceae), Oreomyrrhis Endl. (Apiaceae),
Donatia J.R.Forst. & G.Forst. (Stylidiaceae).

* Corresponding author at: Naturalis Biodiversity Center, 2300 RA Leiden, The Netherlands.
E-mail address: peter.vanwelzen@naturalis.nl (P.C. van Welzen).
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nized (Table 1 for those with dated phylogenies). The high number of
examples indicates that the disjunction did not always consist of a
major barrier, Antarctica seemingly acted as general pathway between
South America and Australia.

The aim of our research was to search for a possible correlation be-
tween the South American-Antarctic-Australian land bridge and the
timing of amphi-Pacific disjunctions from dated phylogenies (as well
as to date the phylogeny of the Rhamnaceae - see Supporting informa-
tion). We demonstrate that Antarctica could fulfill its role as a connec-
tion for quite a long period based on the plate's tectonic history, after
which we present the supporting biological evidence.

1.2. Gondwana, its break-up and the possibility of land bridges

Gondwana consisted of an amalgamation of what are presently Ant-
arctica, Africa, India, South America and Australia as well as islands like
Madagascar, New Zealand and New Caledonia (Gaina et al., 1998, 2007;
Boger, 2011; Veevers, 2012; White et al., 2013; Reeves, 2014) (Fig. 1).
Rifting between many of these fragments commenced as early as the
Carboniferous (359-299 Ma) and continued at different times through

1342-937X/Crown Copyright © 2016 Published by Elsevier B.V. on behalf of International Association for Gondwana Research. All rights reserved.



Table 1
Overview of literature containing molecularly dated species disjunctions, including species' climatic preference, and hypothesized divergence scenario. * = Ancestral Area reconstruction indicates a Plant Southern Pattern (PSP) and, therefore, a

0ze

vicariant scenario (3). AU = Australia, NZ = New Zealand, SA = South America; vs = versus. Phase I: older than 45 Ma, II: 30-45 MA, III: younger than 30 Ma; assignment based on centroid in Fig. 3.

AU clade SA clade NZ clade
Higher taxon: Lower taxa Reference in Ma in Ma in Ma Phase Vicariance/LDD Climate type
Passerine birds: Oscines (AU) vs Suboscines (SA) &Wrens (NZ) Ericson et al., 2002 <34 Ma <40 Ma 82-85 Ma I Vicariance Temperate-Tropical
Marsupials: Order Australidelphia (AU) vs Order Ameridelphia (SA) Beck, 2008 57.9-70.9 Ma 65.2-86.2 Ma N/A I Vicariance Temperate-Tropical
Galaxiid fish: Genus Lovetia (AU) vs Genus Aplochiton (SA) Burridge et al., 2012 55 + 20 Ma 55 + 20 Ma N/A I Vicariance Tropical-S-Temperate
Galaxiid fish: Genus Galaxiella (AU) vs sister group (widespread) Burridge et al., 2012 58 4+ 14 Ma N/A N/A [ Vicariance Tropical-S-Temperate
Galaxiid fish: Genus Brachygalaxias (SA) vs sister group (widespread, AU) V Burridge et al., 2012 N/A 46 + 11 Ma N/A I Vicariance Tropical-S-Temperate
Galaxiid fish: Galaxias platei (SA) vs Neochanna cleaveri (AU) vs NZ clade Burridge et al.,, 2012 31 4+ 7Ma 31 4+ 7Ma 31 +£7Ma I LDD Tropical-S-Temperate
Neochanna
Oyster: Ostrea chilensis (NZ) vs O. chilensis (SA) Foighil et al., 1999 N/A N/A N/A - LDD Temperate
Diptera: Chironomidea genus Stictocladius: Split between AU and SA species Krosch and Cranston, 2013 37 + 13 Ma 37+ 13 Ma N/A I Vicariance/LDD S. Temperate
“Sofour A and Sofour B”
Diptera: Chironomidea: Botryocladius edwards (SA) vs B. freemanni (AU) Krosch et al., 2011 c.31Ma c.31Ma N/A 1 LDD S. Temperate
Diptera: Chironomidea: Botryocladius grapeth (AU) vs B. mapuche (SA) Krosch et al,, 2011 c.41 Ma c.41 Ma N/A I Vicariance S. Temperate
Chilopoda: Paralamyctes Giribet and Edgecombe, 2006 N/A N/A N/A - Vicariance/PSP* S. Temperate
Basidiomycota: Ganoderma applanatum - G. australe Moncalvo and Buchanan, 2008 N/A N/A N/A - LDD Temperate
Gastropoda: Littorinidae, Austrolittorina: South American vs Australian species. Williams et al., 2003 56.5 + 16.5 Ma 56.5 + 16.5 Ma N/A I Vicariance Temperate
Cyatheaceae: within genus Sphaeropteris: AU vs SA clade Korall and Pryer, 2014 Origin >80 Ma 39.5+3.5Ma N/A I Vicariance Tropical - Sub-tropical
Cyatheaceae: within genus Cyathea: AU vs SA clade Korall and Pryer, 2014 68 &+ 14 Ma 68 + 14 Ma N/A I Vicariance Tropical - Sub-tropical
Cyatheaceae: within genus Alsophila: AU vs SA clade Korall and Pryer, 2014 514+ 11 Ma 514+ 11 Ma N/A [ Vicariance Tropical - Sub-tropical
Marchantiophyta: Plagiochila gigantea (AU) vs P. cf. obcuneata (SA) Heinrichs et al., 2006 c.32Ma c.32Ma N/A I LDD S. Temperate
Marchantiophyta: Plagiochila banksiana (AU) vs P. obovata (SA) Heinrichs et al., 2006 c. 38 Ma c. 38 Ma N/A I Vicariance Temperate
Marchantiophyta: Plagiochila retrospectans (AU) vs (SA) Sister clade Heinrichs et al., 2006 ¢. 50 Ma ¢. 50 Ma N/A [ Vicariance Tropical
Marchantiophyta: Plagiochila deltoidea (AU) vs P. acanthocaulis (SA) Heinrichs et al., 2006 c.31Ma c.31Ma N/A I LDD Temperate
Marchantiophyta: Plagiochila crozetensis (Ant) vs P. dura (SA) Heinrichs et al., 2006 N/A c. 28 Ma N/A 11 LDD Temperate
Marchantiophyta: Plagiochila fasciculata & P. circinalis (AU) vs (SA) Sister clade Heinrichs et al., 2006 ¢ 52 Ma ¢ 52 Ma N/A I Vicariance Tropical
Nothofagaceae: within subgenus Brassospora (SA) vs AU clade Cook and Crisp, 2005 c. 45 Ma c. 45 Ma N/A [ Vicariance Temperate
Nothofagaceae: within subgenus Fuscospora (SA) vs AU clade Cook and Crisp, 2005 c. 45 Ma c. 45 Ma N/A I Vicariance S. Temperate
Nothofagaceae: within subgenus Lophozonia (SA) vs AU clade Cook and Crisp, 2005 ¢ 30 Ma ¢ 30 Ma N/A I LDD S. Temperate
Elaeocarpaceae: Aristotelia chilensis (SA) vs Aristotelia (AU/TA/NZ) clade Crayn et al., 2006 255+ 1.5Ma 255+ 1.5Ma 255+ 1.5Ma 111 LDD Temperate
Elaeocarpaceae: Genus Peripentadenia (AU) vs Genus Crinodendron (SA) Crayn et al., 2006 82 £ 9 Ma 82 £ 9Ma N/A I Vicariance Tropical
Proteaceae: Genus Telopea (Au/Ta) vs Genus Embothrium (SA) Barker et al., 2007 458 + 7 Ma 458 + 7 Ma N/A I Vicariance S. Temperate
Proteaceae: Genus Cardwellia (AU) vs Genus Gevuina (SA) Barker et al., 2007 514 4+ 10 Ma 514 4+ 10 Ma N/A I Vicariance Tropical
Onagraceae: Genus Fuchsia (SA) vs Skinnera (AU) clade Berry et al., 2004 c.30 Ma ¢.30 Ma N/A I LDD S. Temperate
Arecaceae: Oraniopsis appendiculata (AU) vs Genus Ceroxylon (SA) Trénel et al., 2007 ¢ 32 Ma ¢ 32 Ma N/A Il LDD Tropical montane
Podostemaceae: Tristicha (AU) vs Mourera (SA) Les et al., 2003 c. 104 Ma ¢. 104 Ma N/A I Vicariance Sub-tropical-Tropical
Juncaginaceae: Cycnogeton (AU) vs Tetroncium (SA) Les et al,, 2003 c.52Ma c.52 Ma N/A [ Vicariance Sub-tropical-Tropical
Haloragaceae: Myriophyllum pedunculatum (AU) vs M. aquaticum (SA) Les et al., 2003 21 4+ 144 Ma 21 + 144 Ma N/A 11 LDD Sub-tropical-Tropical
Calceolariaceae: Jovellana sinclairii & J. repens (NZ) vs J. violacea & J. punctata (SA) Nylinder et al., 2012 N/A c.4Ma c.4Ma 1 LDD ?
Hypopterygiaceae: Lopidium concinnum (AU) vs L. concinnum (SA) Frey et al.,, 1999 N/A N/A N/A - Vicariance Temperate
Diptera: Family Stratiomyidae, Lagenosoma (AU) vs Auloceromyia (SA) Brammer and von Dohlen, 2007 c.42 Ma N/A N/A I Vicariance Tropical
Diptera: Stratiomydae, Lecomyia (AU) vs Cyanauges (SA) Brammer and von Dohlen, 2007 c. 80 Ma N/A N/A I Vicariance Sub-tropical
Coleoptera: Auracaria Hylurdrectronus (AU) clade vs Hylurdrectronus (SA) clade Sequeira and Farrell, 2001 78 £ 13 Ma N/A N/A I Vicariance Tropical - Sub-tropical
Corsiaceae: Arachnitis uniflora (SA) vs Corsia sp. (AU) C. Mennes, pers. Comm. 53 + 23 Ma N/A N/A I Vicariance Tropical
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Fig. 1. a: Map showing the present day locations of the coastlines (green polygons) and estimated plate boundaries (blue polygons) for the continents that were once part of Gondwana
(e.g. Antarctica, Australia, South America, Africa). The blue polygons (and any overlying coastlines) were restored in the tectonic reconstructions shown in Fig. 2. Map projection:
Australian-Antarctic Polar Stereographic WGS1984 b: Tectonic reconstruction of the continents and continental fragments shown in (a) showing the configuration of Gondwana
170 million years ago (Ma). Map projection: Australian-Antarctic Polar Stereographic WGS1984.

to the Late Jurassic (165-145 Ma) (Boger, 2011). The periods of crustal
extension resulted in the generation of large rift basins (much like the
modern-day East African Rift System), but did not always lead to conti-
nental break-up (e.g. the Karoo basins of Africa and the Gondwanan

basins of India). However, subsequent phases of crustal extension be-
tween the various Gondwanan continents eventually resulted in the
generation of new seafloor and the opening of large ocean basins
(Gaina et al., 1998, 2007; White et al., 2013; Reeves, 2014, Eagles and
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Jokat, 2014). This process of rifting and eventual sea-floor spreading
was quite protracted and occurred in different locations at different
times between the Jurassic and Eocene.

Antarctica can effectively be considered the core of Gondwana as all
of the other continents were torn from it. The first oceanic crust to be
generated between Australia and Antarctica occurred south of Western
Australia at around 96 Ma, with rifting progressively propagating east-
wards leading to the gradual development of a narrow sea between
the two landmasses (White et al., 2013; Sayers et al., 2001; Tikku and
Direen, 2008). It was not until c. 45 Ma that Australia and Antarctica fi-
nally tore apart south of Tasmania and the South Tasman Rise (White et
al.,, 2013) (Fig. 2) as defined by the oldest confident interpretations of
magnetic seafloor anomalies south of the South Tasman Rise (Royer
and Rollet, 1997; Lawver and Gahagan, 2003). The South Tasman Rise
was submerged at this time, and potentially covered by waters as
deep as 1000 m from 50 to 32 Ma (Exon et al.,, 2001; Lawver and
Gahagan, 2003) (Fig. 2). There would have been 200-300 km of ocean
immediately to the west of Tasmania and the South Tasman Rise, as
well as between the South Tasman Rise and Wilkes Land by c. 40 Ma
(Lawver and Gahagan, 2003) (Fig. 2). However, steady throughflow be-
tween Australia and Antarctica did not develop until the two continents
were clearly separated and when the South Tasman Rise rapidly subsid-
ed in the Late Eocene (35-30 Ma) (Exon et al., 2001; White et al., 2013;
Scher et al., 2015) (Fig. 2).

Rifting between South America and western Antarctica occurred be-
tween 50-30 Ma (Eagles and Jokat, 2014). This led to the development
of several sedimentary basins and the opening of an intermediate depth
oceanic gateway between 50-30 Ma. Deep flow was only possible after
the initiation of seafloor spreading and the first generation of oceanic
crust at ¢. 30 Ma on the West Scotia Ridge (Eagles and Jokat, 2014)
(Fig. 2). Continued sea floor spreading in the Scotia Sea led to the open-
ing of the Drake Passage between 30-20 Ma along with much deeper
waters and the Antarctic Circumpolar Current (Lawver and Gahagan,
2003; Eagles and Jokat, 2014) (Fig. 2).

The final separation between South America and Antarctica is
thought to coincide with the onset of the Antarctic Circumpolar Current,
at 30 Ma-28 Ma (McLoughlin, 2001; Lawver and Gahagan, 2003). The
initial Drake Passage would have been an extremely narrow, deep sea-
way at ¢. 30 Ma (Eagles and Jokat, 2014). It was also likely that a chain
of islands persisted between South America and Antarctica during the
opening of the Drake Passage and this may have facilitated biotic dis-
persal from Antarctica well into the Oligocene (Hill, 2009; Eagles and
Jokat, 2014) (Fig. 2). So, the Antarctic land bridge may have at first
existed as a terrestrial connection during the Jurassic and Cretaceous,
but evolved into islands separated by narrow, shallow water bodies
(first lakes, later seas) through the Eocene and perhaps until the
Oligocene.

1.3. Biological background

The tectonic breakup of South America, Antarctica and Australia can
be simplified and classified into three phases (I, Il & Il) that are impor-
tant for different biological processes. Phase I (before 45 Ma), is when all
three areas were connected (with a gradual separation of Australia and
Antarctica occurring from west to east, from 90 Ma onwards); Phase Il
(between c. 45 Ma and 30 Ma) defines when Australia and Antarctica
separated (with South America still attached to Antarctica), and Phase
III (<30 Ma) is when all three continents were separate.

Three dispersal mechanisms may explain the disjunct amphi-Pacific
distributions (1) Vicariance: widespread ancestral species that evolve
into daughter species when areas split; (2) Pseudo-vicariance: dispersal
and speciation as soon as biota colonize a new region; (3) Long distance
dispersal (LDD): dispersal via rafts of vegetation or via the air/wind)
(Sanmartin and Ronquist, 2004; Sanmartin et al., 2007; Crisp et al.,
2009; Winkworth et al., 2015). The lack of preserved Antarctic fossils
meant that we were often unable to distinguish between these mecha-
nisms with absolute certainty. A real absence of fossils is indicative of
LDD. The same fossil species existing in pre-split S America-Antarcti-
ca-Australia is indicative of vicariance, while different species in the
three areas may mean pseudo-vicariance.

The break-up history of Gondwana provides some guidance to the
interpretation of dispersal patterns. However, other factors such as re-
gional changes in climate, driven by (i) the global climate, which is in
turn forced by Milankovitch cyclicity, oceanic circulation, volcanism,
greenhouses gases, etc. (e.g., Zachos et al., 2001), and (ii) by plate tec-
tonic driven movement through latitudinal zones (Supplementary
Video in Supporting Information).

Based on the successive climates of Gondwana, illustrated in Fig. 3 by
the temperature curve after Zachos et al. (2001), we believe that tropi-
cal Gondwanan genera may exhibit earlier disjunctions than temperate
genera as the latitudinal drift of Australia and South America resulted in
their northern regions reaching warmer climatic belts (Supplementary
Video). These climatic belts act as barriers to dispersal and establish-
ment for many species. Additionally, high southern latitudes may expe-
rience relatively warm, or even sub-tropical climates during hot house
episodes, and the northward movement of the plates through different
latitudinal zones would also mean biota would experience a shift in sun-
light periods during winter months. These would therefore act as addi-
tional barriers to dispersal, particularly for many plant species and,
indirectly, taxa depending on the plants.

2. Materials and methods

A database of amphi-Pacific (South American vs. Australasian) gen-
era was compiled from the plant specimen database of Naturalis Biodi-
versity Center. We selected all families with appearances in the
Americas and Australia-Asia, but absent in Africa. A web search was per-
formed on the resulting genera and families for dated phylogenies. We
then also searched published literature for additional examples as well
as for corresponding molecular phylogenies for each taxon. Key words
were dated molecular phylogeny, South America, Australia, disjunction.
In most cases the obtained phylogenies were dated, but lacked distribu-
tional data of the species, which we obtained from Encyclopedia of Life
(http://www.eol.org; last accessed: 15 Jan 2014).

The main criterion to add examples to our database was the pres-
ence of a (dated) molecular phylogeny for the corresponding genera.
During the assembly of the database, we discovered several instances
of undated molecular phylogenies exhibiting Gondwanan disjunctions.
In such cases we attempted to contact the relevant authors to obtain
the required data as aligned matrices. We received three positive replies
to our enquiries for aligned data sets; and obtained aligned matrices of
the Rhamnaceae (Richardson et al., 2000), the Celastraceae (Simmons
etal, 2001) and the Malvaceae (Baum et al., 2004) plant families. Unfor-
tunately, we were unable to successfully complete analyses of the
Malvaceae and Celastraceae due to a lack of fossil evidence. See
Supporting information for the dating of the Rhamnaceae.

Fig. 2. Series of plate reconstructions at different periods (a: 45 Mab: 40 Ma c: 35 Mad: 30 Mae: 25 Ma f: 20 Ma) showing the final stages of the break-up of Gondwana with the separation
of Australia and Antarctica as well as South America and Antarctica. The purple (or dark grey) polygon shows the interpreted connection between South America and Antarctica. The black
polygon shows the location of the South Tasman Rise which represents the final connection between Australia and Antarctica. The South Tasman Rise was submerged beneath
approximately 1000 m of water between 50-32 Ma (Lawver and Gahagan, 1994; Exon et al., 2001), however, throughflow and much deeper waters did not develop until 35-30 Ma
(Exon et al., 2001; Scher et al., 2015). The plate reconstructions were largely generated from previously published reconstruction data (Lawver and Gahagan, 1994, 2003; Gaina et al.,
1998; Konig and Jokat, 2006; White and Lister, 2012; White et al., 2013; Eagles and Jokat, 2014; Pérez-Diaz and Eagles, 2014) and were rotated relative to a mantle reference
frame (Torsvik et al.,, 2008). Please note that these do not take information on paleoclimate or paleobathymetry into account. Map projection: Australian-Antarctic Polar Stereographic

WGS1984.
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Fig. 3. Clade disjunctions plotted in time. Horizontal black bars indicate the range of error calculated for each disjunction separately. Colored dots indicate the climatic preferences of the
species: Blue: Temperate; Purple: Mediterranean/Tropical montane; Red: Tropical. Vertical grey bars indicate the timing of the separation of the continental plates: SW-AU:Ant =
Southwestern Australia from Antarctica; NZ:Ant = part of future New Zealand from Antarctica; SE-AU:Ant = Southeastern Australia from Antarctica; SA:Ant = South America from
Antarctica. The red line indicates global climate trends (vertically extended to be more visible), black horizontal bar indicates presence of Antarctic ice sheets throughout the Neogene,

both based on Zachos et al. (2001).

Genera in the resulting database were further separated into climat-
ic preference. The online data were also used to establish the ecological
preference of the taxa by presuming biome conservatism (Sanmartin et
al., 2007), and were classified as either tropical (including sub-tropical
and tropical montane environments), temperate (including Mediterra-
nean-like environments) or ambiguous (a broad environmental prefer-
ence). The disjunction date estimates for the amphi-Pacific taxa were
then interpreted with reference to the tectonic reconstruction (Fig. 2).

The data obtained from the literature research were compiled in a
table containing the calculated dates of disjunction, the relevant publi-
cation and the climatic preference of the genera. Because not all publica-
tions make use of the same methods, some disjunction dates may have a
confidence interval, if significant for their nodes, while others may not.
The error bars from the literature were plotted alongside the age of the
disjunctions in a graph (Fig. 3), and omitted when no information was
available. By doing this, it was possible to scale the graph according to
time of disjunction as well as to the three climatic preferences. The cal-
culations for the mean age of the disjunctions per phylum (Table 2)
were based on the centroids of the ages of the disjunctions as given

Table 2

for the taxa in the literature. These mean values are thus very rough in-
dications for the disjunctions in all phyla, because the variation in the
dates was not taken in account.

3. Results

All instances of amphi-Pacific distributions that we could trace are
listed in Table 1 and are briefly discussed in the Table S1 (Supporting in-
formation). We searched literature databases for molecular phylogenies
where we suspected amphi-Pacific disjunctions would be present. Mul-
tiple disjunctions were often discovered within a phylogeny of genera
or across taxa, in such cases every statistically relevant disjunction
was added to the database and plotted in time. Table 1 shows the ages
of Australian, South American and New Zealand clades, and it also
shows the ecological type assigned to each taxon.

In Fig. 3 we visualized the results from Table 1 in graphical form. The
data are divided into three climatic conditions: (1) tropical-sub-tropical
(red); (2) temperate (blue), and: (3) mixed (purple). We have also

Total numbers and mean age of disjunctions calculated from Table 1, taking into account climatic preference. Tropical (Tr.) to sub-tropical (Sub-Tr.) species sorted together, and Southern
temperate (S. temp.) and temperate (temp.) species were sorted together. Mean ages for the climate preferences were not calculated for vertebrate examples as their climatic preferences
are ambiguous and influenced by factors as migration. Vicariance as determined by authors. *Establishment of New Zealand lineages birds omitted from mean calculation.**Study is not
dated.”*Only one dated study applicable for age of disjunction. ***Excluding one ambiguous split.”****Excluding Frey et al., 1999 for mean age calculation.

Phyla Total # of disjunctions Vicariance LDD Mean age of disjunction Tr-Sub-Tr Mean age of disjunction S. temp.-temp. mean age of disjunction
Plants 16 11 5 48.5 Ma 55.4 Ma 36.9 Ma

Vertebrates 8(9)* 8 1 50.5 Ma N/A N/A

Invertebrates 6 (7)**** 4 1 515 66.7 Ma 36.3 Ma

Fungi 1 0 1 N/A** N/A N/A

Mollusca*** 2 1 1 56.5 56.5 N/A

Bryophytes 6(7) 4 3 36.8 51 Ma 323 Ma

Total 40(42) 28 12 48 Ma 57 Ma 353 Ma
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indicated instances of unknown climatic preferences or when the cli-
mate showed a wide range with white dots.

To analyze our data further, mean ages of disjunctions were calculat-
ed considering taxa and climatic preferences (Table 2). The data were
subdivided into the corresponding phyla and climatic occurrences,
and undated disjunctions were omitted from the calculations. From
the mean calculations we noted a trend in which tropical species exhibit
earlier disjunctions than temperate taxa (Table 2). Of the 16 dated plant
taxa that were analyzed, 13 were confidently estimated to be of vicari-
ant origin. The mean age of disjunction for all plant species lies at
48.5 Ma (Early Eocene). When further subdivided the tropical plants
have a mean age of c¢. 55.4 Ma and the temperate ones c. 36.9 Ma.

The vertebrates show a mean age of disjunction of c. 50.5 Ma; inter-
estingly, very close to that of the plant disjunctions. As the available lit-
erature on the Marsupialia and birds provided no climate preferences
within the genera, it was impossible to assign climatic preferences to
the species at each disjunction.

The mean disjunction age for the invertebrates was calculated at
51.5 Ma; an age also very similar to the age calculated for plants and ver-
tebrates. Further subdivision of the invertebrates according to their re-
spective climatic preferences, results in a mean age of disjunction for
tropical/sub-tropical lineages at 66.7 Ma, and 36.3 Ma for Mediterra-
nean and temperate disjunctions. This is a similar trend to what is ob-
served in the plant records.

We ignore the fungi, for only one analyzed (and undated) disjunc-
tion was found, and the research pointed to a LDD event in this case
(Foighil et al., 1999).

Within the Mollusca we acquired only one dated phylogeny
(56.5 Ma) of a sub-tropical species, which we assigned to vicariance.
One other undated phylogeny was found, however, it pointed to an
LDD event (Foighil et al., 1999).

The Bryophytes (only one study, Heinrichs et al., 2006) show two
tropical species that diverged at c. 51 Ma. The remaining four temperate
species were calculated to have a mean disjunction at c. 32.3 Ma, similar
to the previously calculated disjunctions for vascular plants and
invertebrates.

The mean time for every dated disjunction in Table 1 was calculated
to be 48 Ma. We subdivided the entire data set into tropical and temper-
ate disjunctions, the mean disjunction of every tropical lineage lies at c.
57 Ma, and the temperate lineages have a mean of 35.3 Ma, in line with
our expectations.

4. Discussion and conclusions

Our data represent the (dated) phylogenies that show the amphi-
Pacific disjunction. The data clearly indicate a majority of lineage splits
between South America and Australasia occurred when South America
was connected to Australia via the Antarctic land bridge (Phase I,
>45 Ma; Fig. 3). During Phase I all three dispersal mechanisms could
have been present, but LDD is somewhat less likely, because of the ab-
sence of strong circumpolar winds and sea currents. We would expect
most vicariance events to have occurred during/at the end of Phase I. Vi-
cariance and especially pseudo-vicariance (dispersal over short dis-
tances) are expected to occur between Australia and Antarctica during
Phase II (45-30 Ma), when Australia and Antarctica finally detached.
This is especially the case when island chains potentially existed be-
tween the two continents (e.g. along the South Tasman Rise; 3). We
would expect an increasing shift towards LDD events between Australia
and Antarctica at the end of this phase. Vicariance may have remained
the main speciation mechanism between South America and Antarctica
during Phase II.

After Australia and Antarctica's final separation at ca. 45 Ma (White
et al., 2013), South America and Antarctica remained connected, for an-
other c. 15 Myr (Phase II; Fig. 2). Considering the climate at the time,
Antarctica may well have acted as a refuge for ostensibly Gondwanan

species, which would then exhibit a more recent disjunction, after
they crossed back into South America.

In Phase III, when both Australia and South America were detached
from Antarctica, LDD was the only dispersal mechanism. We are confi-
dent of the separation from Antarctica at these times, particularly with
recent independent evidence indicating the onset of the Antarctic Cir-
cumpolar Current from c. 30 Ma (Scher et al., 2015).

Following our current understanding of the sequence of events lead-
ing to the break-up of Gondwanan tropical clades exhibit, on average,
earlier disjunctions than non-tropical ones, because the modern day,
northern tropical regions of South America and Australia have been at
lower latitudes (closer to the equator) for a longer period of time rela-
tive to the southern parts of each continent.

Apparently, most of the tropical taxa have disjunctions before, or at
50 Ma, and most temperate taxa have disjunctions dated at or after
40 Ma. A notable exception is the early, temperate disjunction occurring
within the Littorinidae at 56.5 + 16.5 Ma (Williams et al., 2003), though
these species inhabit temperate southern oceans. It is possible that the
stem group, that has been dated to the Cretaceous, were tolerant of
higher temperatures as discussed in Williams et al. (2003), therefore it
is difficult to confidently assign a preferred climate. However, these spe-
cies are currently only distributed in temperate southern seas (Williams
et al., 2003), and the reason we assigned a temperate climate to the
Austrolittorina. The results of Winkworth et al. (2015) that show dis-
junctions at or after 40 Ma for temperate taxa agree with our results.
Winkworth et al. (2015) especially considered temperate and cold cli-
mate taxa. The latter had a main dispersal phase between 14 Ma and
4 Ma. When these results (Winkworth et al., 2015) are considered to-
gether with our own, a pattern of progression appears of taxa diversify-
ing sequentially from Tropical to Temperate to Cool to Cold through
time. We also observe a trend where temperate species start diversify-
ing after the appearance of Antarctic ice sheets, at c. 35 Ma (Fig. 3).

The disjunction of the Australian, tropical-montane Arecaceae
Oraniopsis appendiculata with the South American genus Ceroxylon at
32 Ma (Berry et al., 2004) is unexpected, as this conflicts with the ob-
served trend in tropical species (these lineages tend to split earlier).
Similarly, within the Haloragaceae, the tropical, Australian Myriophyllum
pedunculatum and the South American M. aquaticum exhibit a disjunc-
tion at an estimated 21 + 14 Ma (Les et al., 2003); 21 Ma post-dates
the final breakup of the Antarctic-South American land bridge by ap-
proximately 9 Myr. With a calculated confidence interval of + 14 Myr
it is impossible to rule out that this disjunction occurred before the
final break-up of the Antarctic-South American land bridge. Considering
the relatively recent disjunction, and it being a tropical species we do not
favor a vicariant origin.

In the course of the literature study we came across some interesting
cases of (possible) vicariance events in birds and fish, which show that
one cannot always deduce the dispersal/speciation mechanism from the
animal's behavior. A vicariant pattern was found in passerine birds
(Ericson et al., 2002). While birds in general arguably possess the best
LDD mechanism - flight, it is possible that breeding habits, which are
often area specific, lead to vicariance or pseudo-vicariance as the breed-
ing grounds split up. In terms of fish, some Galaxiid species exhibit
amphidromous reproduction behavior, spending their juvenile phase
in salt water, while adult fish are always found in fresh water
(Burridge et al., 2012). It is possible that some fish dispersed as juveniles
across the Tasman Sea/Southern Ocean, or possibly, through the south
Equatorial current (a warm water current, the southern arm of which
runs from Australia to New Zealand and then to South America). How-
ever, in this case LDD between South America and Australia is improb-
able for these Galaxiid species as the salt water distance between
South America and Australia likely would have been too far to cross dur-
ing the timespan of the fish's juvenile phase.

The ongoing debate between proponents of LDD and proponents of
continental vicariance often results in polarized, dogmatic views on ei-
ther theory. We propose a view in which vicariance and the dispersal-
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founder effect lead to similar biogeographic patterns throughout
amphi-Pacific genera. Thereby, we do not exclude the possibility of
LDD events as some evidence of these events is irrevocable, however,
some biogeographers fail to recognize the geological sequence of
events, preferring LDD explanations even when more parsimonious, vi-
cariant or pseudo-vicariant explanations are possible. The evidence
from our literature study, combined with a well established geological
history point to a possibly overwhelmingly (pseudo-)vicariant scenario
within the Gondwanan genera we reviewed.

Plate reconstructions of Gondwana indicate the last terrestrial con-
nection between Antarctica and South America was at ¢. 30 Ma (Fig.
2). The last connection between Australia and Antarctica (via the
South Tasman Rise) was severed at c¢. 45 Ma (Fig. 2), which is much
more recent than many previous authors assumed when discussing
the biogeography of their phylogenetic results. Therefore, all of the ex-
amples that we collected (Table 1) show a strong signal that that the
connection between South America and Australia via Antarctica provid-
ed a dispersal pathway and vicariance moment after break up, and this
explains the majority of southern amphi-Pacific distributions.

Tropical taxa exhibited earlier divergence moments than temperate
taxa. This pattern follows the break-up sequence of Gondwanan conti-
nents, where more northerly regions experienced tropical conditions
first, or experienced tropical conditions where more southerly regions
did not. Of the 44 reviewed Gondwanan disjunctions, 2 disjunctions
were inconclusive, 12 genera showed disjunctions that were younger
than the last terrestrial connections between Australia and South Amer-
ica (indicating these originated due to LDD), and 28 genera were confi-
dently dated prior to the final separation of Gondwana.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gr.2016.12.006.
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