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(A) ABSTRACT

Aim Climate change is expected to drive range shifts among a wide array of
organisms. Non-indigenous species (NIS) provide a unique opportunity to witness the
establishment of range boundaries in a way that cannot be directly observed for native
species. Recent studies have indicated that climate change facilitates biological invasions
at local scales. However, the generality of these effects is unclear, as there is a dearth of
comparative studies that assess how rapid environmental change affects species ranges
across taxa and biogeographic provinces.

Location South African and other coastlines of the world.

Methods We first studied the distribution of shallow-marine benthic organisms
along the South African coastline, which consists of several dissimilar biogeographic
provinces. We then obtained DNA sequence data from a suite of co-occurring NIS from
along the studied coastline and compared these data with available genetic information
from other regions of the world. Subsequently, we conducted physiological experiments
and assess how thermal tolerance related to species ranges distribution. Finally, we
analysed long-term seawater temperature records and compared these with past changes
in range size and abundance patterns.

Results NIS with different thermal tolerances and range distributions have
expanded their ranges and increased in abundance along the studied coastlines. Most
haplotypes of the studied NIS in South Africa were shared with other regions, indicating
that the studied populations were representative of other regions within the introduced
range. Long-term records showed that seawater temperature regimes have recently

changed along the studied coast.
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Main conclusions This study provides empirical evidence that NIS, regardless of
their thermal tolerance, range size and genetic variability, are expanding their ranges and
increasing in abundance. This range expansion trend is concurrent with changes in
seawater temperature, which suggests that climate change fosters NIS spread and
abundance across multiple spatial scales, contributing towards global biotic

homogenization.

(A) KEY WORDS: Ascidians, biogeography, invasive species, ecotones,

naturalization, non-native, performance curve, population expansion, thermal sensitivity.
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(A) INTRODUCTION

Species ranges are historically affected by climatic fluctuations (Roy et al., 2001)
that may result in latitudinal range expansions and contractions, with major changes in
species borders and ecotones (Parmesan et al., 2005). Temperature is one of the most
important abiotic factor determining the distribution of the world’s biota (Belanger et al.,
2012), as it influences physiological processes and species interactions across a wide
range of taxa (Somero, 2012). For example, temperature affects the ability of propagules
and juveniles to disperse and complete development and thus, may determine geographic
ranges of species (Bonte et al., 2008) and intra-specific genetic lineages (Teske et al.,
2008). Consequently, temperature and latitudinal shifts in range boundaries are
inextricably linked.

Our perception of species ranges becomes considerably more complex when non-
indigenous species (NIS) are involved, as they do not share an evolutionary history with
the native community and, once introduced, establish new range limits that can remain
labile for decades (e.g. Crisp & Southward, 1959). Thus, NIS provide an unparalleled
opportunity to observe the establishment of species ranges in a way that cannot be
directly observed for native species with long established boundaries (Sax et al., 2007).
Understanding how NIS ranges are determined, therefore, represents a rich source of
knowledge, especially at a time when human-induced climate change and disturbances
are expected to alter species’ ranges worldwide (Walther et al., 2009). However, it is
important to be aware that NIS ranges may be (at least initially) set in ways that are

fundamentally different from the natural boundaries of native species.
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The introduction of NIS is generally attributed to a transient window of
opportunity (Davis et al., 2005). Each new colonization event results from the arrival of
only a tiny fraction of the source population (founder event) and that fraction will carry
only a subset of overall genetic diversity (Sakai et al., 2001). However, single
colonisations are rare and multiple introductions may be more common (e.g. Kolbe et al.,
2004), allowing introduced populations to escape bottleneck effects. Once a NIS is
naturalized, the next step is the invasive period. This generally includes a sudden
geographic expansion or a series of salutatory expansions, after which the rate of spread
drops and range size eventually stabilizes within new boundaries (Prentis et al., 2008).

Climate change is expected to alter temperature regimes and generate poleward
and upward range shifts of native species globally (Parmesan et al., 2005). The
population dynamics and impacts of NIS will also respond to climate change (Walther et
al., 2009), and recent research suggests that such change will disproportionately facilitate
NIS at local scales (Stachowicz et al., 2002; Sorte et al., 2010). However, the generality
of these effects is unclear as there is a dearth of comparative studies that assess how rapid
changes in environmental conditions affect species ranges across taxa and biogeographic
provinces.

We investigated historical range shifts of multiple co-occurring NIS across
divergent biogeographic coastal regions to understand the role of thermal limits, range
size, genetic signatures and climatic variability, in shaping and maintaining species
ranges. We began by documenting the distribution of shallow-marine benthic organisms
along a coastline comprising several biogeographic provinces. We then compared

regional and global genetic signatures of a suite of NIS. Subsequently, we investigated
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the effects of temperature on individual performance of a subset of species to understand
the role of environmental filtering. Finally, we analysed long-term temperature records
for the studied coast and evaluated historical changes in species ranges and abundance.
Specifically, this research addressed the following questions:

1. Are the studied NIS similar in terms of range size and physiological limits?

2. Is the genetic composition of the studied populations representative of the
genetic pool of the global species range?

3. Is there evidence that NIS are expanding their ranges and increasing in
abundance? If so, could climate change be responsible for facilitating NIS success at
regional and global scales?

We inferred that given that the studied species are most likely adapted to different
temperature regimes, their temperature tolerance would differ. We predicted that
comparisons between regional and global genetic signatures would show similar
composition among different regions within the introduced range as a result of human-
mediated transport. We hypothesized that range expansions of multiple NIS would occur
across eco-regions, and that historical temperature variation is consistent with increases

in abundance and rate of spread of these NIS.

(A) MATERIAL AND METHODS

(B) Studied taxa

Interest in marine NIS has increased not only because they have a great ability to
displace native species and alter ecosystem processes, but also because they have

economic impacts on human activities. Shipping and aquaculture activities are the main
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vectors of marine species introductions worldwide (McQuaid & Arenas, 2009), which are
concentrated in harbours and marinas. As the dispersal capabilities, substratum
occupation strategies, and response to environmental factors vary widely among taxa, we
chose as our model system the Class Ascidiacea (Tunicata, Chordata), a group containing
conspicuous members of coastal benthic and fouling communities worldwide, including
key bioengineering species with disjunct distributions (e.g. Teske et al., 2011). Ascidians
are sessile as adults and the motile stages (embryonic and lecithotrophic larval stages)
can last from just minutes to a few days, which allows for short-distance dispersal
(Millar, 1971). Therefore, transoceanic dispersal of these species is solely human
mediated.

(B) Study region

The 3000 Km of the South African coastline contains multiple biogeographic
regions and a broad gradient in thermal conditions, from tropical waters on the east coast
to cool-temperate waters on the west coast (Emanuel et al., 1992), which provide an ideal
system for examining mechanisms shaping species biogeography. The region is a
crossroad for several major transoceanic trading routes (Kaluza et al., 2010) since the 10™
century (Yap & Man, 1996), and has an active aquaculture industry (Rius et al., 2011).

(B) Surveys

We surveyed all main harbours along the South African coastline, plus five
recreational marinas and an oyster farm (Fig. 1, see Table 1 for details). We chose these
sites because they cover the entire coastline and they include virtually all the main entry
points for NIS. We considered the three traditional major biogeographic provinces

proposed for South Africa, namely the west, south and east coasts (Fig. 1) (Stephenson &
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Stephenson, 1972) (see details in Appendix S1). The surveys were conducted twice (2007
and 2009) during the austral winter (see details of sampling methodology and species
identification in Appendix S2).

(B) Genetic study

Specimens of the widespread NIS Clavelina lepadiformis, Ciona intestinalis,
Styela plicata, Microcosmus squamiger (see details about these species in Appendix S3)
were collected from the same sites during the 2009 survey and in addition we obtained
samples of S. plicata and M. squamiger from Richard‘s Bay harbour (28°47°39”S,
32°04°45”E) (Fig. 1, Table S1). Sites where fewer than five individuals were found were
excluded from the analyses. Samples were collected by hand from harbour ropes or
floating pontoons and fixed in absolute ethanol. In addition, we obtained samples from
other biogeographic regions including individuals from Azores and Madeira (see details
in Table S2). To maximize information for other regions from Genbank, we targeted a
section of the mtDNA (cytochome oxydase subunit 1, i.e. COI). The smaller effective
population size and high mutation rate of mitochondrial markers make them extremely
useful for geographic genetic studies (Avise, 2009), particularly studies of biological
invasions (e.g. Pineda et al., 2011). It has been shown that the mutation rate of mtDNA is
conservative enough to retain information on the origins and range expansion of
introduced populations (Rius et al., 2008). We excluded GenBank COI sequences that
did not align with our haplotypes because they covered a different section of the target
gene or the final alignment was unacceptably short. Sequences were obtained using
primers described in Table S3 (see general genetic methods in Appendix S4) and aligned

in BioEdit v. 7.0.5.2 (Hall, 1999). We then used DnaSP v. 5.10 (Librado & Rozas, 2009)
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to translate nucleotide sequences into amino acid sequences (using the ascidian mtDNA
code) and to determine the number of haplotypes and standard diversity indices
(haplotype and nucleotide diversities), and the number of unique haplotypes. Parsimony
haplotype networks were generated using the programme TCS v. 1.21 (Clement et al.,
2000), which creates an absolute distance matrix by calculating all possible pairwise
comparisons among haplotypes, considering a parsimony probability of 0.95.

(B) Effects of temperature on ontogenetic stages

Temperature may not determine species ranges through its effects on adult
performance (Gilman, 2006), as other life stages may be more sensitive (Pineda et al.,
2012). Therefore, distributional ranges can be set by the tolerance levels of sexual and
asexual propagules rather than adult fitness. To test ontogenetic effects of temperature,
we studied the effects of seawater temperature on development of all pre-adult life-
history stages. We selected four different NIS (Ciona intestinalis, Ascidiella aspersa,
Styela plicata and Microcosmus squamiger) that have widespread distributions along the
world’s coastlines (see below) and two species (Pyura stolonifera and Pyura herdmani)
that are native but have a sister species that has been reported as highly invasive species
somewhere else (Teske et al., 2011) (see sampling sites and general field methodology in
Appendix S5). We conducted laboratory experiments under a range of temperatures and
measured embryonic development time, and the success of larval development, larval
settlement and settler metamorphosis (details of methods in Appendix S6).

Given the non-linear nature of rate-temperature relationships (Janion et al., 2010)
and the fact that most species’ embryos did not develop above 20°C (see Results), we

only statistically analysed the linear portion of the reaction norm, i.e. from 10 to 20°C to
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evaluate interspecific differences. Therefore, we implemented a general linear model with
mean embryonic development time as the response variable, and species and temperature
as predictors. Interactions between species and temperature indicated differences in
reaction norm slopes among species. Given the proportional nature of developmental
success data, a generalized linear model using a binomial error structure and a logit link
function was used to assess the effects of species, temperature and their interactions on
development success. This model was checked for overdispersion and scaled deviances
were obtained when necessary. Species differences were determined by examining least
squares means and overlap of the Wald 95% confidence limits from the generalized
linear model outputs. The same statistical model type was used to assess the effects of
species and temperature on the number of successful postmetamorphs at day 3 after
fertilization (i.e. those that had completed the larval, settlement and post-metamorphic
stages, providing the most complete measure of success). We also investigated the effects
of species, temperature and day after fertilization (1* and 31 day) on the proportion of
attached settlers and the proportion of floating (detached from the substratum) settlers in
relation to the total number of initial larvae. Finally, we investigated the effects of
species, temperature and day after fertilization on the proportion of larvae that failed to
settle. All analyses were done with SAS v. 9.1 (SAS Inst., Cary, NC) and Statistica v. 10
(StatSoft, Tulsa, USA).

(B) Seawater temperature data

We obtained Sea Surface Temperature recordings from the South African Data
Centre for Oceanography (SADCO) (see Appendix S7 and Table S4 for details). We

calculated the mean annual temperature, the mean of summer months (January - March),
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winter months (July - September), and the difference between the annual maximum and
minimum temperature recorded each year. Inter-annual trends were tested using linear
regression with a critical value of 0.05. In addition, these data provide an estimate of
shipping intensity through time, which we calculated by measuring the number of
temperature recordings per year. Data were analysed and plotted using R v. 2.10.0 (R
Development Core Team, 2011).

(B) Measuring range and abundance shifts of NIS

To understand recent range shifts of NIS, we combined biogeographic
information from taxonomic studies (references in Appendix S3) that included extensive
surveys along the South African coast, and our own data. We then plotted the distances
among sites where species were recorded to visualize changes in species ranges. We
considered five NIS: Clavelina lepadiformis, C. intestinalis, A. aspersa, S. plicata and M.
squamiger). All are highly conspicuous and abundant, and are unlikely to have been
unnoticed by a specialist. We excluded for this analysis the remaining four NIS obtained
in the field surveys (see below). These were two colonial (Diplosoma listerianum,
Botryllus schlosseri) and two solitary NIS (Ascidia sydneiensis and Asterocarpa humilis).
For these, the taxonomy is in debate, so they may contain cryptic species or have been
misidentified as closely related species. In order to compare abundance trends, we
obtained abundance data for all ascidian species from our field surveys and compared the
mean values among status types (native, cryptogenic and NIS) and sampling years (i.e.

2007 and 2009).

11
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(A) RESULTS

(B) Field surveys

Combining the results from the sampling in 2007 and 2009, we identified 16
species endemic to South African shores, nine NIS that are widely distributed around the
world (Fig. S1), and nine species for which the status could not be confirmed and that
were included as cryptogenic (Table S5). NIS were the most widespread group, followed
by the native species and, finally, the narrowly distributed cryptogenic species (Fig. S2).
All NIS were found in at least two biogeographic provinces, with C. intestinalis being the
most widely distributed species (Fig. 1). In general, ascidian species richness marginally
increased eastwards (Fig. S2).

(B) Comparing regional and global genetic signatures

We obtained a total of 764 COI sequences (Tables S1, S2) with fragment lengths
of 546, 786, 639, 655 base pairs (bp) for C. lepadiformis, C. intestinalis, S. plicata and M.
squamiger respectively. Clavelina lepadiformis showed the lowest haplotype diversity
while M. squamiger was the most diverse (Fig. S3, Table S1). Haplotype diversity
increased eastwards for C. lepadiformis and C. intestinalis (Fig. S3, Table S1). When we
combined the haplotypes generated in our study with those from GenBank (Table S2), we
obtained a final alignment of 366, 692, 560 and 561 bp for C. lepadiformis, C.
intestinalis, S. plicata and M. squamiger respectively. The haplotype networks examined
the relationships among haplotypes at a global scale and showed two separate lineages
for each species (Fig. 2). These lineages showed different levels of genetic divergence.
Firstly, topologies connecting haplotypes with a cumulative probability greater than 95%

of being correct were constrained to divergence levels of less than ten and 12 steps for C.

12
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intestinalis and M. squamiger respectively. Since the number of mutational steps between
haplotype pairs did not exceed these values, the two lineages could be connected (Fig. 2).
Secondly, the two lineages of C. lepadiformis and S. plicata exceeded the maximum
number of steps, eight and ten steps respectively, and therefore the two lineages could not
be connected with 95% probability (Fig. 2). We obtained a total of 15 haplotypes for C.
lepadiformis, 23 for C. intestinalis, 24 for S. plicata and 63 for M. squamiger. Many
haplotypes found in South Africa were also detected elsewhere within the introduced
range of the species (Fig. 2). For C. lepadiformis, three South African haplotypes were
shared with other regions around the world (Fig. 2), of which two had not been sampled
before and one was shared with the Azores (Table S2). For C. intestinalis, all individuals
collected in South Africa were Type A (sensu Nydam & Harrison, 2007). We found eight
South African haplotypes that were unique and six that were shared with other regions.
For S. plicata, South African haplotypes were found across the two global lineages that
had been formerly reported (Pineda et al., 2011) with one previously undiscovered South
African haplotype found in each lineage (Fig. 3). M. squamiger had 15 private haplotypes
from South Africa (8 new from our study) and 9 shared with other regions (Fig. 2). In
addition, two clear lineages were recovered, of which Lineage 1 contained most
haplotypes found in South Africa (Fig 2). The haplotypes obtained from the Azores and
Madeira had been previously recorded in other regions (Table S2).

(B) Effect of temperature on development, settlement and metamorphosis

Development rate increased slowly up to 20°C, with the slopes of C. intestinalis
and A. aspersa (Fig. S3A) being lower than for the other four species (linear model,

species-temperature interaction effects, F, 75y = 296.8, P < 0.001). This difference in
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slope was mostly due to the development success and relatively long development time
of these two species at 10°C. At 25°C, C. intestinalis, S. plicata and M. squamiger
showed successful development, while no development occurred for A. aspersa or either
Pyura species (Fig. S4). No species showed larval development at 30°C. Temperature,
species and their interaction, all had significant effects on larval development success
(Generalized linear model. Temperature, df = 1, Wald Chi-Square = 8.66, P = 0.003;
Species, df = 6, Wald Chi-Square = 45.46, P < 0.001; Temperature x Species interaction,
df = 5, Wald Chi-Square = 19.15, P = 0.002). The 95% Wald confidence limits for each
species indicated that the development success of A. aspersa and C. intestinalis, and A.
aspersa and S. plicata were not significantly different from each other, but estimates for
A. aspersa and C. intestinalis were significantly higher than for P. stolonifera, P.
herdmani and M. squamiger (Table 2).

In the experiment testing the effect of temperature on settlement and
metamorphosis, the proportion of successful settlers (defined here as the ones that
completed metamorphosis or post-metamorphs) at day 3 was generally highest at higher
temperatures (20-25°C), but the number of total settlers (successful and non-
metamorphosed settlers) showed the lowest numbers for most species at the highest
temperature (30°C) (Fig. S5). P. stolonifera showed higher settlement success at 20°C,
while other species (e.g. M. squamiger and S. plicata) performed better at 25°C. A
noteworthy exception was A. aspersa, which, at high temperatures (e.g. 25°C. Fig. S5A)
produced settlers despite poor larval developmental success at these temperatures (Fig.
S4B). Settlement data showed a significant effect of temperature on all variables

analysed: successful settlers, floating settlers and failed larvae (Table 3). When we
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analysed the effect of each factor and their interactions for each species separately (Table
S6), most interactions between the factors Day and Temperature were significant. Pyura
spp. were the only species for which temperature did not have consistent major effects.
Floating settlers (i.e. settled to the water surface pellicle, or settlers that started
metamorphosis while in the water column) and failed larvae were considered dead. We
found an increase of floating settlers with temperature and time, especially at 30°C for
day three, which indicated that temperature stress affected their final success (Fig. S5C).
Lower temperatures resulted in the highest proportion of failed larvae, although this trend
weakened with time (Fig. S5D). Regarding post-metamorphic stages, we found that most
species achieved metamorphosis at three different temperatures, while native species did
so at only one or two temperatures (Fig. S6). A. aspersa and C. intestinalis were able to
complete metamorphosis at 15°C, and only S. plicata completed metamorphosis at 30°C
(Fig. S6).

The results of the laboratory experiments and resulting temperature tolerance
breadth for all stages are summarized in Table 4, and broadly showed that all species’
eggs and larvae were able to develop, settle and metamorphose at 20°C, but only A.
aspersa and C. intestinalis were able to do so at 15°C, and C. intestinalis, M. squamiger
and S. plicata at 25°C.

(B) Temperature records

The SADCO records indicated that seawater temperature during the period 1960
to 2010 has significantly increased in six sites, while remained relatively stable in the
remaining five sites (Fig. S7). Most sites showed significant positive slopes in mean

winter temperatures, with the exception of the northernmost sites (Alexander Bay and
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Durban), which lie on opposite coasts. Only four sites showed significant positive
regressions for the summer months (Fig. S7). The magnitude of such change in mean
values went from + 0.5 to + 1.5 °C. All sites showed an increasing trend when annual
differences between maximum and minimum temperatures were plotted, although only
three sites showed significant positive slopes (Fig. S8). At these sites increases in
temperature of 2-3 °C were observed during this period.

There was an increase in shipping intensity in the late 1960s and early 1970s,
coinciding with the closure of the Suez Canal (Fig. S9). Shipping intensity before and
after this period remained relatively consistent with a gradual decline towards the early
21" century. Therefore, the contribution of this vector to the spread NIS has not
significantly increased over the studied period.

(B) Changes in species ranges and abundance

We found evidence of range expansion among years for NIS (Figs. 3A, S2), while
native and cryptogenic species did not vary consistently, with some species showing
small range contractions and others expanding (Fig. S2). Among the NIS, C. intestinalis
was the species that showed the widest range and the greatest range expansion. Observed
expansions ranged between €. 1000 and 2500 Km (Figs. 3A). NIS were on average more
abundant than native and cryptogenic species in both years (Fig. 3B), and increased
significantly in abundance between 2009 and 2007 (t-test; t = -2.035, df = 176, P =

0.043).
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(A) DISCUSSION

We found that NIS are well-established across diverse biogeographic regions in
South Africa. In addition, NIS are both expanding their ranges and increasing in
abundance, and this trend is independent of species differences in optimal temperature,
range size or genetic variability (both at regional and global scales). However, the
increase in range and abundance of NIS was synchronized with a trend over the last 50
years towards warmer mean temperatures and a wider range of temperatures. This
suggests that the facilitative effects of climate change on biological invasions advocated
by previous studies at local scales (Stachowicz et al., 2002; Sorte et al., 2010) also occur
at regional and perhaps global levels.

(B) Integrating genetic patterns across different spatial scales

Our study revealed two divergent mtDNA lineages with extensive geographical
mixing and sympatry of widespread genotypes, which indicates multiple secondary
contacts of ancestral lineages at both regional and global scales (see specific details in
Appendix S8). Such processes have the potential to generate adaptive differentiation
among invasive populations as has been suggested for plant species (Chun et al., 2009).
In addition, these patterns could be explained by within-species physiological differences
among lineages, and / or limited connectivity among certain harbours. However, this
requires further investigation using a more comprehensive dataset (e.g. Rius et al., 2012).
When we placed the South African populations within a global context we found an
intricate distribution of haplotypes. This suggests a scenario of continuous interchange of
propagules due to intense local and international shipping (Kaluza et al., 2010), which

has an homogenizing effect on the genetic composition of introduced populations (e.g.
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Pineda et al., 2011). Thus, the genetic composition of the introduced range most likely
consists of a mixture of diverging genotypes from the native range and leading towards a
general pattern of global genetic panmixia. The widespread regional and global
distribution of these species indicates their adaptation to several climatic regions, and our
data suggest that individuals containing certain haplotypes are more widespread and
perhaps more adaptable than other individuals of the same species. The range shifts
observed for the studied NIS were independent of their global level of genetic diversity.

(B) Effects of temperature on early life-history stages

In the sea the planktonic larval stage has a major influence on enabling dispersal
and population connectivity (McQuaid, 2010). The large diversity of evolutionary
strategies in the sea has resulted in a wide range of propagule forms. This gives rise to
varying degrees of planktonic periods and dispersal capabilities, and can lead to high
levels of intraspecific phenotypic plasticity (but see Ling et al., 2008) due to variable
conditions. Our experimental results indicate that higher temperature treatments induced
earlier settlement and metamorphosis. Some species could not complete egg development
at higher temperatures, even though their larvae performed well and completed
metamorphosis at these temperatures, which suggests that initial development stages are
more sensitive. In contrast, cold or unfavourable environments delayed or constrained
larvae settlement and metamorphosis (see also Dybern, 1965; Thiyagarajan & Qian,
2003). The trade-off between larval swimming time and range expansion is likely to
influence species distributions. When we analysed the influence of artificial transport, our
estimates of shipping intensity did not indicate an increasing trend in recent years, which

suggests that during the studied period this vector has not increasingly contributed to
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range expansions. In addition, antifouling practices are becoming more effective, which
increasingly limits the transportation of species as stowaways.

Our laboratory experiments indicate thermal limitation during early life-history
stages, especially at extreme temperatures (10 and 30°C). This suggests that coastal
regions that experience such temperatures during reproductive periods will be unable to
support these species. This could explain the absence of some species on the west coast
(e.g. M. squamiger), where strong upwelling periods can drop temperatures down to 8-
9°C. However, it is known that some groups of organisms can shift their phenology and
seasonal thermal tolerance with changing environmental conditions (Millar, 1971; Yang
& Rudolf, 2009). Thus, such species are able to adapt or demonstrate plastic responses
when facing different thermal conditions or latitudes. Our physiological results showed
that the optimal temperature for the studied species were between 15 - 20 °C, which is in
accordance with previous studies (Thiyagarajan & Qian, 2003). However, even if
development is assumed to be ideal at such optimal temperatures, suboptimal conditions
may also play an important role in species establishment. For instance, although the
embryonic development of C. intestinalis was improved between 15 and 20 °C (Fig. S4)
(see also Dybern, 1965; Bellas et al., 2003, for performance curves in other regions), this
species was capable of settling and completing metamorphosis in both warmer (> 20°C)
and colder conditions (Figs. S5, S6). In general, all NIS showed widespread distributions
around the world (Fig. S1), suggesting a broad range of temperature tolerance. The use of
thermal tolerance ranges as a predictor of geographic success requires further study,

especially when extrapolating physiological outcomes to other regions without
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accounting for microsite temperature variability (Clusella-Trullas & Chown, 2011) or
ecological interactions with the receiver community.

(B) Thermal tolerance and climate change

In terrestrial ecosystems, temperature has been used to predict both extinctions
and the spread of species considering different scenarios of climate change driven by
anthropogenic effects (Deutsch et al., 2008). For example, organisms with restricted
thermal tolerance have moved to higher elevations and latitudes in response to recent
climate change (Angert et al., 2011). For ascidians, temperature exerts a strong influence
on reproduction, development, energy requirements and feeding across all life-history
stages (Millar, 1971; Thiyagarajan & Qian, 2003). Thus, a slight change in seawater
temperature has the potential to affect species survival significantly through lethal and
sublethal effects. Warming is believed to have the most deleterious consequences on
organisms that are relatively sensitive to temperature change and are currently living in
conditions close to their optimal temperature or ‘safety margin’ (Deutsch et al., 2008).
This might be even more critical at the most sensitive ontogenetic stages, for which
optimal temperature ranges are narrower (Pineda et al., 2012). Therefore, the biological
consequences of rising temperatures depend on the physiological sensitivity of each
organism (Somero, 2012) and, as demonstrated here, the accumulative effects through
multiple life-history stages. Our results indicate a higher thermal tolerance of NIS during
the developmental stages as compared to natives. However, this requires further
investigation by including a higher number of phylogenetically dissimilar native species
and a broader sampling of conspecifics of different origins to evaluate the role of local

adaptation. Empirical evidence is especially needed in aquatic environments, as there is a
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dearth of studies that analyse the influence of altered environmental conditions on both
native and NIS performance in these ecosystems compared to terrestrial ones (Sorte et
al., 2012).

(B) Climate change and species invasions

The analysis of ship-based data collected over the last 50 years revealed a
significant positive trend at most sites, indicating that temperatures are predominantly
increasing. This trend was supported by the annual mean temperature and most especially
by the mean temperature of winter months (Fig. S7). Analyses of time-series of infrared
satellite imagery suggest a more complex picture, with cooling on the south and south-
west coasts of South Africa, with warming on the east coast (Rouault et al., 2010). This is
supported by minor, but telling, changes in the distribution of cold-water kelps (Bolton et
al., 2012). In either event, the situation is one of changing conditions. The differences
between maximum and minimum temperature in the ship-based data revealed a positive
trend towards more extreme annual temperatures at most sites (Fig. S8). In line with this,
extreme climatic events, which are expected to increase in the future, have recently been
identified as potential factors enhancing species invasions (Diez et al., 2012). This
suggests that species with a wider thermal niche have the potential to benefit from more
extreme conditions in the future. Correspondingly, our field data show that biogeographic
patterns are related to the thermal-response results obtained during the early life-history
stages of the studied species - the most widespread species had greater developmental
thermal tolerances, while the lowest and highest experimental temperatures were

correlated with the range boundaries of some of the studied species.
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The warming of seawater temperature has been identified as an important driver
of community change (e.g. Sorte et al., 2010). Warmer winter seawater temperatures
have been shown to enhance the earlier seasonal arrival of invasive species at local
scales, by inducing earlier recruitment (Stachowicz et al., 2002). In contrast, resident
species might become increasingly poorly adapted to the local environment, opening
colonization opportunities for NIS. Our study provides empirical evidence of range
expansions of NIS at multiple spatial scales during a period of change of temperature

regimes, which indicates an overall trend towards global biotic homogenization.

22



504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

(A) ACKNOWLEDGEMENTS

We are grateful to E. Diaz, L. Espasa, J. Murray and D. Vizcaya for their help
during field sampling, and to I. Calderdén for collecting samples from Azores. We are
indebted to L. Watt and Marten L. Griindlingh from SADCO - CSIR for providing access
to the seawater temperature recordings. We acknowledge M. Nydam for her help with the
Ciona intestinalis sequences. We thank L. Noach, M.C. Pineda and R. Slabbert for
assistance during laboratory and sequencing work. Our gratitude goes to J.J. Stachowicz
for helpful discussions and comments on an earlier version of the manuscript. M.R. has
received funding from the Spanish ‘Ministerio de Educacion y Ciencia’, the ‘Agencia
Espafiola de Cooperacion Internacional para el Desarrollo’ from the Spanish ‘Ministerio
de Asuntos Exteriores y de Cooperacion’. S.C.T. was supported by the National Research
Foundation Incentive Funding and the DST-NRF Centre of Excellence for Invasion
Biology. The research was funded by a grant from the DST-NRF Centre of Excellence
for Invasion Biology to C.L.G. and M.R., the South African Research Chairs Initiative of
the Department of Science and Technology and the National Research Foundation to
C.D.M, and the European Union Seventh Framework Programme (FP7/2007-2013) under

grant agreement no. PIOF-GA-2009- 254634 to M.R.

23



527

528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570

(A) REFERENCES

Angert, A.L., Crozier, L.G., Rissler, L.J., Gilman, S.E., Tewksbury, J.J. & Chunco, A.J.
(2011) Do species traits predict recent shifts at expanding range edges? Ecology
Letters, 14, 677-689.

Avise, J.C. (2009) Phylogeography: retrospect and prospect. Journal of Biogeography,
36, 3-15.

Belanger, C.L., Jablonski, D., Roy, K., Berke, S.K., Krug, A.Z. & Valentine, J.W. (2012)
Global environmental predictors of benthic marine biogeographic structure.
Proceedings of the National Academy of Science of the United States of America,
109, 14046-14051.

Bellas, J., Beiras, R. & Vazquez, E. (2003) A standardisation of Ciona intestinalis
(Chordata, Ascidiacea) embryo-larval bioassay for ecotoxicological studies.
Water Research, 37, 4613-4622.

Bolton, J.J., Anderson, R.J., Smit, A.J. & Rothman, M.D. (2012) South African kelp
moving eastwards: the discovery of Ecklonia maxima (Osbeck) Papenfuss at De
Hoop Nature Reserve on the south coast of South Africa. African Journal of
Marine Science, 34, 147-151.

Bonte, D., Travis, J.M.J., De Clercq, N., Zwertvaegher, I. & Lens, L. (2008) Thermal
conditions during juvenile development affect adult dispersal in a spider.
Proceedings of the National Academy of Sciences of the United States of America,
105, 17000-17005.

Clement, M., Posada, D. & Crandall, K.A. (2000) TCS: a computer program to estimate
gene genealogies. Molecular Ecology, 9, 1657-1659.

Clusella-Trullas, S. & Chown, S.L. (2011) Comment on “Erosion of Lizard Diversity by
Climate Change and Altered Thermal Niches” Science, 332, 537-a.

Crisp, D.J. & Southward, A.J. (1959) The further spread of EIminius modestus in the
British Isles to 1959. Journal of the Marine Biological Association UK, 38, 429-
437.

Chun, Y.J., Nason, J.D. & Moloney, K.A. (2009) Comparison of quantitative and
molecular genetic variation of native vs. invasive populations of purple loosestrife
(Lythrum salicaria L., Lythraceae). Molecular Ecology, 18, 3020-3035.

Davis, M.A., Pergl, J., Truscott, A.-M., Kollmann, J., Bakker, J.P., Domenech, R., Prach,
K., Prieur-Richard, A.-H., Veeneklaas, R.M., Pysek, P., del Moral, R., Hobbs,
R.J., Collins, S.L., Pickett, S.T.A. & Reich, P.B. (2005) Vegetation change: a
reunifying concept in plant ecology. Perspectives in Plant Ecology, Evolution and
Systematics, 7, 69-76.

Deutsch, C.A., Tewksbury, J.J., Huey, R.B., Sheldon, K.S., Ghalambor, C.K., Haak, D.C.
& Martin, P.R. (2008) Impacts of climate warming on terrestrial ectotherms
across latitude. Proceedings of the National Academy of Sciences of the United
States of America, 105, 6668-6672.

Diez, J.M., D'Antonio, C.M., Dukes, J.S., Grosholz, E.D., Olden, J.D., Sorte, C.J.B.,
Blumenthal, D.M., Bradley, B.A., Early, R., Ibafiez, 1., Jones, S.J., Lawler, J.J. &
Miller, L.P. (2012) Will extreme climatic events facilitate biological invasions?
Frontiers in Ecology and the Environment, 10, 249-257.

24



571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614

Dybern, B.I. (1965) The life cycle of Ciona intestinalis (L.) f. typica in relation to the
environmental temperature. Oikos, 16, 109-131.

Emanuel, B.P., Bustamante, R.H., Branch, G.M., Eekhout, S. & Odendaal, F.J. (1992) A
zoogeographic and functional approach to the selection of marine reserves on the
west coast of South Africa. South African Journal of Marine Science, 12, 341-
354.

Gilman, S.E. (2006) The northern geographic range limit of the intertidal limpet
Collisella scabra: a test of performance, recruitment, and temperature hypotheses.
Ecography, 29, 709-720.

Hall, T.A. (1999) BioEdit: a user-friendly biological sequence alignment editor and
analysis program for Windows 95/98/NT. Nucleic Acids Symposium Series, 41,
95-98.

Janion, C., Leinaas, H.P., Terblanche, J.S. & Chown, S.L. (2010) Trait means and
reaction norms: the consequences of climate change/invasion interactions at the
organism level. Evolutionary Ecology, 24, 1365-1380.

Kaluza, P., Kolzsch, A., Gastner, M.T. & Blasius, B. (2010) The complex network of
global cargo ship movements. Journal of the Royal Society Interface, 7, 1093-
1103.

Kolbe, J.J., Glor, R.E., Schettino, L.R., Lara, A.C., Larson, A. & Losos, J.B. (2004)
Genetic variation increases during biological invasion by a Cuban lizard. Nature,
431, 177-181.

Librado, P. & Rozas, J. (2009) DnaSP v5: a software for comprehensive analysis of DNA
polymorphism data. Bioinformatics, 25, 1451-1452.

Ling, S.D., Johnson, C.R., Frusher, S. & King, C.K. (2008) Reproductive potential of a
marine ecosystem engineer at the edge of a newly expanded range. Global
Change Biology, 14, 907-915.

McQuaid, C.D. (2010) Marine connectivity: timing is everything. Current Biology, 20,
R938-R940.

McQuaid, C.D. & Arenas, F. (2009) Biological invasions: insights from marine benthic
communities. Marine Hard Bottom Communities (ed. by M. Wahl), pp. 309-320.
Springer-Verlag, Berlin, Heidelberg.

Millar, R.H. (1971) The biology of ascidians. Advances in Marine Biology, 9, 1-100.

Nydam, M.L. & Harrison, R.G. (2007) Genealogical relationships within and among
shallow-water Ciona species (Ascidiacea). Marine Biology, 151, 1839-1847.

Parmesan, C., Gaines, S., Gonzalez, L., Kaufman, D.M., Kingsolver, J., Peterson, A.T. &
Sagarin, R. (2005) Empirical perspectives on species borders: from traditional
biogeography to global change. Oikos, 108, 58-75.

Pineda, M.C., Lopez-Legentil, S. & Turon, X. (2011) The whereabouts of an ancient
wanderer: global phylogeography of the solitary ascidian Styela plicata. PLoS
ONE, 6, €25495.

Pineda, M.C., McQuaid, C.D., Turon, X., Lopez-Legentil, S., Ordonez, V. & Rius, M.
(2012) Tough adults, frail babies: An analysis of stress sensitivity across early
life-history stages of widely introduced marine invertebrates. PLoS ONE, 7,
e46672.

25



615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659

Prentis, P.J., Wilson, J.R.U., Dormontt, E.E., Richardson, D.M. & Lowe, A.J. (2008)
Adaptive evolution in invasive species. Trends in Ecology & Evolution, 13, 288-
294.

R Development Core Team (2011) R: A language and environment for statistical
computing, Vienna, Austria.

Rius, M., Pascual, M. & Turon, X. (2008) Phylogeography of the widespread marine
invader Microcosmus squamiger (Ascidiacea) reveals high genetic diversity of
introduced populations and non-independent colonizations. Diversity and
Distributions, 14, 818-828.

Rius, M., Heasman, K.G. & McQuaid, C.D. (2011) Long-term coexistence of non-
indigenous species in aquaculture facilities. Marine Pollution Bulletin, 62, 2395-
2403.

Rius, M., Turon, X., Ordofiez, V. & Pascual, M. (2012) Tracking invasion histories in the
sea: facing complex scenarios using multilocus data. PLoS ONE, 7, e35815.
Rouault, M., Pohl, B. & Penven, P. (2010) Coastal oceanic climate change and variability
from 1982 to 2009 around South Aftrica. African Journal of Marine Science, 32,

237-246.

Roy, K., Jablonski, D. & Valentine, J.W. (2001) Climate change, species range limits and
body size in marine bivalves. Ecology letters, 4, 366-370.

Sakai, A.K., Allendorf, F.W., Holt, J.S., Lodge, D.M., Molofsky, J., With, K.A.,
Baughman, S., Cabin, R.J., Cohen, J.E., Ellstrand, N.C., McCauley, D.E., O'Neil,
P., Parker, .M., Thompson, J.N. & Weller, S.G. (2001) The population biology of
invasive species. Annual Review of Ecology and Systematics, 32, 305-332.

Sax, D.F., Stachowicz, J.J., Brown, J.H., Bruno, J.F., Dawson, M.N., Gaines, S.D.,
Grosberg, R.K., Hastings, A., Holt, R.D., Mayfield, M.M., O’Connor, M.I. &
Rice, W.R. (2007) Ecological and evolutionary insights from species invasions.
Trends in Ecology & Evolution, 22, 465-471.

Somero, G.N. (2012) The physiology of global change: linking patterns to mechanisms.
Annual Review of Marine Science, 4, 39-61.

Sorte, C.J., Ibanez, 1., Blumenthal, D.M., Molinari, N.A., Miller, L.P., Grosholz, E.D.,
Diez, J.M., D'Antonio, C.M., Olden, J.D., Jones, S.J., Dukes, J.S. & Suding, K.
(2012) Poised to prosper? A cross-system comparison of climate change effects
on native and non-native species performance. Ecology Letters,

Sorte, C.J.B., Williams, S.L. & Zerebecki, R.A. (2010) Ocean warming increases the
threat of invasive species in a marine fouling community. Ecology, 91, 2198-
2204.

Stachowicz, J.J., Terwin, J.R., Whitlatch, R.B. & Osman, R.W. (2002) Linking climate
change and biological invasions: ocean warming facilitates nonindigenous species
invasions. Proceedings of the National Academy of Sciences of the United States
of America, 99, 15497-15500.

Stephenson, T.A. & Stephenson, A. (1972) Life Between Tidemarks on Rocky Shores.
W.H. Freeman and Company, San Francisco.

Teske, P.R., Papadopoulos, 1., Newman, B.K., Dworschak, P.C., McQuaid, C.D. &
Barker, N.P. (2008) Oceanic dispersal barriers, adaptation and larval retention: an
interdisciplinary assessment of potential factors maintaining a phylogeographic

26



660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684

685

686

687

688

689

690

691

692

693

694

break between sister lineages of an African prawn. BMC Evolutionary Biology, 8,
341.

Teske, P.R., Rius, M., McQuaid, C.D., Styan, C.A., Piggott, M.P., Benhissoune, S.,
Fuentes-Grunewald, C., Walls, K., Page, M., Attard, C.R., Cooke, G.M.,
McClusky, C.F., Banks, S.C., Barker, N.P. & Beheregaray, L.B. (2011) "Nested"
cryptic diversity in a widespread marine ecosystem engineer: a challenge for
detecting biological invasions. BMC Evolutionary Biology, 11, 176.

Thiyagarajan, V. & Qian, P.Y. (2003) Effect of temperature, salinity and delayed
attachment on development of the solitary ascidian Styela plicata (Lesueur).
Journal of Experimental Marine Biology and Ecology, 290, 133-146.

Turon, X., Tarjuelo, 1., Duran, S. & Pascual, M. (2003) Characterising invasion processes
with genetic data: an Atlantic clade of Clavelina lepadiformis (Ascidiacea)
introduced into Mediterranean harbours. Hydrobiologia, 503, 29-35.

Walther, G.R., Roques, A., Hulme, P.E., Sykes, M.T., Pysek, P., Kuhn, 1., Zobel, M.,
Bacher, S., Botta-Dukat, Z., Bugmann, H., Czucz, B., Dauber, J., Hickler, T.,
Jarosik, V., Kenis, M., Klotz, S., Minchin, D., Moora, M., Nentwig, W., Ott, J.,
Panov, V.E., Reineking, B., Robinet, C., Semenchenko, V., Solarz, W., Thuiller,
W., Vila, M., Vohland, K. & Settele, J. (2009) Alien species in a warmer world:
risks and opportunities. Trends in Ecology & Evolution, 24, 686-93.

Yang, L.H. & Rudolf, V.H.W. (2009) Phenology, ontogeny and the effects of climate
change on the timing of species interactions. Ecology Letters, 12, 1-10.

Yap, M. & Man, D.L. (1996) Colour, Confusion and Concessions: the History of the
Chinese in South Africa. Hong Kong University Press.

27



695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

(A) BIOSKETCHES

M.R. is currently a postdoctoral researcher interested in the underlying mechanisms that
determine and maintain species ranges and how alterations such as anthropogenic
disturbances and biological invasions affect the composition of native assemblages. His
research interests include biogeography, population genetics, community ecology and

conservation biology, with a special focus on marine foundation species.

28



718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

(A) SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article.

29



740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

Table 1. Sampled sites included in the present study. The site name abbreviations (Code),

the geographic position and the characteristics of each site are indicated.

Name of the site Code Latitude (S) Longitude (E) Type
Alexander Bay AB 28°46° 33” 16°34° 23” Oyster farm
Saldanha Bay SB 33°00° 18” 17°56° 53” Small harbour
Table Bay TB 33°55° 22~ 18°26° 36” Large harbour
Hout Bay HB 34° 02’ 60” 18°20° 53”  Recreational marina
Mossel Bay MB 34°10° 427 22°08’ 40~ Small harbour
Knysna KA 34°02° 29~ 23°02’ 48"  Recreational marina
Port Elizabeth PE 33°58° 027 25°38’07” Large harbour
Bushman’s River BR 33°40° 47 26°39’22”  Recreational marina
Port Alfred PA 33°35° 38” 26°53’31”  Recreational marina
East London EL 33°01° 22~ 27°53° 45> Small harbour
Durban DU 29°51° 49” 31°01° 23~ Large harbour
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Table 2. Estimates and Wald 95% confidence limits from the generalized linear models

testing for the effects of species on larval development success. ‘Chi-square’ tests

whether the estimate is different from zero, alpha is set at 0.05. Significance of pairwise

comparisons was determined by non-overlapping Wald 95% confidence intervals.

Species effect Estimate SE DF Chi-Square P Zzz;id?efl(;/: limits
Ascidiella aspersa -0.1363 0.2730 1 0.25 0.6176 -0.6715  0.3988
Ciona intestinalis 0.5613 02789 1 4.05 0.0442 0.0145 1.1080
Styela plicata -1.2289 0.3306 1 13.82 0.0002 -1.8768  -0.5810
Microcosmus squamiger  -3.8738 09614 1 16.23 <.0001 -5.7582 -1.9894
Pyura herdmani -2.0530 02276 1 81.35 <.0001 -2.4991  -1.6069
Pyura stolonifera -2.1553 0.3492 1 38.11 <.0001 -2.8396  -1.4710
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Table 3. Output of generalized linear models reflecting the effects of species and

temperature on: A) overall successful settlers/metamorphs and (B) settlers including

incomplete metamorphs. Same models were run including the effects of species,

temperature and days on (C) floating settlers and (D) failed larvae. (A) and (B) only

include 3" day after fertilization data whereas (C) and (D) examine the effect of day of

observation. Significant results (P < 0.05) are indicated in bold.

Effect df Wald Chi-Square P

A) Proportion of successful settlers / complete metamorphs

Temperature 1 843 <0.01
Species 6 6544 <0.0001
Temperature x Species 5 436 0.50

B) Proportion of settlers including incomplete metamorphs

Temperature 1 0.09 <0.77
Species 6 7137 <0.0001
Temperature x Species 5 46.88 <0.0001
C) Proportion of floating settlers

Temperature 1 13.49 <0.001
Species 6 87.01 <0.0001
Days 1 7.19 0.007
Temperature x Species 5 26.55 <0.0001
Species x Days 5 2224 0.0005
Temperature x Days 1 6.09 0.01
Temperature x Species x Days 5 3274 <0.0001
C) Proportion of failed larvae

Temperature 1 8233 <0.0001
Species 6 126.28 <0.0001
Days 1 23.76 <0.0001
Temperature x Days 1 31.16 <0.0001
Temperature x Species 5 891 0.11
Species x Days 5 8.04 0.15
Temperature x Species x Days 5 1593 <0.01
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Table 4. Summary results of experiments testing the success on egg development (D),

larval settlement (S) and settler metamorphosis (M) three days after fertilization at

different temperatures for the studied species. M and indicate success or failure,

respectively. Overall failure (indicated in grey) was considered when larval development

could not be achieved or when metamorphosis was not completed.

Species  Temperatures 10 15 20 25 30
Developmental stage | D/S/M D/S/M D/S/M D/S/M | D/S/M
Ciona intestinalis M/M/K|M/Md/M| /444 |M/ M4 |K/M/KX
Ascidiella aspersa M/M/H|M/Md/M|M4/ 44| E/M/ 4 |K/4/KX
Styela plicata M/K/H|M/Md/ K |44 4|4 M/4|E/M/ 4
Microcosmus squamiger | ¥/M/K | M/M/E | M/ M/M | M/M/M | B/ M4/ X
Pyura herdmani K/ M/ |M/M/XK|M/ 4|/ M4|X/M/X
Pyura stolonifera K/ M/ |M/M/K|M/M/4| XH/M/X |X/ M/
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Fig. 1. Map of the Southern African coastline with the sampled sites indicated. Sea
surface temperature satellite readings as in 24 June 2007 (Source: magicseaweed.com,
NOAA data) are indicated in different colours. The distribution of the studied species
(NIS: non-indigenous species, native: native species) found during the 2007 and 2009
field surveys is indicated with colour circles. Site abbreviation names and details can be
found in Table 1, except RB, which indicates Richard’s Bay, where we could not conduct
a thorough survey but collected samples of S. plicata and M. squamiger for genetic
analyses.

Fig. 2. Haplotype network of the species studied (A - Clavelina lepadiformis, B - Ciona
intestinalis, C - Styela plicata and D - Microcosmus squamiger) indicating the presence
of each haplotype in: 1. South Africa (in black), 2. The rest of the introduced range (in
grey), and 3. Native or cryptogenic ranges (in white). The smaller black circles represent
unsampled or extinct haplotypes. Branch sections delimited by two circles indicate single
mutational steps, irrespective of their branch length.

Footnote: Clavelina lepadiformis - Lineage 1 is the Atlantic clade and Lineage 2 is the
Mediterranean clade of Turon et al. (2003); Styela plicata - Lineage 1 is group 1 and
Lineage 2 is group 2 of Pineda et al. (2011); Microcosmus squamiger - Lineage 1 is
group H1 and Lineage 2 is group H2 of Rius et al. (2008).

Fig. 3. Changes in species ranges and abundance along the South African coast. A)
Range expansion estimates of the studied non-indigenous species. We included data from
taxonomic records (1950, 1960 and 2000) and our surveys (2007 and 2009) to calculate

the distance between the most distant sites where each species has been documented. B)
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35



850  Fig. 1

851
AS ; oc NN " IEmE scawater
2 4 6 8 10121416 18 20 22 24 26 28 30 '°"Perre
Studied species

@ cCiavelina lepadiformis
O Ciona intestinalis
O Ascidiella aspersa
Q Styela plicata
@ Microcosmus squamiger
@ Pyura herdmani
@ Pyura stolonifera

852

853

854

855

856

857

858

859

860

861

36



862

863
864

865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885

Fig. 2
Lineage 1 | Lineage 2
(A) : (D)
(B)
Lneaget ).
Lineage 2 C)
... | Po
S Lineage1
Lineage 2 .
. 0O
=4
(©) o2
d .,
B,
fe 2

Lineage 1 ;f Lineage 2

37



886
887
888

889
890

891
892

Fig. 3.

A)

Distance between the most distant sites (Km)

B)

1000 1500 2000 2500

500

—+---  C. intestinalis &=
—#— S, plicata
e C. lepadiformis
-=B- M. squamiger
-—-4-—- A aspersa e
; 7
. | -
1930 1950 1960 2000 2007 2009
Sampling years
v
—e— NIS
--+- Native

Mean relative abundance (+SE)

0.0

1.0

0.5

-4 Cryptogenic

Sampling year

2009




