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Abstract The analysis of temporal genetic variability is
an essential yet largely neglected tool to unveil and pre-
dict the dynamics of introduced species. We here describe
the temporal genetic structure and diversity over time of
an introduced population of the ascidian Styela plicata
(Lesueur, 1823) in Wilmington (North Carolina, USA,
34°08'24"N, 77°51'44"W). This population suffers impor-
tant salinity and temperature changes, and in June every
year we observed massive die-offs, leaving free substratum
that was recolonized within a month. We sampled 12-14
individuals of S. plicata every 2 months from 2007 to 2009
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(N = 196) and analyzed a mitochondrial marker (the gene
cytochrome oxidase subunit I, COI) and seven nuclear
microsatellites. Population genetic analyses showed simi-
lar results for both types of markers and revealed that most
of the genetic variation was found within time periods.
However, analyses conducted with microsatellite loci also
showed weak but significant differences among time peri-
ods. Specifically, in the samplings after die-off episodes
(August-November 2007 and 2008) the genetic diversity
increased, the inbreeding coefficient showed prominent
drops, and there was a net gain of alleles in the microsat-
ellite loci. Taken together, our results suggest that recruits
arriving from neighboring populations quickly occupied
the newly available space, bringing new alleles with them.
However, other shifts in genetic diversity and allele loss
and gain episodes were observed in December—January and
February—March 2008, respectively, and were apparently
independent of die-off events. Overall, our results indi-
cate that the investigated population is stable over time and
relies on a periodic arrival of larvae from other populations,
maintaining high genetic diversity and a complex interplay
of allele gains and losses.

Introduction

Biological invasions have notably increased during the last
century, posing a major threat to global biodiversity and,
specifically, to marine ecosystems (Carlton 1996; Ruiz
et al. 1997; Galil 2000; Grosholz 2002; Zenetos et al.
2010). However, it is estimated that only a 0.01 % of spe-
cies initially introduced to new sites is able to overcome
the biotic and abiotic barriers that impede their long-term
establishment in a new location (Williamson and Fitter
1996; Colautti and Maclsaac 2004; Blackburn et al. 2011).
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After initial introduction to a new area, the successful
establishment and secondary spread of a species depend on
post-border processes (Forrest et al. 2009), including the
ability to adapt to sudden disturbances (Hobbs and Huen-
neke 1992; Altman and Whitlatch 2007; Crooks et al. 2011)
and their tolerance to environmental fluctuations (e.g., Mar-
chetti et al. 2004; deRivera et al. 2007).

Low genetic diversity caused by a founder effect or a
bottleneck is not always the benchmark for introduction
events (Cornuet and Luikart 1996; Sakai et al. 2001; Dlu-
gosch and Parker 2008). In fact, recurrent introductions, a
process commonly observed during marine invasion, typi-
cally increase the gene pool available for successful allelic
combinations when facing heterogeneous foreign habitats
(Kolar and Lodge 2001; Lockwood et al. 2005; Roman
and Darling 2007; Suarez and Tsutsui 2008, Rius and Dar-
ling 2014). Genetic diversity plays therefore a crucial role
on the successful establishment and posterior spread of
an introduced species in a new area (Holland 2000; Gros-
berg and Cunningham 2001; Sakai et al. 2001; Geller et al.
2010). In addition, high genetic variation enables species
to adapt to gradual changes and to stresses resulting from
climate change or other anthropogenic perturbations (e.g.,
pollutants, sedimentation, nitrogen loads) (Meyers and Bull
2002; Reusch and Wood 2007; Lee and Gelembiuk 2008;
Bock et al. 2012; but see Gienapp et al. 2008). Detailed
knowledge of the genetic structure of introduced popula-
tions is therefore essential to understand the evolutionary
significance of invasion events (Holland 2000).

In spite of the importance of temporal genetic patterns in
the dynamics of introduced populations, this field has been
largely neglected. To date, most genetic studies analyze the
spatial scale of genetic variation (reviewed in Rius et al.
2015), thus implicitly assuming that genetic structure is
stable over time. Yet theory predicts fast genetic changes in
introduced populations as a result of bottlenecks, drift and
adaptation to novel environments (Sakai et al. 2001; Strayer
et al. 2006; Keller and Taylor 2008), so geography-oriented
studies are in fact snapshots of a changing scenario. Among
the few works analyzing temporal changes in genetic struc-
ture of introduced species, contrasting results have been
found. For instance, Pérez-Portela et al. (2012) reported a
decrease in genetic diversity in the colonial ascidian Per-
ophora japonica in an introduced population over the years,
while for another introduced ascidian (Botryllus schlosseri),
Paz et al. (2003) and Reem et al. (2013) found a sustained
high level of genetic diversity, albeit subject to noticeable
short-term changes in allele composition and frequency.

The study of the genetic structure of a population through
time can provide valuable information about the history of
colonization and the ability of the species to cope with new
environmental conditions or to face environmental changes
within relatively short time periods (Hedgecock 1994; Lee
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and Boulding 2009, Habel et al. 2013). Many introduced
species thrive in confined environments such as bays and
estuaries, often on artificial structures (Vaselli et al. 2008;
Airoldi et al. 2015). These habitats are inherently unsta-
ble due to pollution, changes in salinity, wide temperature
ranges and maintenance works. Thus, the characterization
of the temporal genetic variability of introduced populations
inhabiting unstable habitats could be crucial to assessing
their probability for long-term establishment and survival.

Ascidians are among the most common marine introduced
taxa worldwide, often having a detrimental effect on eco-
systems and economic resources (Lambert 2007; Locke and
Hanson 2011). The solitary ascidian Styela plicata (Lesueur,
1823) is an introduced species that has been moved around
the globe through maritime transport for centuries (Pineda
et al. 2011). It inhabits harbors, marinas and artificial struc-
tures, tolerating high concentrations of pollutants (Galletly
et al. 2007; Pineda et al. 2012a). Adults can respond to mod-
erate levels of stress by adjusting the production of stress-
related proteins (Pineda et al. 2012b), and a fast growth rate
and a prolonged reproductive period allow the species to
exploit temporal windows of favorable conditions (Yamagu-
chi 1975; Pineda et al. 2013). Thus, S. plicata already pre-
sents many of the required features to become invasive.

Here, we studied the temporal genetic variability
of an introduced population of the ascidian S. plicata.
We sequenced a fragment of the mitochondrial gene
Cytochrome Oxidase I (COI) and analyzed seven polymor-
phic microsatellite loci to determine whether this population
remained genetically stable over time or whether significant
changes in allele composition and frequency occurred. This
population has been present in this location since the stud-
ied docks were build ca. 20 years ago, yet it is subject to
periodic events (flooding, high temperatures) that greatly
diminish the density of ascidians (Pineda et al. 2012b). The
main goal of this study was to determine the dynamics of
the standing genetic diversity to assess the mechanisms
that had led to the long-term persistence of this popula-
tion. To our knowledge, this is the first fine-scale (i.e., every
2 months) temporal study of the genetic structure of an
introduced marine invertebrate. Using this case study, we
want to showcase the usefulness of temporal genetic studies
to understand and predict the success and long-term survival
potential of marine introduced populations under situations
of stress and fast environmental changes.

Materials and methods

Setting, sampling and DNA extraction

Twelve to fourteen adult individuals of Styela plicata
(>4 cm in length) were collected every 2 months from
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February 2007 to July 2009 (total N = 196) from the
docks at UNCW Center for Marine Science (Wilming-
ton, North Carolina, USA, 34°08/24"N, 77°51'44"W,
Online Resource 1). All samples were taken within ca.
35 m of distance, and individuals were collected at least
one meter apart from each other. These docks are located
in a salt marsh area in the Atlantic Intracoastal Waterway.
In the Wilmington stretch (North Carolina), the waterway
is surrounded by a Spartina alterniflora salt marsh habitat
and separated from the Atlantic by the Masonboro Island,
a tidal flat with many shallow connections with the open
ocean (Mallin et al. 2000). The Masonboro Sound is char-
acterized by strong salinity and temperature oscillations
(Sutherland 1974) and fast urban development, resulting
in increased sediment runoff, nutrient and organic inputs in
the semi-confined waters of the Sound (Mallin et al. 1999).
In particular, the investigated population of S. plicata is
greatly reduced every spring—early summer, corresponding
to sharp increases in temperature and low salinity values
(Pineda et al. 2012b). We did not observe, however, a com-
plete elimination of the resident population in any of our
samplings, suggesting that at least a few individuals within
the population can withstand these periodic events.

Samples were handpicked from the floating docks,
immediately placed in a bucket with ambient seawater and
transported to the laboratory (<100 m away). Once in the
laboratory, ascidians were carefully dissected to avoid per-
forating their stomach and digestive track, and muscular
tissue from the mantle or the siphon was immediately pre-
served in 100 % ethanol and stored at —20 °C until further
processed. Total DNA from muscular tissue was extracted
using the REDExtract-N-Amp Tissue PCR Kit (Sigma-
Aldrich) following the manufacturer’s protocol.

DNA sequencing

The universal primers LCO1490 and HCO2198 described
in Folmer et al. (1994) were used to amplify a fragment
of the mitochondrial gene cytochrome oxidase subunit I
(COI) from 196 individuals (final length after trimming was
627 bp). Amplifications were performed in a final volume of
20 L using 10 puL of REDExtract-N-amp PCR reaction mix
(Sigma-Aldrich), 0.8 pL of each primer (10 uM) and 2 pL
of template DNA. The PCR program consisted of an initial
denaturing step at 94 °C for 2 min, 30 amplification cycles
(denaturing at 94 °C for 45 s, annealing at 50 °C for 45 s and
extension at 72 °C for 50 s) and a final extension at 72 °C for
5 min, on a PCR System 9700 (Applied Biosystems).

PCR products were directly sent for purification and
sequencing to Macrogen Inc. (Seoul, South Korea).
Sequences were edited and aligned using Geneious© (Bio-
matters Limited, Auckland, NZ) and have been deposited in
GenBank (accession numbers KM508848 to KM508871).

Microsatellites genotyping

We used seven microsatellite loci specifically isolated for
this species (Valero-Jiménez et al. 2012): SPM 1, SPM 2,
SPM 3, SPM 4, SPM 9, SPM 10 and SPM 13, and geno-
typed the 196 individuals sampled. These seven micros-
atellites did not show linkage disequilibrium and there-
fore could be treated as independent loci (Valero-Jiménez
et al. 2012). PCR amplification was performed with 5 pL
of REDExtract-N-amp PCR reaction mix, 0.4 pL (10 uM)
of each primer, 1 pL of template DNA and 3.2 pL of PCR
water to a total reaction volume of 10 pL. Forward prim-
ers for each locus were labeled with a fluorescent dye. The
PCR amplification profile consisted of a single denatura-
tion step at 95 °C for 1 min, followed by 35 cycles of 95 °C
for 30 s, 50 to 56 °C (depending on each primer set) for
15 s and 72 °C for 15 s, and then a final extension of 72 °C
for 3 min. Samples were analyzed using an Applied Bio-
systems 3730x1 Genetic Analyzer available at the Scientific
and Technological Centre of the University of Barcelona
(CCiTUB) with the internal size standard GeneScan LIZ
600 (Applied Biosystems, Foster City, CA). The software
PEAK SCANNERO version 1.0 (Applied Biosystems) was
used for peak recording and microsatellite allele sizing.

Data analysis

For data analyses, we considered each sampled period
(07FM, February—March 2007; 07AM, April-May 2007,
07JJ, June-July 2007; 07AS, August—September 2007,
070N, October—November 2007; 07DJ, December 2007
and January 2008; 08FM, February—March 2008; 08AM,
April-May 2008; 08JJ, June—July 2008; 08AS, August—
September 2008; 08ON, October—November 2008; 08DJ,
December 2008 and January 2009; 09FM, February—March
2009; 09AM, April-May 2009; 091J, June—July 2009) as a
different genetic unit.

Haplotype diversity (Hd) and nucleotide diversity ()
for the COI gene were computed using the software DnaSP
version 5 (Librado and Rozas 2009). The complete COI
dataset was used for constructing an unrooted median-join-
ing network with Network version 4.5.1.6 (Bandelt et al.
1999). The relationship of the COI haplotypes retrieved in
this study with previously published S. plicata COI haplo-
types (Barros et al. 2009; Pérez-Portela et al. 2009; Pineda
et al. 2011; Torkkola et al. 2013) was determined with a
neighbor-joining tree built using the Kimura two-parameter
model in MEGA version 5.0 (Tamura et al. 2011).

For microsatellite loci we used the program GenAlex
version 6.501 (Peakall and Smouse 2012) to transform the
microsatellite data into the adequate input formats for the
different programs used. Genetic diversity values were esti-
mated using the expected heterozygosities (He) obtained
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with ARLEQUIN version 3.5.1.2 (Excoffier and Lischer
2010). Values of the fixation index (F;g), commonly known
as the inbreeding coefficient, were obtained with the soft-
ware Genetix version 4.05 (Belkhir et al. 2004), and its
significance was tested with 10,000 bootstrap replicates.
Allelic richness for all microsatellite loci and their average
were calculated using FSTAT 2.9.3.2 with a correction for
sample size (i.e., values were rarefied to the smallest sam-
ple size obtained). Differences in allelic richness, expected
heterozygosity and inbreeding coefficient among all time
periods were assessed with all seven microsatellites with
a one-way repeated-measures ANOVA (locus being the
repeated factor), while specific differences before and after
the massive die-offs were assessed with a paired-sample ¢
test between June—July and October—November for each
year, separately. The assumptions of normality and spheric-
ity—for repeated-measures designs, Schneider and Guver-
ich (2001)—were tested before the analyses, and rank-
transformed data were used whenever assumptions were
not met. Statistical analyses and graphs were performed
using the software SigmaPlot version 11.0 (Systat Software
Inc.) and Statistica 6.1 (StatSoft Inc.).

In order to detect differences in genetic structure among
time periods, we performed additional analyses combining
all loci (the mitochondrial COI and the nuclear microsatel-
lite data). To assess the number of genetically homogene-
ous units and its time course, we did a Bayesian clustering
analysis using the software STRUCTURE version 2.3. We
used the admixture model because it performs better than
other models for detecting genetic structure even in situa-
tions of low levels of genetic divergence or a limited num-
ber of loci (Hubisz et al. 2009). Ten independent runs
were performed with increasing values of K (genetically
homogenous clusters) from 1 to 15 using 100,000 itera-
tions and a burn-in period of 20,000. We ran STRUCTURE
HARVESTER version 0.6.93 to merge the results from the
10 runs with the most likely K. The representation of the
second order rate of change in the likelihood function with
respect to K (AK) gave us the most probable K (Evanno
et al. 2005). A discriminant analysis of principal compo-
nents (DAPC, Jombart et al. 2010) was also performed on
the combined dataset to visualize differences in genetic
structure among time periods. DAPC was performed
(function dapc) with the adegenet package for R (Jombart
2008) using pre-defined groups corresponding to sampling
periods.

Pairwise genetic differences (Fg;) between sampling
periods and their significance (permutation tests, 10,000
replicates) were separately calculated for each marker (COI
gene and microsatellite loci) with the program ARLE-
QUIN. A correction for multiple comparisons was applied
following the Benjamini and Yekutieli false discovery rate
correction (Narum 2006): As we had 105 comparisons,
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the pairwise error rate was set at 0.009 to keep an overall
experiment wise error rate of 0.05. Pairwise genetic differ-
ences among sampling periods were also calculated using
the estimator D, (Jost 2008) with the R package DEMEt-
ics version 0.8.1 (Gerlach et al. 2010) as suggested by Ver-
ity and Nichols (2014). We calculated a confidence interval
around the obtained values with 1000 bootstrap replicates
and adjusted it to cover 1-0.009 of the distribution to cor-
rect for multiple comparisons. As indicated by Jost (2009),
a significant differentiation was inferred when this confi-
dence interval excluded zero.

Analyses of molecular variance (AMOVAs) were per-
formed separately for the COI gene and microsatellite
loci using haplotype and genotype frequencies, respec-
tively. Differences in population structure were assessed
by grouping sampling periods under two different criteria:
within years (2007, 2008 and 2009) and before and after
the massive die-offs observed every June (Pineda et al.
2012b). To test for differences following this last criterion,
sampling periods were divided in five groups: Group 1:
07FM, 07AM, 071J; Group 2: 07AS, 070N, 07DJ; Group
3: 08FM, 08AM, 08JJ; Group 4: 08AS, 080N, 08DIJ;
Group 5: 09FM, 09AM, 09JJ. Significance was tested by
running 10,000 permutations in ARLEQUIN.

Results

We found 24 COI haplotypes in the Styela plicata popula-
tion fouling the docks of UNCW Center for Marine Sci-
ence, of which two were clearly dominant (H1 and H2) and
were present at all time points (Fig. 1, Online Resource
2). A series of low-frequency haplotypes were detected
only sporadically. Private haplotypes were more numerous
in October—-November 2008 (in white, Fig. 1A), increas-
ing haplotype diversity to 0.912. Aside from this period,
the number of haplotypes observed in our samples ranged
between 2 and 7, and haplotype diversity between 0.491
and 0.756 (Fig. 1, Table 1). Specifically, four novel hap-
lotypes in 2007 (i.e., alleles H11-14) and 7 in 2008 (i.e.,
alleles H17-23) were detected after the massive die-offs in
June (i.e., August-December), suggesting the arrival of new
recruits to the population (Fig. 1, Table 1, Online Resource
2). A direct comparison between the 24 COI haplotypes
retrieved in this study and previously published S. plicata
haplotypes was not possible, since sequences did not cover
the same exact region of the target gene. Instead, we built
a neighbor-joining phylogenetic tree (Online Resource 3)
that revealed that all haplotypes except for H18 belonged to
Group 2 as defined by Pineda et al. (2011).

Analyses of the microsatellite dataset based on He val-
ues showed three marked peaks in genetic diversity: the
first two corresponding to October—November 2007 and
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Fig.1 Twenty-four retrieved

haplotypes of COI represented (a)
in a temporal pie charts grouped

by sampling period (private

2007

haplotypes in white) and b
network of haplotypes, colored
as in a. The size of the circle is FM
proportional to the frequency of
each haplotype within the popu-
lation. FM February—March,
AM April-May, JJ June-July, AM
AS August—-September, ON
October-November, DJ Decem-
ber—January

o @ %

2008 (following sharp decreases in the inbreeding coef-
ficient, F;g) and the third to February-March 2008 (con-
comitant with an increase in Fg and preceded by a drop
in He in December—October 2007) (Fig. 2a). The values
of allelic richness showed a trend similar to He (Fig. 2b).
No statistical differences were detected among sampling
periods (repeated-measures ANOVA, Online Resource 4)
for He values or allelic richness, while significant tempo-
ral changes were found for F;g (Online Resource 4), basi-
cally corresponding to significant differences between the
period with highest values from February to July 2008
and the period with lowest values from August to Novem-
ber 2007 (Student-Newman—Keuls post hoc test). No sig-
nificant difference was found before and after the massive
die-offs (paired-sample t-tests between June—July and
October—November 2007 and 2008) for any of the vari-
ables (Online Resource 4). The general lack of significant
differences among time periods is most likely a result of
the high variability among the studied loci. A heterozygote
deficiency was observed throughout the study period com-
bining loci (Table 1, Online Resource 5), with the excep-
tion of August—September and October—November 2007,
and August—September 2008, when observed heterozygo-
sity was higher than expected and the Fj¢ coefficient was
negative (Fig. 2a, Table 1). In four of the time periods (Feb-
ruary—March 2007, June—July 2007, October—-November
2007, August—September 2008), the results did not deviate
significantly from Hardy—Weinberg equilibrium (Table 1).
At all remaining time periods, significant departures from

2008

2009

2

NN AN

W oo Op =

E0ONEEEEEON
ITIITITIITIITT

Hardy—Weinberg equilibrium were found, with positive
inbreeding coefficients except for the negative value in
August—September 2007 (Table 1).

Gains and losses of alleles from one observation time to
the next were recorded at all periods (Online Resources 2
and 5), and the net result (gains minus losses) combining
COI and microsatellite loci is shown in Fig. 2c. From April
to July the trend was to lose alleles and from August to
November to gain them in all years. In December—January
2007-2008, there is a marked loss followed by an impor-
tant gain in February—March 2008, and the same pattern,
albeit less marked, is seen the following year (Fig. 2c).

The STRUCTURE analysis on the combined dataset
(COI and microsatellites) pointed to the existence of two
main genetic pools (Online Resource 6) that were present
at all sampling periods with no distinguishable temporal
trend (Fig. 3). The number of individuals with high pos-
terior probability (>0.9) of assignment to one or the other
pool was low, indicating admixture between these two
pools in the population. Similarly, the DAPC failed to show
any clear differentiation of the temporal groups consid-
ered, with inertia ellipses mostly overlapping (Fig. 4). The
STRUCTURE and DAPC analyses considering only the
microsatellite dataset showed patterns very similar to the
combined dataset (results not shown).

No significant differentiation was found between time
periods when analyzing COI data based on Fg; and D
estimators (p > 0.05 for all pairwise comparisons; results
not shown). For the microsatellite dataset, on the other
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Fig. 2 Microsatellite dataset. 0.9 H 04
Time course of a expected het- (a) e
erozygosity (He, triangles and —a- Fis L 03
solid line) and inbreeding coef- 08 A ’__.__‘ A . .
ficient (Fj, squares and dashed ! \ /N 7/ \\.
line), b mean allele richness A / 02
(bars are standard errors), ¢
combined dataset, overall allele L 01 I.l?
changes with respect to the
previous time point (allele gains
minus allele losses). Asterisks r 00
show observed mortality events
of S. plicata. X-axis labels as - -0.1
in Fig. 1
o 07
]
Q
c
S
g 57
2
9
= .
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
(c)
10 4
0
7]
S 51 H
c
£ . 10 0=
° il L]
S 5
<
-10 4
_15 T T T * T T T T T T * T T T T T T *
FM AM JJ AS ON DJ FM AM JJ AS ON DJ FM AM JJ

2007

\ |

2008

2009

07FM 07AM 07]] 07AS 070N 07D] O08FM 08AM

Fig. 3 Combined dataset. Assignment of the 195 individuals to each
of the two genetically differentiated clusters identified by the Bayes-
ian clustering analysis (K = 2). Each X-axis label starts with the year:

hand, between ca. 30 % (Fg;) and 40 % (D) of the pair-
wise comparisons were significant (Table 2), although the
values of differentiation were generally low (<0.16 for Fg;
and <0.19 for D). In particular, the comparisons involving
the samples from August—September and October—-Novem-
ber 2007 had the highest number of significant outcomes.

@ Springer

08]]

08AS

080N 08D]

09FM
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07: 2007; 08: 2008; 09: 2009 followed by the sampling months. FM
February—March, AM April-May, JJ June-July, AS August-Septem-
ber, ON October—November, DJ December—January

D, and Fg; yielded similar information (correlation coef-
ficient between both estimators r = 0.88, p < 0.001),
although more significant comparisons were drawn with
DCSI'

For both COI and microsatellite data, and indepen-

dently of the grouping strategy used, most of the genetic
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Fig. 4 Combined dataset. Dis-
criminant analysis of principal
components (DAPC) for all loci
combined and each sampled
period. Labels as in Fig. 3
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Table 2 Genetic differentiation between time point pairs for the microsatellite dataset
07FM  07AM  071] 07AS 070N 07DJ O8FM 08AM 08JJ 08AS 080N 08DJ O09FM 09AM 09JJ
07FM 0.023 0.126 0.000 0.000 0.121 0.010 0.097 0.057 0.115 0.066 0.000 0.098 0.082 0.114
07AM  0.028 0.072 0.103 0.046 0.056 0.025 0.041 0.007 0.008 0.026 0.000 0.056 0.054 0.005
071) 0.062  0.026 0.118 0.174 0.150 0.039 0.073 0.029 0.100 0.023 0.082 0.084 0.137 0.035
07AS  0.000 0.034 0.064 0.043 0.178 0.015 0.129 0.063 0.121 0.115 0.054 0.119 0.108 0.173
070N  0.000 0.031 0.068 0.000 0.188 0.000 0.106 0.084 0.135 0.091 0.044 0.126 0.136 0.137
07DJ 0.129  0.041 0.096 0.153 0.143 0.094 0.068 0.076 0.021 0.049 0.041 0.042 0.037 0.059
08FM  0.009 0.008 0.019 0.006 0.000 0.076 0.035 0.001 0.023 0.007 0.003 0.027 0.062 0.044
08AM 0.038 0.010 0.024 0.052 0.049 0.024 0.009 0.000 0.066 0.049 0.067 0.014 0.072 0.044
08JJ 0.022 0.000 0.018 0.035 0.024 0.053 0.003 0.000 0.012 0.056 0.012 0.007 0.035 0.043
08AS 0.083 0.000 0.044 0.095 0.076 0.008 0.024 0.013 0.010 0.024 0.025 0.020 0.021 0.014
080N  0.039 0.000 0.002 0.051 0.043 0.037 0.007 0.000 0.015 0.010 0.006 0.060 0.077  0.000
08DJ 0.008 0.000 0.058 0.017 0.010 0.052 0.007 0.013 0.004 0.009 0.012 0.029  0.000  0.039
09FM 0.071 0.022 0.058 0.077 0.064 0.039 0.022 0.000 0.000 0.008 0.039 0.020 0.013  0.055
09AM 0.087 0.010 0.095 0.103 0.085 0.018 0.048 0.016 0.023 0.001 0.043 0.004 0.009 0.051
09JJ 0.074 0.001  0.000 0.080 0.073 0.038 0.017 0.000 0.005 0.000 0.000 0.031 0.024 0.035

D, values are shown above the diagonal and F, values below the diagonal (significant pairwise comparisons underlined)

variation was found within time periods and not among
them (AMOVA, Table 3). For the COI gene, no significant
genetic variation was found among years or among groups

separated by annual massive mortality events. However,
low but significant levels of variation among time periods
for the three grouping strategies employed (years, groups

@ Springer
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Table 3 Analysis of the molecular variance (AMOVA) for COI and Microsatellite loci

Source of variation df Sum of squares Variance components Variation (%) p value F-statistics

a) COI

AMOVA among years
Among groups 2 0.531 —0.00099 Va —0.31 0.623 Ferp:—0.0031
Among time periods within groups 12 3.944 0.00071 Vb 0.22 0.421 F4-:0.0022
Within time periods 180 57.495 0.31941 Ve 100.09 0.460 Fgr: —0.0008
Total 194 61.969 0.31914

AMOVA among groups separated by mortality events
Among groups 4 1.618 0.00310 Va 0.98 0.155 Fer:0.0098
Among time periods within groups 10 2.841 —0.0025 Vb -0.79 0.604 Fge:—0.0079
Within time periods 180 56.956 0.31642 Vc 99.81 0.439 F¢r:0.0019
Total 194 61.415 0.31703

AMOVA without grouping
Among time periods without groups 15 4.475 0.00002 Va 0.00 0.457 Fgr:0.0001
Within time periods 180 57.495 0.31941 Vb 100.00
Total 194 61.969 0.31943

b) Microsatellites

AMOVA among years
Among groups 2 11.02 0.02388 Va 1.46 0.024 Fer:0.0146
Among time periods within groups 12 29.182 0.03260 Vb 1.99 0.000 F4-:0.0202
Within time periods 377 596.063 1.58107 Ve 96.55 0.000 F¢r:0.0345
Total 391 636.265 1.63754

AMOVA among groups separated by mortality events
Among groups 4 10.937 —0.00251 Va —0.15 0.501 Fer:—0.0015
Among time periods within groups 10 29.265 0.05156 Vb 3.16 0.000 F4-:0.0316
Within time periods 377 596.063 1.58107 Ve 96.99 0.000 F¢r:0.0301
Total 391 636.265 0.31703

AMOVA without grouping
Among time periods without groups 14 40.202 0.04941 Va 3.03 0.000 Fgr:0.0303
Within time periods 371 596.063 1.58107 Vb 96.97
Total 391 636.265 1.63048

Analyses are presented pooling time periods as per years (2007, 2008 and 2009), before and after massive mortality events (Group 1: 07FM,
07AM, 071J; Group 2: 07AS, 070N, 07DJ; Group 3: 08FM, 08AM, 08JJ; Group 4: 08AS, 08ON, 08DJ; Group 5: 09FM, 09AM, 091J) and for
the total of time periods without grouping. Va, Vb and Vc are the associated covariance components. F, Fgp and Fp are the F-statistics

by mortality events and without grouping) were detected
with the microsatellite data (Table 3).

Discussion

Temporal genetic analyses of a population of the ascidian
Styela plicata located in an unstable habitat in the Intra-
coastal Waterway at Wilmington (NC) revealed an over-
all genetic stability over a period of two and a half years.
During this period, moderate values of genetic diversity
were persistent, and no clear grouping was obtained with
STRUCTURE, DAPC or AMOVA analyses. However,
the time course of the genetic diversity and inbreeding
levels assessed with microsatellite data showed peaks of

@ Springer

diversity accompanied with negative inbreeding values
in summer—fall. In addition, high levels of allele rich-
ness and gain of novel COI haplotypes and microsatel-
lite alleles were detected on the months following mas-
sive die-offs. These increases in genetic diversity suggest
the arrival of recruits from other populations bringing
with them new genetic variants. Peaks of diversity were
detected both years a few months after massive die-offs
in June due to sharp increase in temperatures and low
salinity values (Pineda et al. 2012b). Since we prefer-
ably sampled large individuals and since it takes a few
months for this species to reach adult sizes (Yamagu-
chi 1975), we are likely to be sampling specimens that
arrived 1-3 months earlier (i.e., right after the popula-
tions reduction).
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Sharp changes in genetic diversity, allele richness, and
gains and losses of alleles were also observed in other sea-
sons (e.g., between December—January 2007-2008 and
February—March 2008), indicating that other demographic
changes and/or migration episodes unrelated to the annual
die-off also occur. Furthermore, pairwise comparisons
among time periods using microsatellite data revealed
weak but significant differences among many time points,
particularly when comparing August—September and Octo-
ber-November 2007 with the remaining time periods. The
overall picture is that of a dynamic, complex system under-
lying the maintenance of moderate genetic diversity in this
population.

The COI dataset failed to detect significant differences
among temporal samples that were detected using the
microsatellite markers (Fg; and AMOVA results). This is
not surprising given the higher variability of microsatellite
markers, once more confirming that microsatellites are bet-
ter suited for the study of fine-scale patterns (Selkoe and
Toonen 2006; Calderén et al. 2007), including temporal
genetic analyses (e.g., Paz et al. 2003; Bunje et al. 2007,
Calder6n et al. 2009; Reem et al. 2013). A potential short-
coming of our study is that our sample size (12—14 indi-
viduals per sampling period) may be considered relatively
low for this type of approaches and may have hindered our
ability to find significant patterns with the microsatellite
data. To test for this potential effect, we ran a simulation
test generating samples of increasing sizes (n = 2, 4, 6, §,
10) by randomly resampling our time point populations (50
replicates each). We obtained the main statistics of these
samples (overall D, He, Fjg, allelic richness) and their
confidence intervals, and compared them with the observed
values obtained with our dataset (mean sample size = 13).
Results of this exercise are presented in Online Resource
7. For D, He and Fj, the means converge toward the
observed value (to the third decimal position) at sample
sizes of 8 or more individuals, and confidence intervals
include always the observed value. Only the number of
alleles obtained (standardized by the number of individu-
als) may require somewhat larger samples to become fully
stabilized. Thus, with the level of variability of our mark-
ers, the sample size used seems enough to detect changes
in our dataset (Kalinowski 2005). Our results are, if any,
conservative, as a further increase in precision would result
in more, not less, comparisons between time points being
significant.

The moderate genetic diversity values observed and
the considerable degree of inbreeding recorded for most
of the studied time periods as shown by positive and sig-
nificant values of the Fjy index are in accordance with
previous genetic studies of introduced ascidians (e.g., Paz
et al. 2003; Dupont et al. 2007, Rius et al. 2012). Moreo-
ver, once established, many ascidians are known to present

high levels of inbreeding (Grosberg 1987; Kano et al.
2001) and even some degree of self-fertilization (Svane and
Young 1989; Jiang and Smith 2005; Manriquez and Cas-
tilla 2005). For a hermaphroditic species such as S. plicata,
high levels of inbreeding and potential self-fertilization can
enable the species to rapidly colonize a new location with
just a few individuals and to recover from massive mortal-
ity events such as the ones recorded in Wilmington every
year. Inbreeding is minimal after the mortality events and
increases afterward; thus, it may have a role in the recovery
process, coupled with the arrival of recruits from other pop-
ulations reflected in the increase in novel COI haplotypes
and microsatellite alleles after the observed die-offs.

Changes in allele frequencies can be due to genetic
drift or to nonrandom processes such as mutation, selec-
tion or migration, with standard statistical tests unable to
distinguish among them (Waples 1989). In our case, given
the population dynamics observed and the relatively short
temporal scale of the study, it is unlikely that genetic drift
alone could explain the patterns found. The emergence
of novel alleles in a population can be the result of gene
flow, mutation or both. In a long-term study of the invasive
ascidian Botryllus schlosseri, mutation was the principal
balancing force acting to impede or slow down the purging
actions of genetic drift (Reem et al. 2013). The short time
span of our study and the punctual nature of the observed
increase in genetic diversity and allelic richness sug-
gest that gene flow rather than mutation drove the genetic
structure found in this population. Recruits from nearby
populations can arrive at different time points, and we
found clear evidence for these arrivals every year after the
recorded massive die-offs. Periodic die-offs due to harsh
environmental conditions, followed by fast recolonization,
have also been reported for other ascidian species, such
as Ciona intestinalis in the Venice Lagoon (Brunetti and
Menin 1977, Marin et al. 1987). S. plicata is very abundant
in North Carolina and there are many populations of this
species along the coast (authors’ personal observations) and
it can also be carried by the many boats that navigate the
Atlantic Intracoastal Waterway, where the UNCW Center
for Marine Science docks are located.

On the other hand, alleles that allow a species to survive
important fluctuations in salinity and temperature such as the
ones recorded in our study site (Pineda et al. 2012b) may be
actively selected. The hypothesized arrival of a genetically
diverse assortment of larvae (genotypes) every summer with
subsequent increase in genetic diversity in autumn should
yield a population that is adaptively and evolutionarily
more resilient to environmental changes. For an introduced
species, high genetic diversity and resilience are directly
linked to a higher probability of successful establishment
and posterior spread (Holland 2001; Dlugosch and Parker
2008; Suarez and Tsutsui 2008; Stapley et al. 2010; Rius

@ Springer
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and Darling 2014). For instance, the high genetic diversity
described in another widely introduced species, the ascidian
B. schlosseri, has been demonstrated to play a key role in
the successful establishment of this species when introduced
into new habitats (Bock et al. 2012; Reem et al. 2013).

In conclusion, we have found that the genetic structure
of the investigated population of S. plicata in Wilming-
ton is mostly stable over time albeit punctuated with peri-
odic influx of recruits from different genetic pools. Rapid
recolonization events occurred in summer after population
reduction episodes due to environmental stress, and epi-
sodes of migration occurred punctually at other seasons as
well. Thus, we found the genetic signature of a mechanism
of periodic replenishment that explains the maintenance
of moderate genetic diversity in this population. While
genetic information collected at a single point in time often
yields an incomplete picture of the ongoing biological pro-
cesses influencing a species (Gomaa et al. 2011; Goldstien
et al. 2013; Habel et al. 2013), temporal analyses explor-
ing genetic trends over time allow us to predict the likeli-
hood of long time survival of an introduced population in
a new habitat and its invasiveness potential. This kind of
information is particularly relevant when deciding which
introduced species are more detrimental, and should help
resource managers to focus their control and eradication
efforts (Holland 2000; Strayer et al. 2006; Suarez and Tsut-
sui 2008; Goldstien et al. 2013). For instance, some intro-
duced species should be eradicated before they are able to
adapt to a new environment, while in others, preventing the
inflow of new genetic variants maybe sufficient to control
their adaptive potential (Dlugosch and Parker 2008).
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