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Abstract

Aim: Long-distance dispersal (LDD) events occur rarely but play a fundamental role in shaping spe-
cies biogeography. Lying at the heart of island biogeography theory, LDD relies on unusual events
to facilitate colonization of new habitats and range expansion. Despite the importance of LDD, it is
inherently difficult to quantify due to the rarity of such events. We estimate the probability of
LDD of the seagrass Heterozostera nigricaulis, a common Australian species, across the Pacific
Ocean to colonize South America.

Location: Coastal Chile, Australia and the Pacific Ocean.

Methods: Genetic analyses of H. nigricaulis collected from Chile and Australia were used to assess
the relationship between the populations and levels of clonality. Ocean surface current models
were used to predict the probability of propagules dispersing from south-east Australia to central

Chile and shipping data used to determine the likelihood of anthropogenic dispersal.

Results: Our study infers that the seagrass H. nigricaulis dispersed from Australia across the entire
width of the Pacific (c. 14,000 km) to colonize South America on two occasions. Genetic analyses
reveal that these events led to two large isolated clones, one of which covers a combined area of
3.47 km?. Oceanographic models estimate the arrival probability of a dispersal propagule within 3
years to be at most 0.00264%. Early shipping provides a potential alternative dispersal vector, yet
few ships sailed from SE Australia to Chile prior to the first recording of H. nigricaulis and the lack
of more recent and ongoing introductions demonstrate the rarity of such dispersal.

Main conclusions: These findings demonstrate LDD does occur over extreme distances despite

very low probabilities. The large number of propagules (100s of millions) produced over 100s of
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1 | INTRODUCTION

Dispersal is central to our understanding of species distributions and
plays a key role in island biogeography theory by determining rates of
immigration. Over vast expanses, immigration is predicted to be low,
decreasing as distance increases (Nathan et al., 2008). Many species
distributions, however, are greater than those predicted via dispersal,
leading to long-distance dispersal (LDD) being dismissed as improbable
in favor of biogeographic vicariance (de Queiroz, 2005). Recently,
molecular tools have identified mismatched evolutionary and geo-
graphic time-scales in species distributions leading to the re-emergence
of LDD theory (de Queiroz, 2005; Sanmartin & Ronquist, 2004).
Despite the low probability of successful dispersal over large distances,
LDD theory predicts rare events such as cyclones, floods or unusual
vectors can facilitate species dispersal beyond their normal range (Gil-
lespie et al., 2012; Nathan, 2006). Given the large number of species (1
% 10%s) and the occurrence of rare dispersal events over evolutionarily
important time-scales (100s to 1000s of years) it would be expected
that LDD events will occur despite probabilities approaching zero. This
is akin to a lottery where the chance of a particular individual winning
is extremely low, but the probability that someone wins is high.

The arrival of a species into a new area can have profound impacts
on local ecological communities, leading to novel interactions and altered
environmental conditions that can have beneficial or detrimental effects
to native species (Rodriguez, 2006; Vila et al., 2011). For habitat-forming
species (so-called ecosystem engineers) such impacts are even more pro-
nounced as they can provide alternative habitats for local species and
introduce novel ecosystem services (Castilla, Lagos, & Cerda, 2004). For
instance the arrival of a habitat-forming tunicate (Pyura praeputialis) in
Chile from Australia has increased biodiversity within the intertidal zone
and shifted the distribution of native habitat-forming mussels and kelps
(Castilla et al., 2004, 2014). In such cases the introduction of a new spe-
cies via LDD not only provides it with unique opportunities for habitat
exploitation, but it also provides local species the opportunity to exploit
the new habitat and ecosystem services it provides.

Seagrasses are marine angiosperms that act as coastal ecosystem
engineers and provide a variety of ecosystem services such as habitat
provision, sediment stabilization, nutrient cycling and carbon storage
(Orth et al., 2006). Seagrass dispersal is often limited by the production
of small non-buoyant seeds or asexual growth; however, a number of
strategies have evolved to allow dispersal over greater distances
(Kendrick et al., 2012, 2017). Floating seeds and fruit occur in several
species (i.e. Posidonia) that can be dispersed large distances (100s of
km) via wind and currents (McMahon et al., 2014). LDD also occurs in

species with negatively buoyant seeds (i.e. Zostera) where seeds are
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years suggests that the arrival of propagules in Chile was inevitable and confirms the importance

of LDD for species distributions and community ecology.

biogeography, clonal organisms, long distance dispersal, oceanography, seagrass

carried on reproductive shoots or spathes that become detached and
disperse into new habitats or locations (Harwell & Orth, 2002;
Kallstrom, Nyqvist, Aberg, Bodin, & André, 2008; McMahon et al.,
2014). Alternatively, dispersal can occur asexually as detached vegeta-
tive fragments (rhizomes and leaves), or in some cases specialized asex-
ual vegetative propagules (i.e. Heterozostera), drift in or on the water
column and settle in new locations where they are able to establish
and develop into functioning plants (Kendrick et al., 2017; Thomson
et al., 2015). The development of a variety of dispersal mechanisms has
allowed seagrasses to disperse over distances ranging from a few cm
to 100s of km to become one of the most conspicuous and important
nearshore ecosystems across the globe (Kendrick et al., 2012, 2017).
Seagrass is absent along the temperate Pacific coast of South
America with the exception of three small patches (0.036-2.277 km?) in
Chile. Recent molecular analysis has confirmed this seagrass as Hetero-
zostera nigricaulis (syn. Zostera nigricaulis, Heterozostera tasmanica), a
common species in southern Australia (Coyer et al., 2013) where it
forms large meadows that produce large quantities of non-buoyant
seeds and specialized vegetative rhizomes used for dispersal that can
remain viable in the water column for more than 3 months (Smith et al.,
2016; Thomson et al., 2015). Chilean H. nigricaulis populations were
thought to be prehistoric relics (Velez-Juarbe, 2013) but the complete
lack of genetic divergence at key chloroplast and nuclear genes suggests
these populations are recent arrivals from Australia and not relic popula-
tions (Coyer et al., 2013). Colonization of H. nigricaulis from Australia
may have occurred via ocean currents or through shipping. Here we use
multiple lines of evidence, including molecular data, Lagrangian drifter
trajectories, ocean circulation models and shipping records, to provide
the first estimates of the probability of long-distance dispersal and dis-

cuss the role of these events in shaping ecosystem structure.

2 | MATERIALS AND METHODS

Heterozostera nigricaulis is known to occur at three sites in Chile. Puerto
Aldea (30°17.55’ S, 71°36.50' W), a fishing caleta (village) 45 km south
of Coquimbo that is protected from onshore winds and waves; Bahia
Chascos (27°41.32' S, 71°0.43' W), a small fishing caleta 295 km north
of Puerto Aldea; and Isla Damas (29°14.18' S, 71°31.90' W), 5 km off-
shore within the Humboldt Penguin National Reserve and 120 km
north of Puerto Aldea.

To determine the structure and patterns of genotypic diversity
within H. nigricaulis populations, 30-60 samples were haphazardly col-
lected at each of the three sites. Ten samples were collected from each
of six 10 m X 10 m quadrats at Puerto Aldea and 10 samples collected

from each of three quadrats at both Bahia Chascos and Isla Damas.
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Quadrats were distributed across the entire seagrass meadow at each
site in order to maximize our ability to quantify levels of genotypic
diversity. An additional 18 drift samples were collected from two sites
approximately 40 km offshore from Coquimbo (29°47.38' S,
71°46.15 W and 30°0.59’ S, 71°34.26’ W) to determine where floating
samples were originating. All samples consisted of at least 10 cm of
leaf obtained from a single stem. Samples were cleaned and any excess
water removed before samples were desiccated with silica beads.

Collections of H. nigricaulis were also made from 25 sites in south-
eastern (SE) Australia for assignment tests. These sites were Snug, Tria-
buna and Flinders Island in Tasmania; Andersons Inlet, Apollo Bay,
Portland, Corner Inlet, Western Port and 16 sites (Altona, Avalon, Blair-
gowrie, Edwards Point, Grand Scenic, Jawbone, Kirk Point, Mud Islands
Point Henry, Point Lonsdale, Point Richards, Ricketts Point, Rosebud,
North Swan Bay, South Swan Bay, Williamstown) in Port Phillip Bay in
Victoria; and Jervis Bay in New South Wales. At each Australian site
15 samples were haphazardly collected from each of three 10 m X
10 m quadrats 50-100 m apart.

2.1 | DNA extraction and genotyping

Genomic DNA was isolated from leaf tissue using DNeasy plant kits
(Qiagen) following the manufacturer’s instructions. All samples were
genotyped using nine polymorphic microsatellite markers previously
developed for this species; ZosVic49, ZosVic50, ZosVic55, ZosVic60,
ZosVic66, ZosVicé8, ZosVic69, ZosVic70b and ZosVic71 (Smith et al.,
2013). Microsatellites were amplified using a polymerase chain reaction
(PCR) conducted in 11 pL volumes containing: 10 ng genomic DNA; 5
uL PCR Master Mix (Qiagen) and 4 pL primer multiplex (0.26 uM of
each forward primer and fluorescent dye, 0.13 uM of reverse primer).
Thermal cycling conditions for the PCR were; initial hot start at 94 °C
for 15 min; ten cycles of 94 °C for 45 s, 55 °C for 45's, 72 °C for 45 s;
10 cycles of 94 °C for 45 s, 53 °C for 45 s, 72 °C for 45 s; 20 cycles of
94 °C for 45 s, 50 °C for 45 s, 72 °C for 45 s; final elongation at 72 °C
for 15 min. PCR was conducted in PCR amplicons electrophoresed
using an ABI 3130x| Genetic Analyzer, incorporating LIZ 500 (-250)
size standard (Applied Biosystems). Alleles were scored using GENEMap-

PER, v3.7 (Applied Biosystems).

2.2 | Genetic analysis

Genotypic diversity in Chilean H. nigricaulis was calculated as the num-
ber of unique multi-locus genotypes (Ng) relative to the number of
samples collected (n) and expressed <R: %jﬁ) (Dorken & Eckert,
2001). Bayesian assignment tests were used to identify the potential

Australian source populations of the two Chilean clones using GENECLASS
2 (Piry et al., 2004). We employed the Bayesian criterion of Rannala
and Mountain (1997) and exclusion probabilities were calculated fol-
lowing 10,000 simulations of a Monte-Carlo re-sampling algorithm and
an alpha of 0.01 (Paetkau, Slade, Burden, & Estoup, 2004). We com-
puted a likelihood ratio test comparing the population where the indi-
vidual was sampled over the highest likelihood value among all

available populations (L = L_home/L_max).
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2.3 | Sampling seeds and flowers

At Puerto Aldea above- and below-ground samples were collected to
determine the extent of sexual reproduction within the Chilean
H. nigricaulis population. Samples were collected in November 2011 to
coincide with the highest flowering density in Australian samples
(Smith et al.,, 2016). Within each quadrat assigned for collection of
genetic samples three replicate 0.25 m X 0.25 m above-ground sam-
ples and 10-cm-diameter cores were haphazardly collected. Above-
ground samples were searched for spathes and below-ground cores
sieved through a 1000- and 710-um sieve and under a dissecting
microscope any seeds were counted.

2.4 | Oceanic modeling

Oceanic models were used to determine the likelihood that seagrass
fragments could drift across the Pacific Ocean from SE Australia to
Chile and the length of time it would take. Results from the modeling
data combined with existing biological data of H. nigricaulis distribution
and vegetative fragment density were used to estimate the number of

fragments that could reach Chile over long time periods.

2.5 | Monte Carlo super-trajectories

Pathways across the ocean were studied using Monte Carlo super-
trajectories (MCSTs, van Sebille, Beal, & Johns, 2011). These MSCTs are
statistical recombinations of short pieces of observed free-floating drift-
ing buoy trajectories from the NOAA Global Drifter Program (Lumpkin
& Pazos, 2007). This dataset consists of more than 17,000 free-floating
buoys, whose position is recorded every 6 h. MCSTs are particularly
suited to study extreme events, as they provide a statistical representa-
tion of the probability of going from any location in the ocean to any
other over a certain time span. First, the 17,000 drifter trajectories are
cast in a transition matrix P(i, j), which stores the probability of going
from a 1-degree grid cell i to another grid cell j in 60 days (van Sebille,
2014). Then, MCSTs are formed in this transition matrix by randomly
sampling the transitions, starting at 41°S, 149°E and iteratively moving
from a cell i to a new grid cell j based on the transition probabilities
P(i, j) from the matrix. In this way, 10 million MCSTs were formed, and
only those that at some point reached a grid cell adjacent to the Chilean
coast were kept. This large number of MCSTs was chosen to adequately
sample the variability of oceanographic conditions represented in the

drifter dataset from which they were derived.

2.6 | Backtracking models

Oceanic connectivity between south-east Australia and Chile was esti-
mated using the Global Hybrid Coordinate Ocean Model (HYCOM,
Chassignet et al., 2007) and icHTHYOP (v2) virtual particle tracking soft-
ware (Lett et al, 2008). HYCOM is forced using wind stress, wind
speed, heat flux, precipitation, and river discharge. HYCOM assimilates
satellite altimetry data, sea surface temperature and in situ measure-
ments from a global array of expendable bathythermographs, Argo

floats, and moored buoys to produce hindcast model outputs. Thus,
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HYCOM accurately resolves mesoscale processes such as meandering
currents, fronts, filaments and oceanic eddies (Chassignet et al., 2007).
The HYCOM output used here was from the newly released Global
Reanalysis (http://hycom.org/dataserver/glb-reanalysis), and output is a
daily snapshot of current velocity at 00:00 h (GMT) at a spatial resolu-
tion of 0.08° (approx. 6-9 km grid spacing) - sufficiently high resolution
to depict ocean circulation processes at scales relevant for depicting
organismal transport at the ocean surface (Putman & He, 2013).

We performed ‘backtracking’ simulations (e.g. Putman & Naro-
Maciel, 2013) in which virtual particles were released along the coast
of Chile and tracked backwards through time to determine the proba-
bility of transport from southern Australian waters. One release zone
spanned the continental coast of Chile (20°S to 40°S). A second release
zone was defined between 26°S and 31°S, more tightly bracketing the
regions where H. nigricaulis is found in Chile. Both zones were con-
strained between the 100 and 500 m isobaths. Each day, 45 particles
were released from random locations across each of the two zones (90
particles per day) and tracked for 3 years using a Runge-Kutta fourth-
order time-stepping method whereby particle positions were calculated
every 30 min (Lett et al., 2008). Particles were counted as having origi-
nated in SE Australia if they passed between longitudes 140°E and
155°E and latitudes 32°S and 44°S. A total of 591,300 particles were
backtracked for the years 1993 through 2013, a period spanning a
wide range of oceanic conditions including multiple EI Nino-Southern
Oscillation (ENSO) events. The number of particles released and the
range of years that simulations covered allowed us to ensure the dis-
persal scenarios modelled were representative of the dynamic annual

variations in ocean circulation that typify the South Pacific.

2.7 | Shipping data

Shipping records were assessed to determine if H. nigricaulis could
have been translocated to Chile by ship. All ships departing from Port
Phillip Bay (the only international port in Victoria at that time) destined
for Valparaiso and Concepcion between 1788 (arrival of the first fleet

gy - - - - . .
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in Sydney) and 1864 (first recording of H. nigricaulis in Chile) were col-
lated. Shipping records were taken from the series Shipping arrivals and
departures for Victoria, journal articles by Bader (1974, 1988) and the
National Library of Australia newspaper archives (TROVE) using the
search terms ‘shipping intelligence’, ‘for Valparaiso' and ‘for Concep-
cion’ between 1860 to 1865 for The Argus in Victoria. Ships departing
Port Phillip Bay for international ports between 1981 and 2015 were
supplied by the Port of Melbourne archives. These dates were used to
calculate the probability of H. nigricaulis arrival in Chile via shipping
(pre-1864) and provide a contemporary comparison (1981-2015).

3 | RESULTS

3.1 | Clonality and genetic assignment

Microsatellite analysis revealed only two clones in the Chilean popula-
tions of H. nigricaulis (R =.0084) where all 60 samples from Puerto
Aldea and 30 samples from Bahia Chascos consisted of a single clone
(clone A) and the 30 samples from Isla Damas a single, different clone
(clone B, Figure 1). Different alleles were detected between the two
clones at four of the nine loci tested, and three and six loci were heter-
ozygous in clone A and B, respectively. All floating samples of
H. nigricaulis collected from offshore sites were the same genotype as
those collected from Puerto Aldea and Bahia Chascos (clone A). Above-
and below-ground seagrass and sediment samples from all sites con-
tained no flowers. The detailed above-below-ground sampling at
Puerto Aldea did not reveal any seeds.

Bayesian assignment tests showed low probability of assignment
for clone A to Australian H. nigricaulis populations but a relatively high
probability that clone B originated in Port Phillip Bay in SE Australia.
The probability of assignment for clone A to Australian populations
was less than .081 at all sites with the exception of Rosebud (.128) in
Port Phillip Bay. In contrast, clone B had a high probability of originat-
ing from Avalon (.639) or Grand Scenic (.602) in Port Phillip Bay where
probabilities were much higher than those outside Port Phillip Bay
(probability < .003, Supporting Information 1). The low confidence

@ CloneA
Clone B

A Floating fragments
(Clone A)

105° W — Heterozpsrerg n{‘gricaulis
Australian distribution

FIGURE 1 Summary of Heterozostera nigricaulis dispersal probabilities across the Pacific Ocean and distribution in Australia and Chile

including location of each clone in Chile
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assigned to the origin of clone A suggests that although we sampled 25
sites across H. nigricaulis's geographic range in SE Australia, clone A ori-

ginated from one of the many areas we did not sample.

3.2 | Pan-oceanic dispersal

Oceanic models predicted very low probabilities of particles reaching
the Chilean coast. Particles released from SE Australia using the MCST
model took at minimum 2 years 4 months to reach the Chilean coast
(Figure 2). Of the 10 million particles released 264 (0.00264%) reached
the Chilean coast within 3 years (Figure 3). Similarly, the HYCOM
1993-2013 hindcast model predicted 11 of the 591,300 (0.00186%)
particles backtracked from central Chile would arrive in SE Australia
within 3 years (Figure 2). Of these 11 particles, seven were released in
1999 and backtracked to Australia in 1997, suggesting that particular
oceanic conditions facilitate dispersal over this distance and these dis-

persal events are related to pulse rather than continuous events.

3.3 | Estimating the number of fragments arriving
in Chile

Port Phillip Bay in SE Australia, where there is a high probability Chile
clone B originated from, contains approximately 65 km? of H. nigricaulis
(Blake & Ball, 2001). Vegetative fragments in H. nigricaulis meadows in
Port Phillip Bay can reach densities of 1.8 X 107 km? (Thomson et al.,
2015) and therefore Port Phillip Bay may contain 1.17 X 10° fragments
at any given time. Assuming such densities are annual, over a 100-year
period it could be expected that 1.17 X 10! fragments are produced.
Super-trajectory and HYCOM models respectively predict 0.00264 and
0.00186% of particles will reach Chile from SE Australia, equating to
3.1 x 108 and 2.2 x 108 fragments reaching the continental shelf of
Chile over a 100-year time period.

Shipping records show 187 ships traveled from Port Phillip Bay in
SE Australia to the Chilean ports of Conception and Valparaiso prior to
1864 when H. nigricaulis was first recorded in Chile (Supporting Infor-
mation 2). This number is likely to be lower than the actual number of
ships traveling from SE Australia to Chile as whaling ships and ships
sailing onto Chile via other ports were not recorded. In contrast,
between 1981 and 2015 a total of 46,340 ships departed the Port of
Melbourne for ports worldwide (Supporting Information 3).

4 | DISCUSSION

Seagrass meadows in Chile have extremely low genotypic diversity,
consisting of just two clones, one at Puerto Aldea and Bahia Chascos
(300 km apart) and another at Isla Damas (located between the two
other sites). The presence of these clones 1000s of km from other
H. nigricaulis populations raises the question ‘How did H. nigricaulis
reach the Chilean coast?’

Biogeographic vicariance produces isolated populations that typi-
cally undergo subsequent genetic divergence due to random genetic
drift and localized selection. Seagrass was thought to be common on

the west coast of South America during the Miocene and before
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cooling environmental conditions restricted seagrass to the current
populations in Chile (Velez-Juarbe, 2013). However, the lack of any
sequence divergence at nuclear and chloroplast genes (Coyer et al.,
2013) and the complete amplification of microsatellite loci (originally
designed for H. nigricaulis Australian populations) indicates a recent
introduction of H. nigricaulis into Chile. The two clones detected in
Chilean populations are clearly distinct genotypes displaying different
alleles at several loci and therefore have not arisen from somatic muta-
tion of a single clone. The high level of heterozygosity in both clones
and absence of seed or flowers in this study or previous studies in the
Chilean H. nigricaulis population (Gonzalez & Edding, 1990; Phillips,
Santelices, Bravo, & McRoy, 1983) indicate the clones are unlikely to
be derived from self-fertilization and sexual reproduction within the
populations. The lack of co-occurrence of the two clones at any one
location suggests two separate colonization events. Oceanic currents
are the primary means of LDD for marine species and given favorable
conditions allow dispersal over large distances (Kinlan & Gaines, 2003).
Floating rhizomes of H. nigricaulis from clone A were sampled on differ-
ent occasions (at 40 km distance from the nearest benthic source pop-
ulation) demonstrating rafting dispersal is a plausible dispersal
mechanism connecting the two populations of this clone along the
Chilean coast, and possibly also across the South Pacific.

Both oceanic modeling approaches predicted the fastest drift times
from SE Australia to central Chile were between 2 and 3 years. Super-
trajectory and HYCOM models respectively predicted just 0.00264 and
0.00186% of particles released would arrive in central Chile within this
period, equating to 3.1 x 10% and 2.2 X 10° seagrass fragments from
Port Phillip Bay over 100 years. However, both these probabilities are
upper bounds, as the models assume no loss of propagules during their
trans-basin journey from sinking, herbivory or mortality. Particle arrival
near the Chilean coast does not correspond one-to-one to settlement
and therefore our estimates of oceanic dispersal are likely overestima-
tions. Seagrass fragments can remain viable and grow floating in the
water column over extended periods of time (< 3 months) but can also
become negatively buoyant, non-viable or release seeds over time (Ber-
kovi¢ et al, 2014; Harwell & Orth, 2002; Stafford-Bell, Chariton, &
Robinson, 2015; Thomson et al., 2015), which is not accounted for in
the model and therefore far fewer fragments will actually reach Chile.
Furthermore, reaching the Chilean coast does not equate to coloniza-
tion. Propagule survival once settled is low, and, fragments must settle
in a suitable environment for establishment, further reducing the odds
of LDD (Hall, Hanisak, & Virnstein, 2006; Thomson et al., 2015). Fur-
ther research to better understand fragment survival, viability and colo-
nization will provide better estimations of seagrass LDD; however, it is
clear that by producing vast amounts of propagules over long time peri-
ods H. nigricaulis has been able to increase the length of its distribution
tail and succeeded in extreme LDD.

Over long time periods (100s to 1000s of years) extreme condi-
tions or atypical events (e.g. severe storms) may markedly reduce dis-
persal duration, allowing dispersal across the Pacific (Gillespie et al.,
2012; Nathan, 2006). The shortest time the models predicted a sea-
grass fragment could cross the Pacific Ocean was 2.5 years, much lon-

ger than the length of time a fragment has been recorded floating
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FIGURE 3 Number of Monte Carlos super-trajectory (MSCT) particles each year that reach central Chile from south-eastern Australia using
super-trajectories oceanic dispersal model. The total amount of MCST particles released is 10 million

(3 months, Thomson et al., 2015); therefore, our estimates of the frag-
ment numbers capable of arriving in Chile are likely to be overesti-
mated. Oceanic models use restricted time frames (e.g. 1993-2013 for
the backtracking model); however, over much longer periods the num-
ber of extreme events that facilitate pan-oceanic dispersal will increase,
providing greater opportunities for LDD to occur, reducing the time
required to reach Chile or facilitating longer fragment drifting time
(Nathan, 2006). Bayesian assignment tests of the two Chilean clones
indicated a relatively high probability that clone B originated from Port
Phillip Bay in SE Australia. Dispersal across the southern Pacific Ocean
is not unique and species distribution patterns between South America
and Australasia are increasingly being linked to LDD (Sanmartin & Ron-
quist, 2004; Waters, 2008). A growing number of marine species
including kelps, gastropods, worms, oysters, crustaceans and tunicates
appear to have recently arrived in Chile from Australasia via oceanic
currents (Cumming, Nikula, Spencer, Waters, & Crame, 2014; Foighil,
Marshall, Hilbish, & Pino, 1999; Fraser, Nikula, Spencer, & Waters,
2009; Fraser, Nikula, Waters, 2011; Trickey, Thiel, & Waters, 2016).
Such predictable distribution patterns over a variety of species demon-
strate viable dispersal pathways despite vast distances (Gillespie et al.,
2012) and supports oceanic dispersal as a probable vector of seagrass
dispersal across the Pacific. Given there is evidence of the presence of
seagrass on the west coast of South America 5-20 Ma that has since
disappeared (Velez-Juarbe, 2013), it is not unreasonable to expect that
other dispersal events have occurred across the Pacific but populations
have since died out.

While LDD of H. nigricaulis vegetative fragments from SE Australia
to Chile appears possible, an anthropogenic introduction provides an
alternate dispersal mechanism. Trans-oceanic dispersal via shipping has
led to the introduction of numerous marine and terrestrial species into
new habitats far from their origin (Dawson, Gupta, & England, 2005;
Suarez, Holway, & Case, 2001). In Chile, shipping has been suggested

as a possible pathway for the recent introduction of the tunicate
P. praeputialis (Castilla, Collins, Meyer, Guinez, & Lindberg, 2002). Could
H. nigricaulis also have been introduced to Chile via early shipping?
There is a high probability that Chilean clone B originated in Port Phillip
Bay, a major shipping port in SE Australia, providing evidence that ship-
ping may have facilitated H. nigricaulis dispersal to Chile. Shipping
records list 187 ships departing Port Phillip Bay for Chilean ports prior
to the first recording of H. nigricaulis in 1864, providing a relatively high
probability of dispersal. However, H. nigricaulis does not fit easily into
categories of organisms likely to be transported as fouling on ship hulls
(Castilla & Neill, 2009) and ballast water was not used in shipping prior
to the first introduction in 1864. However, seagrass may have been
transported on ships via ballast (in rocks or sand), as mattress material
or in anchor wells. Shipping time from SE Australia to Chile (average 50
days, Bader, 1974) corresponds much better than ocean currents with
known viability of fragments in the water column; however, seeds and
fragments desiccate quickly out of water (Pan et al., 2012), dramatically
decreasing the likely number of viable propagules arriving in Chile. If
the minimum probability of introduction is 1 in every 187 ships, then in
the last 35 years where 46,340 ships have departed Port Phillip Bay for
international ports, we would have expected to see approximately 248
further introductions worldwide. Yet there is only one other clone (Isla
Damas) known outside of Australia, reaffirming the rare nature of
H. nigricaulis establishment in Chile regardless of dispersal method.
Anthropogenic introductions are assumed to explain dispersal
when oceanic currents are unable to explain distributions and often
contain large genetic variation within the populations (Wilson, Dor-
montt, Prentis, Lowe, & Richardson, 2009). Chilean populations of
H. nigricaulis do not fit either of these scenarios suggesting shipping is
an unlikely dispersal vector, but given the extreme rarity of oceanic dis-
persal, mechanisms that lie outside the generally accepted framework

of anthropogenic introductions cannot be discounted.
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LDD provides opportunities to colonize new habitats and exploit
resources, and facilitates species evolution (Sherman et al., 2016). The
arrival of H. nigricaulis on the west coast of South America not only
demonstrates the occurrence of dispersal at the extreme end of the
dispersal tail but also the benefits of LDD to individuals and ecosys-
tems. In the absence of competition from adults, propagules that dis-
perse large distances may have better survival and growth (Caughlin,
Ferguson, Lichstein, Bunyavejchewin, & Levey, 2014). South American
H. nigricaulis patches cover an area of 2.27 km? (Bahia Chascos),
1.20 km? (Puerto Aldea) and 0.04 km? (Isla Damas). The combined area
of the single clone at Bahia Chascos and Puerto Aldea (clone A) repre-
sents one of the largest clones in the world, larger than most other
extremely large clones such as the giant aspen Populus tremuloides
(0.43 km?, Barnes, 1975) and the fungus Armillia bulbosa (0.15 km?,
Smith, Bruhn, & Anderson, 1992). Very large clones are indicative of
seagrass species elsewhere such as Zostera marina (0.006 km?), while
Posidonia oceanica meadows up to 15 km apart can have high densities
of the same clone and are thought to have originated from a single
clone over 1000s of years of clonal growth (Arnaud-Haond et al.,
2012; Reusch, Bostrom, Stam, & Olsen, 1999). These two H. nigricaulis
clones have successfully colonized Chile and taken advantage of the
absence of intraspecific competition to become some of the world’s
largest individual organisms.

The arrival of H. nigricaulis has also had a profound impact on the
ecosystem by creating new habitats that are utilized by a range of
invertebrate and vertebrate species, altering species interactions and
modifying the physical environment (Gonzalez & Edding, 1990; Leon &
Stotz, 2004; Ortiz, Jesse, Stotz, & Wolff, 2003). Such impacts are typi-
cal of new arrivals from distant habitats and have shaped ecosystem
structure and function both in naturally and anthropogenically dis-
persed species and highlight the importance of LDD at a global scale
(Castilla et al., 2004; Trakhtenbrot, Nathan, Perry, & Richardson, 2005).
This is particularly the case for habitat-engineering species. For exam-
ple, the recent arrival in northern Chile of the tunicate P. praeputialis,
also from Australia, has been associated with increases in biodiversity
in the areas it has colonized and opened new opportunities for human
exploitation (Castilla et al., 2004, 2014). However, these potentially
positive effects are offset by shifts in distribution and displacement of
native species (Castilla et al., 2014; Griffiths, Hockey, Van Erkom
Schurink, & Le Roux, 1992). The colonization of coastal bays by
H. nigricaulis has had similar effects on ecosystem function and services
with increases in the production of exploited species in these systems
and the development of a range of ecosystem services such as sedi-
ment and nutrient stabilization, high levels of production and carbon
storage that may not otherwise occur (Orth et al., 2006; Ortiz et al.,
2003). Understanding the provenance (either native or introduced) of
habitat-forming species will provide valuable information for decisions
on coastal management and conservation (York et al., 2017).

LDD is difficult to quantify due to rarity and reliance on unorthodox
vectors leading to its dismissal in the past as a genuine determinate of
species distributions. The presence of only two H. nigricaulis clones in
Chile, representing the largest marine clone in the world, demonstrates

that species can disperse over vast distances despite the probability of
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arrival being extremely rare either via oceanic dispersal or via shipping.
These results provide empirical evidence supporting LDD as a mecha-

nism for species to expand their ranges and adapt to new environments.
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