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Abstract Increases in temperature can shorten planktonic
larval durations, so that higher temperatures may reduce dis-
persal distances for many marine animals. To test this predic-
tion, we first quantified how minimum time to settlement is
shortened at higher temperatures for the ascidian Styela pli-
cata. Second, using latitude as a correlate for ocean tempera-
ture and spatial genetic structure as a proxy for dispersal, we
tested for a negative correlation between latitude and spatial
genetic structure within populations, as measured by anony-
mous DNA markers. Spatial genetic structure was variable
among latitudes, with significant structure at low and inter-
mediate latitudes (high and medium temperatures) and there
was no genetic structure within high-latitude (low tempera-
ture) populations. In addition, we found consistently high
genetic diversity across all Australian populations, showing
no evidence for recent local bottlenecks associated S. pli-
cata’s history as an invasive species. There was, however,
significant genetic differentiation between all populations
indicating limited ongoing gene flow.

Introduction

Dispersal plays a fundamental role in population connectiv-
ity, colonisation and re-colonisation events, reproductive
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opportunities, gene flow and species persistence (Underwood
and Fairweather 1989; Johnson and Gaines 1990; Hanski
1998; Bilton et al. 2001; Wiens 2001). For many marine
species, dispersal occurs during a planktonic larval phase,
and the duration of this larval period can range from min-
utes to months depending on the species (reviewed by
Shanks et al. 2003; O’Connor et al. 2007). How exactly lar-
val duration affects dispersal distance (i.e. the geographical
distance moved from the natal area) is a topic of consider-
able interest and debate. Because dispersal distance cannot
be directly observed (with the exception of some species
with larval periods of minutes to hours), indirect methods
of estimating dispersal distance are widely employed
(reviewed by Levin 2006; Jones et al. 2009). For example,
Shanks et al. (2003) found a rough correlation between
larval duration and dispersal distance (estimated using a
variety of methods) across many marine species (although
this relationship is quite complex, Shanks 2009). Similarly,
Siegal etal. (2003) documented a strong correlation
between dispersal as estimated from genetic information
(using an isolation by distance approach, see Kinlan and
Gaines 2003) and larval duration. In contrast, Weersing and
Toonen (2009) and Bradbury et al. (2008) concluded that
any correlation between dispersal estimated from genetics
and larval durations was weak. Weersing and Toonen
(2009) further identified that these correlations were
strongly affected by species lacking planktonic larvae.

Temperature and dispersal

These aforementioned studies have focused on the relation-
ship between dispersal and larval duration across species;
however, larval duration can vary within species as well.
For example, individual larvae can be competent to settle
for a prolonged period of time (Pechenik 1990; Hadfield
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et al. 2001), and populations can differ in mean larval dura-
tions (as estimated from otoliths, Wellington and Victor
1992; Bay et al. 2006). One factor that strongly influences
larval development (within and between species) is temper-
ature; in experimental conditions, higher temperatures
increase metabolic rates and reduce larval durations across
a wide spectrum of marine invertebrates and fishes (Hoegh-
Guldberg and Pearse 1995; O’Connor et al. 2007). In gen-
eral, increases in temperature shorten development time,
and thus higher temperatures are predicted to reduce dis-
persal (O’Connor et al. 2007). This prediction is topical
given the likelihood of climate change in the near future,
but there have been few empirical tests in natural popula-
tions.

To test whether temperature affects dispersal, two stud-
ies have looked at multiple species distributed over a range
of latitudes, and then examined patterns of genetic structure
by latitude. The assumptions are that genetic structure and
gene flow (arising from dispersal) are inversely related and
that latitude and temperature are also negatively correlated.
Thus, there should be greater population structure at low
latitudes if dispersal is reduced at warm temperatures. For
example, Bradbury et al. (2008) examined published data
for marine fishes and found that higher-latitude species had
longer pelagic larval durations than low-latitude fishes.
This trend was accompanied by reduced genetic structure at
higher latitudes (Bradbury et al. 2008). Similarly, Kelly and
Eernisse (2007) found greater genetic differentiation among
low-latitude chiton species when compared to high-latitude
species. However, within species of chitons, there was no
indication of greater population structure at high latitudes.
To our knowledge, Kelly and Eernisse (2007) is the only
study to date that has tested whether within-species differ-
ences in dispersal or genetic structure vary by temperature
or latitude.

In this study, we tested for a correlation between temper-
ature or latitude and dispersal both in the lab and the field
using the ascidian, Styela plicata. S. plicata is a solitary,
hermaphroditic ascidian commonly found at high densities
in marinas and harbours. Following spawning, eggs are
negatively buoyant and larvae emerge after 8+ h. These
non-feeding larvae are free swimming up to a day or more
before settling. This short larval duration allowed us to
manipulate eggs and larvae in the lab and suggested that
dispersal distances in natural populations may be short
(perhaps <100 m, certainly <1 km).

Although temperature has been shown to affect larval
duration in Hong Kong S. plicata (Thiyagarajan and Qian
2003), we first confirmed that increases in temperature
shorten egg and larval duration in Australian S. plicata.
Secondly, using latitude as a correlate for ocean tempera-
ture (Shea et al. 1992) and spatial genetic structure as a cor-
relate for dispersal, we predicted that spatial genetic
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structure within populations would decrease with increas-
ing latitude. We tested this hypothesis for populations
along the east coast of Australia. The ubiquity and local
high densities of S. plicata allowed us to implement a sam-
pling scheme of replicated horizontal transects across the
relatively homogeneous linear habitat provided by marinas.

Genetic structure in an introduced species

Like many ascidians in the fouling community, S. plicata
has a cosmopolitan distribution and presumably has
expanded its range in association with human ships (Lam-
bert 2005; de Barros et al. 2009). The native range of S. pli-
cata may be in southeast Asia (based on historical records
and mtDNA diversity, de Barros et al. 2009) and S. plicata
has been found in Australia since 1878 (Heller 1878),
where it is considered an introduced species (Kott 1985;
Hewitt et al. 2004; Wyatt et al. 2005). Because all ascidian
larvae develop directly (they do not feed, Cloney 1982),
long distance dispersal should only occur at the adult stage
where the adults are attached to a floating object, with boats
being frequent transport vectors (Lambert 2007). If intro-
ductions are rare and established populations largely iso-
lated from each other, then genetic drift (associated with
the introduction event or following local establishment)
might lead to genetic differentiation among some popula-
tions and reduced genetic diversity relative to the native
species (Dlugosch and Parker 2008). Alternatively, if
introductions are common and populations well con-
nected, then genetic differentiation would not be expected
between populations (or not between the sets of popula-
tions that have recently exchanged genes) and genetic
diversity should be similar across populations, or even
highest in introduced populations due to admixture
(Roman and Darling 2007).

Genetic surveys of cosmopolitan solitary ascidians have
found a mixture of results between these two extremes
(for a review of genetic surveys in invasive ascidians, see
Dupont et al. 2010). For example, a study of mtDNA diver-
sity in S. plicata found that some haplotypes were globally
distributed (indicative of recent shared ancestry), whereas
some haplotypes were restricted to one or a few populations
(such that ongoing genetic connections are probably rare)
(de Barros et al. 2009). Similar results have been reported
in another solitary ascidian, Microcosmus squamiger (Rius
et al. 2008), and the colonial ascidian Botryllus schlosseri
(Lépez-Legentil etal. 2006). In Styela clava, worldwide
populations formed multiple genetic clusters based on
microsatellite loci, indicative of multiple independent intro-
ductions (Dupont et al. 2010). For both M. squamiger and
S. clava, the major genetic groupings were geographically
incongruous, with genetic similarity between populations in
different oceans yet divergence between some proximate
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populations. For S. clava and B. schlosseri, however, there
was also genetic differentiation among nearby marinas, sug-
gesting limited local gene exchange (Lopez-Legentil et al.
2006; Dupont et al. 2009). In the present study, we examine
the patterns of genetic diversity in S. plicata along the east-
ern coast of Australia for evidence of genetic differentiation
among marinas and also for evidence of strong genetic dis-
junctions, such as those caused by independent introduction
events.

Within individual sampling locations, we would not
expect the invasion history to affect spatial autocorrela-
tion over our sampling transects (60 m); different loca-
tions might have different alleles due to idiosyncratic
invasion histories, but how these alleles segregate spa-
tially should reflect small-scale movements of individuals
within the population. There are only two scenarios in
which we can envision the history of introduction impact-
ing spatial genetic structure within populations. The first
scenario is one where multiple sympatric gene pools
(cryptic species) are inadvertently sampled and these taxa
are spatially clumped in some populations. For example,
spatial genetic autocorrelation would be increased if
cryptic species were sympatric (and aggregated by spe-
cies) in some locations and compared to locations with a
single species or with no aggregation by species. In
S. plicata, a previous survey of mtDNA haplotypes has
found populations containing two divergent (3% for COI)
groups of haplotypes (de Barros et al. 2009), perhaps
indicative of two cryptic species and aggregation is well
known for solitary ascidians (Svane and Young 1989). To
investigate the possibility of cryptic species, we used
methods based on patterns of linkage disequilibria (Prit-
chard et al. 2000) to test for sympatric cryptic taxa. A
second scenario where demographic history would affect
spatial genetic structure would be if some established
populations differ in heritable traits that affect dispersal.
If, for instance, our low-latitude individuals disperse less
(at the local, within population scale) than our high-lati-
tude populations, we might be measuring inherent
genetic differences between populations (driving a spuri-
ous correlation of spatial genetic structure with latitude),
not an environmentally mediated response to latitude-
associated factors such as temperature. If we found
strong population structure between northern and south-
ern sampling locations (such as might be caused by intro-
ductions from different ancestral source populations),
such a scenario would seem more likely than if there was
no genetic structure between locations. For these reasons,
broad-scale and individual-based patterns of genetic
diversity were examined to infer the effect of invasion
history on standing genetic variation and to investigate
whether this history could bias our results with regards to
spatial genetic structure.

Materials and methods
Experimental test for temperature effects on larval duration

We investigated the effects of temperature on the minimum
time to settlement, examining both embryonic development
and swimming time for Australian S. plicata. Reproduc-
tively mature S. plicata adults were collected from floating
piers at the Manly marina in Moreton Bay, QLD, Australia,
in June 2007. From dissected adult gonad tissue, sperm was
collected from eight individuals and eggs from ten other
individuals, according to the methods described by Galletly
et al. (2007). Five per cent of the combined sperm solution
was diluted with 2 L of fresh filtered seawater (FFSW) to
which all the eggs were added and left to sit for 5 min at
room temperature (~22°), allowing fertilisation to occur.
Then, 10 mL of the mixture containing fertilised eggs was
distributed among twelve Petri dishes, filled with 20 mL of
FFSW and covered. Four Petri dishes were placed into each
of the three treatment temperatures.

Three temperature treatments (26, 18 and 14°C) were
selected based on the Australian Bureau of Meteorology’s
(www.bom.gov.au) long-term average sea surface tempera-
tures from 1961 to 1990 for each latitude class described
later in this study. The Petri dishes were removed from
their treatment temperature (maintained in dark, constant
temperature rooms or cabinets) every thirty minutes for
brief observation (for the first 21 h, then hourly thereafter).
The time of the first 36 individuals to reach hatching per
temperature treatment was recorded. At hatching, the 36
focal larvae were placed in individual Petri dishes for the
remainder of the experiment, and the time of a settlement-
response observation (Marshall et al. 2003) was recorded.
Because we collected the first 36 individuals that hatched in
each temperature, the data do not represent the range of
larval durations that could be observed within each tempera-
ture but, instead, reflects the minimum time to settlement—
a more appropriate measure for the goals of our study.

Data were analysed using SYSTAT version 11 (2005).
Hatching time, swimming time and settlement time were
each examined where temperature was treated as a fixed,
categorical factor and its effects were tested with ANOVA.

Field collections and molecular markers

The spatial genetic structure within linear transects of
S. plicata populations was estimated at three latitudes with
the expectation that within-population genetic structure and
latitude would be negatively correlated. S. plicata individu-
als were sampled in a nested design from nine marina sites
within bays, along the eastern coast of Australia in 2007
(Fig. 1). The nine sampling sites were grouped into three
latitude classes: low, intermediate, and high, from Queensland
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Fig. 1 Map of Australia show-
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(QLD), New South Wales (NSW) and Victoria (VIC),
respectively (Fig. 1). This hierarchical sampling scheme
was selected to provide replication within the three latitude
classes. Within each site, 39-67 individuals were sampled
from one 60-m transect along the longest length of a float-
ing pier (except for St. Kilda, where the transect was taken
from a long static wall). The location of each individual
along the transect was recorded to provide the geographic
distance between pairs of individuals within each site.
Following collection, clean gonad tissue was dissected
from each individual and stored in 100% ethanol or 64%
isopropyl for DNA Extraction. DNA was extracted from
gonad tissue using a modified rapid salt extraction method
(Aljanabi and Martinez 1997). To quantify DNA visually,
the DNA samples were electrophoresed on agarose with an
HS DNA ladder (Bioline), and then diluted to gain similar
concentrations across all individuals for genetic protocols.
Microsatellite primers previously developed for Styela
clava (Dupont et al. 2006) were used on the S. plicata
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individuals. PCR amplification of microsatellite fragments
included M13-tagged primers to enable fluorescent dye
labelling (Schuelke 2000). The final PCR products were
pooled in pairs (2B12-FAM/1B3-HEX and 3F3-FAM/2G5-
HEX), purified using a standard ethanol precipitation, diluted
and the fragments separated on Mega BACE 1000 DNA-
sequencer capillary system (Amersham Biosciences) with
ET400 ladder mix (Amersham Biosciences). Results were
viewed with Fragment Profiler software (Amersham Biosci-
ences). There was consistent amplification for a subset of
the primers (2B12, 3F3, 1B3 and 2GS5) in the S. plicata
individuals.

Although amplifications characteristic of microsatellites
were not discernable, reliable and repeatable non-specific
band amplification occurred, providing us with anonymous
DNA (aDNA) markers. Dominant aDNA markers are ran-
domly amplified fragments of nuclear DNA, for which
genetic similarity is determined from the presence or
absence of same-sized fragments (McDonald et al. 1996).
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Prospective aDNA markers (48 fragment sizes ranging
from 52 to 349 bp from four primer sets) were screened for
reliability across PCR amplifications. Error rates were cal-
culated based on 8 individuals that were each re-amplified 8
times for all primer sets. The mean error rate per locus was
calculated as the number of phenotypic mismatches to a
reference phenotype, divided by the number of replicates
(Pompanon et al. 2005), then averaged across the 8 indi-
viduals. Loci that had a mean error rate greater than 15%
were discarded leaving 33 robust loci for the genetic anal-
yses. Although AFLP’s (Vos et al. 1995) are more com-
monly used dominant markers than aDNA, our criteria for
marker inclusion were stringent; indeed, we also screened
S. plicata for AFLP’s but the amplified AFLP loci failed
to meet the criteria outlined above. Therefore, our final 33
aDNA loci represent high-quality dominant markers.
Whilst codominant markers such as microsatellites may
be more sensitive for detecting small-scale genetic differ-
entiation, the use of dominant aDNA markers should not
bias our overall results and conclusions. For all 483 indi-
viduals, loci were scored manually for their band presence
or absence.

Latitudinal differences in spatial genetic structure

To determine whether there were latitudinal differences in
spatial genetic structure, geographic and genetic distance
data were combined in multilocus spatial autocorrelation
analyses (Smouse and Peakall 1999; Peakall and Smouse
2006) using GENALEX v6.1 (Peakall and Smouse 2006)
and compared across the three latitude classes. These anal-
yses measure the strength of correlation between genetic
and geographic distance using pairwise genetic and geo-
graphic distance matrices to generate an autocorrelation
coefficient (r), plotted as a function of geographic dis-
tance. A significant r value indicates a correlation between
genetic and geographic distance. Following Peakall et al.
(2003), we conduct two series of correlation analyses. The
first estimates the correlation within discrete distance clas-
ses (5 m intervals in this case) and is representative of
traditional autocorrelation analyses (with modifications on
how significance is assessed), and where the correlation
estimator first crosses the x-axis (i.e. r = 0) is indicative of
the scale of discernable spatial population structure. The
second method examines the cumulative correlation from
zero (i.e. 0-5, 0-10, 0—~15 m, etc.), and the first cumulative
distance at which r is not significantly different from zero
can also indicate the scale of spatial population structure.
To test for significance, null distributions of no spatial
structure were derived from permutations of the actual
data and 95% confidence intervals were determined by
bootstrapping (Smouse and Peakall 1999; Peakall et al.
2003).

Testing for cryptic population structure

To test for cryptic population structure within and between
populations, we used the methods implemented in the pro-
gram Structure (ver. 2.3, command line, Pritchard et al.
2000; Falush et al. 2003, 2007). In these methods, a number
of groups (K) are assumed and the probability that each
individual belongs to a given group is determined using an
algorithm that seeks to minimize linkage disequilibria
within each group (Pritchard et al. 2000). Models can allow
for admixed individuals that have mixed genotypes from
multiple groups or only allow genotypes to come from
a single group (=no admixture). Our molecular markers
were coded following the recommendations of Falush
et al.(2007) for dominant markers, where recessive geno-
types (=no band) are coded as homozygous recessive and
dominant genotype (=band present) are coded as heterozy-
gotes with the second allele as an unknown. Admixture and
no admixture models were run with 50,000 steps following
a burn-in of 10,000 steps for K= {1,5}, and we ran three
replicates for each condition (default options were chosen
for all parameters not related to recessive loci). The relative
likelihood of K values was evaluated following Evanno
et al. (2005), whereby the maximal AL is indicative of the
most likely value for K.

Regional genetic patterns along the east coast of Australia

Because S. plicata is globally distributed, genetic diversity
and geographic differentiation among established non-
native populations can provide insights regarding the fre-
quencies of bottlenecks (associated with colonization or
within marina dynamics) versus connections (gene flow)
between established populations. For each population, we
estimated unbiased expected heterozygosity (assuming
Hardy—Weinberg equilibrium) and the proportion of poly-
morphic loci, using GENALEX v6.1 (Peakall and Smouse
2006). For dominant loci, heterozygosity can be estimated
at the population level, as the genotype of individuals with-
out bands at a given locus is known; they are homozygous
recessive. Genetic structuring was estimated using analyses
of molecular variance (AMOVA) as implemented in GEN-
ALEX. In our AMOVA results, a significant effect of
latitude (®gy) or between marina sites within latitude (Qpg)
would imply that genetic structuring has occurred at that
level, suggesting limited gene flow (relative to genetic
drift). ®pr (analogous to Fgp) values were also estimated
between all pairwise combinations of sites. For each
AMOVA, significance was assessed with 1,000 random
permutations.

To evaluate whether there was a positive relationship
between geographic distance and genetic differentiation, we
used the geographic distance (in kilometres) via the shortest
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waterway between each pair of populations (marina sites)
and pairwise ®pr, as this is the analogous measure to F-sta-
tistics (Excoffier et al. 1992). The strength and significance of
the slope were determined using a Mantel test in GENALEX
v6.1 (Peakall and Smouse 2006), with 1,000 permutations.

Results
Temperature effects on larval duration

Temperature significantly affected the time until hatching
(Fy105 = 123922, P<0.0001) and larval swimming time
(Fy76=4.337, P=0.016) (Fig. 2). S. plicata embryos took
longer to develop in cooler temperatures, with an average
hatching time of 8.0, 15.6 and 25.4 h post-fertilisation at
26°, 18° and 14, respectively. Likewise, larvae spent more
time in the swimming phase at cooler temperatures with an
average settlement time of 16.16, 22.1 and 28.8 h post
hatching, at 26, 18 and 14°C, respectively.

Latitudinal differences in spatial genetic structure

The final data set for spatial genetic analyses comprised
483 individuals from nine sampling locations. Fifteen out
of the 48 loci had a mean error rate greater than 15% and
were discarded, leaving a total of 33 loci with a total mean
error rate of 6% (0.7% std. error). After discarding the
problematic loci, only 1.1% of the data used in the analyses
that followed had missing data.

We found differences in spatial autocorrelation between
the low-latitude sampling locations (QLD) and the high-
latitude sampling location (VIC) with significant spatial
genetic structure at the low- and intermediate latitude loca-
tions (Figs. 3, 4). For individuals that were 0-5 m apart in

- I -

18°C L —

14°C Embryonic development 1 Swimming time —
L L L L L L I
0 10 20 30 40 50 60

Time (hours post-fertilisation)

Fig. 2 Temperature effects on minimum larval duration in Styela pli-
cata. Graph shows the average larval duration (in hours) of the first 36
S.plicata larvae (from the Manly marina site only) across different tem-
perature treatments: 26° (dark grey), 18° (medium grey) and 14° (light
grey). Larval duration is broken into two stages: embryonic develop-
ment (fertilisation to hatching time) and swimming time (hatching to
settlement time), each with 95% confidence error bars (not visible on
embryonic development as they are too small)
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Fig. 3 Latitudinal effects on spatial genetic structure in Styela plicata.
Correlograms show the strength of the correlation between genetic and
geographic distance, measured as a non-cumulative combined spatial
correlation, r, for all individuals within each discrete distance class (in
metres). Confidence intervals of 95% for the null hypothesis of ran-
domly distributed individuals (dotted lines) and 95% confidence error
bars for r as are shown. Asterisks indicate where r values are signifi-
cantly different from the null distribution. Autocorrelations are dis-
played by latitude class: a low latitude, b intermediate latitude, and
¢ high latitude

the low and intermediate latitude, there was significant spa-
tial genetic structure, as the observed r was greater than the
permuted null, and the bootstrapped confidence interval did
not include zero. The rank order of r values for individuals
up to 5 m apart were as predicted with low > intermediate >
high. However, the values for low and intermediate loca-
tions were not statistically different from each other (in
either standard autocorrelation or cumulative distance
classes, Figs.3, 4), and r at the intermediate latitude
exceeded r at low latitude for 5-10 m and the cumulative
distance classes greater than 5 m (i.e. 0-10, 0-15 m, etc.).
In contrast, the high-latitude class (VIC) had no spatial
genetic structure at any distance.

Testing for cryptic population structure

In Structure analyses, AL was greatest for K =2 (i.e. the
difference between L(K=1) and L(K=2)) for both
admixed and non-admixed models. All sampled popula-
tions, however, contained individuals with intermediate
posterior probabilities of membership to each group
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Fig. 4 Spatial genetic structure across increasing distance class sizes
in Styela plicata. The graph compares the strength of correlation be-
tween genetic and geographic distance measured as the cumulative
combined spatial correlation, r, for all individuals within increasing
distance classes (in metres). The latitude classes shown are: low lati-
tude (dark grey), intermediate latitude (medium grey) and high latitude
(light grey). Confidence intervals of 95% for the null hypothesis of a
randomly distributed individuals (dotted lines) and 95% confidence
error bars for r are shown. Asterisks indicate where r values are signifi-
cantly different from the null distribution

(P < 0.8 to any single group). Thus, there is no compelling
case for two cryptic reproductively isolated taxa. There was
some evidence for geographic partitioning, with VIC popu-
lations having a greater proportion of individuals than
NSW or QLD with high probabilities of group one geno-
types; the frequency of individuals with posterior probabili-
ties of membership in group 1 greater than 0.85 was 37% in
VIC versus 19% in NSW and QLD (combined) for the
admixed model, and 79 and 38%, respectively, for the non-
admixed model. More details regarding Structure results
can be found in Supplementary data.

Regional genetic patterns along the east coast of Australia

Genetic diversity was high across populations. Most loci
were polymorphic in most populations with a slight trend
for reduced polymorphism at high-latitude locations
(Table 1). There were no private alleles observed in any
population, and heterozygosity was similar across popula-
tions. The hierarchical analysis AMOVA showed that 11%
of the genetic diversity was partitioned according to lati-
tude (®gr =0.106, P =0.001), 3% was attributed to differ-
ences among marina sites within latitude (®pg =0.028,
P =0.001), and the remaining 86% was contained within
populations. Although there was a positive correlation
between population pairwise ®pr and geographic distance
(R*=0.63, P<0.001: Fig. 5), there were essentially two
(non-overlapping) sets of @p values. Populations from
within the same latitude class (QLD, NSW, and VIC) had
fairly low ®p; values, whereas comparisons between
regions were higher. The geographically more distant
QLD-VIC comparisons were not greater than neighbouring
state comparisons (QLD-NSW and NSW-VIC).

Discussion

Ambient temperatures affect the rate at which larvae
develop and therefore can influence larval development
time (O’Connor et al. 2007). Changes in larval duration
may, in turn, affect dispersal distances. In Styela plicata, we
showed that increased temperatures shortened time to set-
tlement in the lab. Our results with wild populations were
also concordant with latitude affecting dispersal, as we
found increased spatial genetic structure at low and inter-
mediate (warmer) latitudes but not our high-latitude location

Table 1 Summary of genetic

. . . . Site Number of Polymorphic Unbiased expected
diversity estimates for Styela pli- S : h
. . individuals (n) loci (%) heterozygosity
cata marina sites
(SE of mean)
Low latitude (QLD)
Newport 57 100.0 0.371 (0.028)
Scarborough 57 100.0 0.376 (0.029)
Manly 67 96.97 0.369 (0.026)
Intermediate latitude (NSW)
Clontarf 55 93.94 0.310 (0.026)
Cronulla 61 100.00 0.381 (0.026)
Burraneer 39 93.94 0.385 (0.027)
Number of S.plicata individuals, High latitude (VIC)
percentage of polymorphic loci Williamstown 48 93.94 0.331 (0.025)
and unbiased expected heterozy- St.Kilda 54 93.94 0.353 (0.027)
gosity (with standard error in Yaringa 45 93.94 0315 (0.027)

brackets)
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Fig. 5 Genetic and geographic distance in Styela plicata. Geographi-
cal distance, in kilometres, is plotted against ®py for each pair of
marina site comparisons

(cold). These results demonstrate that dispersal may vary
across latitudinally distributed populations within species.
Whereas our observed latitudinal differences match predic-
tions, we cannot conclusively demonstrate that differences
in temperature are the cause of the cline in spatial genetic
structure. Although S. plicata is cosmopolitan and presum-
ably introduced to Australia via human activities, we found
that populations are moderately differentiated, suggesting
that genetic connections between established populations
are infrequent. Within Australian S. plicata populations,
there may be admixture between two genetically differenti-
ated groups; however, there is no evidence for these groups
being reproductively isolated. All these findings are dis-
cussed in detail below.

Larval duration and temperature

We found a significant effect of temperature on larval dura-
tion (Fig. 2), consistent with expectations and results from
a previous study using S. plicata (Thiyagarajan and Qian
2003). The two studies differ in that Thiyagarajan and Qian
(2003) examined the effect of temperature on average larval
duration using S. plicata from Hong Kong, whereas we
focused on minimal larval duration using Australian S. pli-
cata. The minimal larval duration (in the lab) gives us an
estimate of when larvae are competent to settle in the field;
early settlers are most likely to contribute to spatial genetic
structure. The temperatures tested in this experiment repre-
sented the average annual temperature experienced at each
of the latitude classes in this study. Assuming that S. plicata
breed at these average temperatures, the minimal time to
settlement would be approximately 24, 38 and 53 h long at
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our low-, intermediate and high-latitude sampling sites,
respectively. Minimal settling time might even be less than
measured, as experimental larvae were provided with ster-
ile scuffed Petri dishes, not natural habitat. Most likely,
spawning occurs over a range of temperatures in each pop-
ulation, as the reproductive season in S. plicata may vary in
length and timing within at each latitude class (Yamaguchi
1975), resulting in a range of average larval durations over
the breeding season. Nonetheless, our results and those of
Thiyagarajan and Qian (2003) suggest that minimum and
mean larval durations could differ across latitudinally
arrayed populations.

Latitudinal differences in spatial genetic structure

Genetic results were consistent with the prediction that spa-
tial genetic structure within populations of S. plicata would
differ by latitude (Figs. 3, 4). Spatial genetic structure is
indicative of reduced gene flow that could result from short
larval durations. The greatest spatial genetic structure and
its sharp decline at the low- and intermediate latitude loca-
tions are evidence for short dispersal distances, probably
resulting in many offspring settling very close to their par-
ents. The spatial autocorrelation for the intermediate popu-
lation was similar to the low-latitude populations. This may
reflect a threshold of critical causative factors rather than a
smooth gradient along the east coast of Australia. The
absence of any spatial genetic structure in the high-latitude
populations suggests that offspring do not settling near their
parents, indicating average dispersal distances that exceeded
our transect length of 60 m.

Because the minimal larval duration (from spawn to set-
tlement) of S. plicata is ~1-2.5 days (Fig. 2), it is perhaps
surprising that spatial genetic structure was detectable
within our 60-m transect design; however, realized larval
movement may be much less than that predicted from
development time or swimming ability (Olson and McPher-
son 1987; Bingham and Young 1991). In the case of some
solitary ascidians, eggs and even larvae can be retained on
the benthos by mucous strings (Svane and Havenhand
1993; Marshall 2002). Long larval swimming can impact
post-settlement performance for many invertebrates so that
individuals that settle quickly may have greater survival
(Pechenik 1990), and this post-settlement survival (or
mortality) is captured by genetic estimates of dispersal.
Moreover, vertical movements of larvae could exceed hori-
zontal movements. S. plicata spawns in the late afternoon
(West and Lambert 1976) or night (Yamaguchi 1975) and
eggs are negatively buoyant. Once hatched (10+ h; Fig. 2),
many ascidian larvae swim to darkness or shadows
(reviewed by Svane and Young 1989) and there is some
evidence for vertical migration in the congener Styela clava
(Bourque et al. 2007). In summary, the larval biology of
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solitary ascidians suggests that dispersal distance might be
very short, and this matches our genetic results. Whereas
transects longer than 60 m may have improved our resolu-
tion on the exact spatial scale of genetic structure and
would be more relevant to the species biology, many of the
sampling sites did not have linear structures exceeding
60 m.

Although spatial structure is usually inferred to result
from short inter-generational distances, it is also conceiv-
able that larvae from the same spawning event disperse and
travel together (i.e. gregarious larvae) or choose neighbours
based on genetically controlled traits (as in Grosberg and
Quinn 1986). These processes could also create spatial
genetic structure and patchy distributions (which are known
to occur for many ascidians, Svane and Young 1989). If
interactions between larvae cause spatial genetic structure,
however, there is no good a priori reason that these patterns
should differ by latitude, as we observe for S. plicata.

Similar spatial autocorrelation methods to those used here
have been applied to other sessile marine invertebrates and
revealed significant genetic structure over short distances for
corals (within 10 m: Miller and Ayre 2008; within 100 m:
Underwood et al. 2007), sponges (within 10 m: Blanquer
etal. 2009; within 0.5 m: Calderon etal. 2007), and the
ascidian Botryllus schlosseri (within 5 m: Yund and O’Neil
2000). The frequent observation of spatial genetic structure
over short distances highlights the utility of spatial autocorre-
lation methods for evaluating dispersal among continuously
distributed marine animals. Our results, furthermore, demon-
strate that this type of method can be applied to testing spe-
cific hypotheses about dispersal.

To our knowledge, our study represents the first demon-
stration that genetic structure differs by latitude among pop-
ulations of an animal with planktonic larvae. We can
demonstrate statistical differences, however, only between
the high-latitude location and the other two locations
(medium and low latitudes). Because our sampling design
only included three latitude groups, the difference is consis-
tent with expectations, yet other factors affecting dispersal
(or gene flow) may vary along the Australian coast. If dis-
persal-affecting factors covary along a coastline, then any
study surveying a single coastline, for example, the present
study (and that of Kelly and Eernisse 2007), will not be
able to disentangle these potential causative factors. Future
studies will be required to verify the generality of these
results, particularly including surveys along multiple coast-
lines. Such investigations will help establish (or reject) a
link between dispersal and temperature.

Regional genetic patterns in an introduced species

Our results for Australian S. plicata are intermediate
between the extreme scenarios expected for introduced

species, namely high differentiation due to multiple bottle-
necks versus panmixia due to frequent genetic exchange.
We found consistent levels of genetic diversity among
populations and no private alleles (i.e. alleles restricted to a
single population, Table 1). This widespread homogeneity
indicates that all populations had a similar pool of ancestral
alleles. Similar levels of genetic diversity are consistent
either with a lack of bottleneck at introduction or substan-
tial post-introduction gene flow between multiple popula-
tions (a comparison to native populations could be
informative, but we do not have such information). Wide-
spread post-introduction gene exchange seems unlikely,
however, we did detect substantial population structure at
the scale of latitude (over 1,853 km: @y =0.11; P =0.001)
and among marina sites within latitude (from 3 to 138 km:
Dpr =0.028; P=0.001). Although these results suggest
that genetic exchange between marina populations has been
infrequent, the greater similarity of proximate marinas
(Fig. 5) could result from local recreational boat traffic act-
ing as occasional transport vectors. Large commercial har-
bours were not sampled in our study and thus their role as
“transport hubs” (Floerl et al. 2009) cannot be evaluated.
Our results are similar to surveys of Styela clava and Bot-
ryllus schlosseri, where significant genetic structure was
found between populations along a coastline (Lopez-
Legentil et al. 2006; Dupont et al. 2009). However, in our
results, there is a correlation between geographic distance
and genetic differentiation (Fig.5), whereas there was no
correlation for S. clava (Dupont et al. 2009). There was no
indication of a substantial genetic disjunction, as would be
expected with multiple independent introductions, but with-
out sampling in the native species range, all conclusions
must be tentative.

Invasion history is unlikely to have biased our estimates
of spatial genetic structure. Although results from the pro-
gram Structure indicated two groups, these groups were
present in all populations and individuals with ambiguous
probabilities of membership to each group were common.
Thus, there is no indication of two reproductively isolated
taxa that could potentially aggregate differently in our sam-
pled populations. Whereas we did find significant geo-
graphic differentiation among latitude sites (Fig.5 and
Structure results), alleles were shared among populations so
that inherent genetic differences in dispersal ability are
unlikely.

The utility of introduced species for studying temperature
and dispersal

To what extent can the results from an invasive species
sampled from artificial habitats be applied to understanding
population dynamics in natural populations? The case for
invasive species as models for studying ecological and
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evolutionary processes has been argued elsewhere (Wares
et al. 2005; Sax et al. 2007). For trying to evaluate factors
influencing dispersal, cosmopolitan species of fouling com-
munities have additional useful properties. First, artificial
substrates (pontoons, piers, pylons, etc.) are also globally dis-
tributed so that habitat substrate can be held constant. Sec-
ond, because of the limited water circulation in marinas and
many harbours, larval movements should be better correlated
to swimming ability and development time, and less idiosyn-
cratic due to local water circulation patterns. Third, the wide-
spread species distributions potentially allow sampling
strategies that reduce confounding environmental factors. For
example, sampling sites along multiple coastlines would dis-
entangle latitude and temperature effects from coastline
effects. Finally, if non-indigenous species are often geneti-
cally homogeneous, then each population would have the
capacity to respond in a similar manner (phenotypically or
via selection at the population level) to the environmental
factor of interest and historical contingency would be less of
a confounding factor when compared to native species.
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