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ABSTRACT: Settlement influences the distribution and abundance of many marine organisms,
although the relative roles of abiotic and biotic factors influencing settlement are poorly understood.
Species that aggregate often owe this characteristic to larval behaviour, and we investigated whether
this predisposes ascidians to becoming invasive, by increasing their capacity to maintain their popula-
tions. We explored the interactive effects of larval phototaxis and geotaxis and conspecific adult extracts
on settlement rates of a representative suite of 6 species of ascidians that form aggregations in the field,
including 4 aliens with global distributions, and how they relate to adult habitat characteristics. In the
laboratory, the larvae were (1) held in light or dark, (2) offered the choice of settling in the light or dark,
or (3) held in the presence or absence of adult extract. When confined in either light or dark conditions,
all species settled equally in dark and light. Four showed strong geotaxis, 3 settling preferentially on
the bottom of experimental chambers, and one on the top. Offered a choice between dark and light, 2
species settled preferentially in the dark with no geotactic preferences and another 2 showed an inter-
action between light and geotaxis. For 4 of the species, the responses of settlers accorded with, and may
contribute to, adult orientation patterns in the field. Adult extracts inhibited settlement of 3 species and
failed to influence settlement of the other 3, arguing against conspecific attraction being a cause of
aggregation and an explanation of the propensity of ascidians to become invasive.
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INTRODUCTION

Many aquatic organisms are free spawners, releas-
ing enormous numbers of eggs and sperm into the
environment (Yund 2000, Byrne et al. 2003), of which
only a small portion will attain successful fertilisation
(Underwood & Keough 2001). This situation parallels
terrestrial plant systems, where the success of popula-
tions is greatly influenced by seed dispersal and condi-
tions where the seeds land and germinate (Nathan &
Muller-Landau 2000). Settlement patterns of disper-
sive propagules are therefore a major determinant of
the distribution and abundance of adults. For example,
some species avoid settlement in the presence of dom-
inant competitors (Grosberg 1981), while others do not
(Durante 1991, Bullard et al. 2004), and the production
of bioactive substances by the adults of some species
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can detrimentally affect the larvae of competitors (Koh
& Sweatman 2000). Conversely, the presence of adults
and associated chemical cues is normally regarded as
an attractor for settlement alongside conspecific adults
(Bryan et al. 1997, Ramsay et al. 1999, Hadfield & Paul
2001, Ward & Schlossberg 2004) or an inducer of meta-
morphosis (Svane et al. 1987, Tsukamoto 1999, Kopin
et al. 2001, Dreanno et al. 2006), which may cause ag-
gregation (Toonen & Pawlik 1994, Petersen & Svane
1995). In addition, phototactic and/or geotactic behav-
iour of the larvae can determine where settlement oc-
curs (Svane & Young 1989, Svane & Dolmer 1995,
Wendt & Woollacott 1999). For all of these reasons,
settlement has the capacity to strongly influence habi-
tat selection, determining adult distribution patterns of
sessile and sedentary species (Keough & Downes 1986,
Toonen & Pawlik 1994, Underwood & Keough 2001).
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Propagule pressure, defined as the combined effect
of the number of individuals introduced and the num-
ber of introduction attempts, has been identified as an
important predictor of invasiveness of non-native spe-
cies (Colautti et al. 2006). Because conditions for
propagule establishment and development often differ
between the native and invaded ranges, most invasive
species perform differently in localities to which they
are introduced, where they are often more abundant
(DeWalt et al. 2004, Kasper et al. 2008), larger (Ross &
Auge 2008), comparatively free of predators (Wolfe
2002), less prone to parasitism (Calvo-Ugarteburu &
McQuaid 1998) and have a higher reproductive output
(Hinz & Schwarzlaender 2004). Moreover, invasive
species generally show a strongly aggregated distribu-
tion (Kopin et al. 2001, Dulloo et al. 2002, Campbell &
Donlan 2005, Dupont et al. 2006) and form large mono-
specific stands that can monopolise available habitat
(Simberloff et al. 2005, Rius et al. 2009a). Conse-
quently, species that are gregarious or aggregate may
be pre-adapted to becoming alien invaders because
they will more readily form groups that are sufficiently
concentrated to be reproductively viable, whereas
non-gregarious species will have more difficulty in
reaching a viable density after arrival in a new envi-
ronment. A possible mechanism for aggregated distri-
bution might be gregarious settlement around con-
specifics, which may help to secure alien species in
their new environment. Despite their potential impor-
tance, both gregariousness and kinship concepts have
scarcely been applied to the study of invasive species,
although they could elucidate evolutionary processes
behind biological invasions.

Marine ecosystems have experienced dramatic in-
creases in the rate of introductions of non-indigenous
species (Cohen & Carlton 1998, Whiteley & Bendell-
Young 2007). Most of the species responsible for marine
biological invasions are from lower trophic levels, with
filter-feeding invertebrates making up 70 % of invasions
in coastal areas (Byrnes et al. 2007). Ascidians are major
contributors (Lambert 2005, 2007), and can severely
modify the structure of coastal habitats by forming large
aggregates (Lambert & Lambert 2003, Castilla et al.
2004, Rius et al. 2009a). Adults live attached to hard sub-
strata (Monniot et al. 1991), and the only motile stage is
their lecithotrophic larvae, which have very limited dis-
persal due to their short planktonic lifespans (Millar
1971, Svane & Young 1989). Some information is avail-
able regarding the distribution of adult ascidians in the
field (e.g. Turon 1990, Mastrototaro et al. 2008), although
the settlement patterns that may explain these adult
distributions are well-understood for only a few species
(e.g. Howes et al. 2007). Many factors can influence
ascidian larval behaviour and settlement, including
light, gravity, temperature, salinity, presence of adults

or competitors, biomechanical properties and energy
limitations (Yamaguchi 1975, Svane et al. 1987, Svane &
Young 1989, Young 1989, Vazquez & Young 1996,
Thiyagarajan & Qian 2003, McHenry & Patek 2004,
Bennett & Marshall 2005). Svane & Young (1989) stated
that the time required for settlement of aggregated
solitary ascidians is inversely related to the concentration
of adult extracts to which larvae are exposed. Other
studies have considered the effects of abiotic conditions
on settlement (e.g. Young & Chia 1985, Svane & Dolmer
1995). However, no attempt has been made to analyse
in combination the relative roles of biotic and abiotic
factors on settlement for a representative set of spe-
cies and their implication for the success of invasive pop-
ulations.

We investigated the settlement patterns of larvae of
6 solitary ascidians found along the South African coast
(Ciona intestinalis, Ascidiella aspersa, Styela plicata,
Microcosmus squamiger, Pyura herdmani and P. sto-
lonifera), which belong to 4 different families from the
2 recognised orders of Ascidiacea (Kott 1985) and are
all commonly found aggregated in the field (Petersen &
Svane 1995, Rius et al. 2009a, Branch et al. 2010). We
chose these species to include 4 introduced species
with global distributions (C. intestinalis, A. aspersa, S.
plicata and M. squamiger) and 2 large native species (P.
herdmani and P. stolonifera) that are not known to be
invasive, although congeners are recognised as inva-
sive elsewhere (Castilla et al. 2004). These species are
all important occupiers of hard substrata of coastal ar-
eas of South Africa (Branch et al. 2010). The larvae of 4
species have well-developed statocytes and ocelli (Grif-
fiths 1976, Niermann-Kerkenberg & Hofmann 1989,
Jacobs et al. 2008, authors pers. obs.) but S. plicata
has a highly reduced ocellus (Ohtsuki 1990), and M.
squamiger is unusual among Pyuridae in lacking an
ocellus (authors pers. obs.; see also Svane & Young
1991 for a closely related species). Thus, 4 species were
expected to have both light and geotactic preferences,
while the larvae of the remaining 2 species were
expected to respond to geotactic stimuli alone.

We examined how larval behaviour determines set-
tlement patterns in different phototactic and geotactic
conditions and in the presence or absence of conspe-
cific extracts. The larval responses were compared
with patterns of adult distribution in the field. A priori,
we advanced 3 hypotheses: (1) Light will influence set-
tlement, with dark being preferred over light in spe-
cies that are found in dark habitats, and the opposite
for those that occur in well-lit habitats. (2) Geotactic
behaviour will be important in those species that have
adults with clear orientation preferences. (3) Adult ex-
tracts will have a positive effect on settlement on all
tested species, and will contribute to the aggregated
patterns of distribution of adults.
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MATERIALS AND METHODS

Field sites and surveys of adults. Adult ascidians
were surveyed and sampled at the locations charac-
terised in Table 1. At each location, we quantified
adult distribution and associated circumstances. To
standardise conditions, all sampling took place mid-
day at 12:00 h on cloudless days in October/November
2009 at depths of no more than 1 m. At each locality,
50 x 50 cm quadrats (n = 10 per substratum orientation)
were placed on horizontal hard substrata facing up-
wards (0 to 10°), downwards (170 to 180°), or on verti-
cal substrata (80 to 100°). The number of individuals of
any of the 6 species present and the number of individ-
uals per clump were counted. Due to the aggregating
nature of ascidians and because they were often cov-
ered by algae or other fouling organisms, we removed
clumps and brought them to the laboratory where they
could be cleaned and sorted to count the number of
individuals precisely. Light intensity was recorded at
each sampling point by taking 3 random measure-
ments within each quadrat using a photometer (Skye
Instruments, Scientific Associates) fitted with a sensor
(Quantum Sensor).

Timing of laboratory experiments. All laboratory
experiments were conducted during the early spring
of 2007 (end of August to early September) to coincide
with the timing of reproductive maturity for all spe-
cies: Pyura stolonifera and Microcosmus squamiger
mature in spring and summer (Griffiths 1976, Rius et
al. 2009a), Ciona intestinalis and Styela plicata in
spring, summer and winter (Yamaguchi 1975, Rius et
al. 2009b), and previous observations undertaken in
South Africa (M. Rius unpublished data) on the re-
maining 2 species indicated that they mature in
spring.

Fertilisation methods. About 10 adults of each spe-
cies were collected from each of the locations specified
in Table 1 and transported in insulated containers with
20 1 seawater to the laboratory within 5 h. In the labo-

Table 1. Characteristics of the sites where each species was collected. The numbers of replicates used for each experimental trial
and species are also indicated. Experiments—1: light vs. dark; 2: half light vs. half dark; 3: tunic extracts.

ratory, specimens were housed in aerated seawater
and maintained at room temperature (15°C).

All manipulations and experiments were undertaken
in filtered seawater obtained using vacuum filtration
through 10 pm pore size filters. For Ciona intestinalis
and Ascidiella aspersa, artificial fertilisation followed
the methods of Young & Chia (1985), which involved
dissection and collection of gametes from the oviduct
and sperm duct. For the remaining species, we followed
the methods of Marshall et al. (2000), modified from
those of Svane & Young (1991): gametes were extracted
by dissection of the ripe gonads, and a mix of eggs and
sperm was poured through a 100 pm filter with sea-
water into a small beaker, so the eggs were retained by
the filter, but the excess sperm and seawater passed
through into the beaker. For all species, we crossed the
gametes of 4 individuals, preventing self-fertilisation.
Developing embryos were placed in an aerated beaker
(containing 500 ml of seawater) in a constant-tempera-
ture cabinet at 20°C and complete darkness. In all spe-
cies, motile larvae hatched within 14 h of fertilisation.

Experiments. Our experimental units were transpar-
ent cylindrical Perspex containers, sealed at the top
and bottom with Perspex sheets and held together with
an elastic band. The cylinders were 11 mm tall and
44 mm in diameter, with exactly the same surface area
(15.205 cm?) on the top, bottom and lateral surfaces,
thus offering equivalent surface areas for larval settle-
ment in each of these 3 orientations. The containers
were placed in a seawater tank for 24 h prior to intro-
duction of larvae, to create a biofilm, which is known to
enhance settlement (Keough & Raimondi 1995). Once
motile larvae of a given species were formed, we
pipetted out and placed 20 larvae per container filled
with seawater (final volume 16.72 cm?®), and immersed
the containers in seawater in a 200 ml beaker at 20°C
for 24 h under the experimental conditions detailed
below. The Perspex chamber was subsequently dis-
mantled in seawater, so that any unattached larvae
were washed away.

‘Materials and methods: Experiments’

Species Field sites No. of replicates
Location Latitude/longitude Wave exposure  Substrata per experiment
1 2 3
Ciona intestinalis Cape Town harbour 34°54'22"S, 18°25'37"E Sheltered Artificial 7 5 5
Microcosmus squamiger Port Alfred marina 33°35'41"S, 26°53'32"E Sheltered Artificial 5 5 5
Pyura herdmani Langebaan marina 33°01'07"S, 17°56'48"E Moderately exposed Artificial 8 10 8
Pyura stolonifera St. James 34°07'14" S, 18°27'31"E Highly exposed Natural 3 3 3
Ascidiella aspersa Cape Town harbour 34°54'22"S, 18°25'37"E Sheltered Artificial 6 4 4
Styela plicata Knysna marina 34°03'17"S, 23°03'46"E Sheltered Artificial 5 5 6

For details see
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We performed 3 experiments. The number of repli-
cates (i.e. experimental units with 20 larvae each) per
treatment and experiment varied from 3 to 10 due to
variability in the number of larvae obtained (see
Table 1). Once we obtained enough larvae in a given
fertilisation event, we ran all experiments described
below in parallel.

The first experiment (Expt 1) involved exposing the
chambers with larvae to either artificial light (47 pmol
m~2s7!) or complete darkness (0 pmol m™2 s71).

In the second experiment (Expt 2), which was modi-
fied from the approach of Jiang et al. (2005), we placed
larvae in chambers in which half of the top, bottom and
lateral surfaces was covered by black tape (reducing
the light to 0.4 pmol m~2 s7!), while the other half of
these surfaces was exposed to the same artificial light
(47 pmol m~2 s71).

The third experiment (Expt 3) tested the effect of
adult extracts on larval settlement, and for this we fol-
lowed the general method of Svane et al. (1987), which
involved dissolving tunic extracts in seawater. An ini-
tial concentration of 0.5 g (wet weight) of tunic, previ-
ously homogenised using a blender and filtered to
eliminate the biggest fragments, was diluted in seawa-
ter to obtain a final concentration of 5% in the experi-
mental chambers. Settlement of larvae in seawater
with or without tunic extracts (control treatment) was
then compared in complete darkness.

In all 3 experiments, a stereomicroscope was used to
count the numbers of settlers and score their orienta-
tion (top, bottom or lateral sides of the containers) after
a 24 h period.

Data analysis. For the field data on adult distribu-
tions, a 1l-way analysis of variance (ANOVA) on
square-root transformed data was used to test for
differences in adult orientations (upwards, downwards
or vertical), with surface orientation as a fixed factor
to compare the number of individuals per quadrat for
each species. Tukey's Honestly Significant Difference
(HSD) post hoc tests were subsequently performed to
assess significant differences among different orienta-
tions. To evaluate among the different species the level
of gregariousness found in the field, we compared the
number of individuals per clump found for each species
using a 1-way ANOVA, with Species as a fixed factor.
To test for differences in adult orientation, we used sur-
face orientation as a fixed factor and compared the
number of individuals per clump for each species using
1-way ANOVA. The data were 4th-root transformed,
and significant differences were tested using pairwise
comparisons with Tukey HSD post hoc tests.

For the laboratory experiments, we tabulated the num-
ber of settlers in 3-way frequency tables incorporating
replicates (experimental chambers), treatments (light—
dark, extract—control) and position of the settlers (bot-

tom, lateral, top), and used log-linear models for formal
statistical testing of the significance of these factors and
their interactions (Knoke & Burke 1991). Full models (in-
cluding all factors and their interactions) were compared
to reduced models which omitted the interactions or in-
dividual factors. The expected value for each cell in the
table under the reduced model was computed by an iter-
ative Newton-Raphson algorithm. The goodness of fit of
the table of expected values to the observed table was
then evaluated by the likelihood ratio test (Quinn &
Keough 2002), using the chi-squared distribution to as-
sess levels of significance. A poor fit indicated that the
factor or interaction omitted contributed significantly to
explaining the observed values.

First, we tested the effect of the different replicates
by fitting to the 3-way tables a model that excluded all
interactions of the factor replicate with the other 2 fac-
tors (i.e. the terms Treatment X Replicate, Position X
Replicate, and Treatment x Position x Replicate). This
tested whether settlement levels in the different repli-
cates were independent of the other factors. As these
reduced models had a good fit to the observed values
in all cases (p > 0.05 in the likelihood ratio test), the dif-
ferent replicates were pooled and the analyses contin-
ued with 2-way tables (treatment and position as fac-
tors), with higher frequencies and fewer empty cells.
The independence of these 2 factors was then exam-
ined by fitting a model that left out the interaction
Treatment x Position. If the reduced model had a good
fit to the observed frequencies, we then left out, one at
a time, each of the 2 factors to test separately their con-
tribution to the observed outcomes. If the interaction
was significant (i.e. the model without interaction had
a poor fit), separate log-linear analyses were run for
each factor at each level of the other factor.

In all cases where the factor ‘position’ proved sig-
nificant, post hoc-like comparisons were used to test
which particular position deviated significantly from
expectation. This was done by setting the cells corre-
sponding to the different positions as structural Os
(starting with the one with the highest standardised
deviate from expectation), re-running the analyses and
checking whether the significance of the factor posi-
tion changed when omitting any given position.

In Expts 1 and 3, we additionally analysed the effects
of respectively light intensity (light versus dark) and
tunic extract (extract versus no extract) using t-tests on
the proportions of settled larvae (arcsine square-root
transformed). Position could not be analysed in these
tests, as the different positions in chambers were not
independent. The same constraint applied to the light/
dark factor in the second experiment, as the 2 levels
were present in the same chamber and thus not inde-
pendent. All analyses were performed with SYSTAT
v.12.02.00.
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RESULTS
Adult distribution

Each of the species examined exhibited differences
in habitat orientation in the field (Fig. 1). Ciona intesti-
nalis, Microcosmus squamiger and Pyura herdmani
were most abundant on poorly lit surfaces, while
P. stolonifera preferred well-lit surfaces. The 2 remaining
species showed no obvious patterns with respect to light.

Orientation (Fig. 1) had significant effects on the
density of individuals only in the case of the 3 pyurid
species (ANOVA: Microcosmus squamiger, F,;
5.351, p = 0.039, Tukey test, p < 0.05, Upwards >
Downwards, both = Vertical; Pyura herdmani, F, ; =

| == No. of individuals _-e- Light intensity |

Ciona intestinalis

Microcosmus squamiger

17.052, p = 0.002, Tukey test, p < 0.01, Downwards >
other 2 categories; P. stolonifera, F, = 5.097, p = 0.043,
Tukey test, p < 0.05, Upwards > Downwards, both =
Vertical). In the case of the other 3 species, we did not
find significant differences among orientations (Ciona
intestinalis F, ; = 0.503, p = 0.625; Ascidiella aspersa
F, ; = 0.672, p = 0.541; Styela plicata F, ; = 2.641, p =
0.140), although C. intestinalis was most abundant on
downward-facing surfaces, and both A. aspersa and S.
plicata were more abundant on downward and vertical
surfaces.

Light intensities were usually highest on vertical sur-
faces (Fig. 1) due to the characteristics of the floating
pontoons from which all animals were collected, ex-
cept Pyura stolonifera, which was collected from nat-
ural rocky shore. Low light intensities
on upward-facing surfaces for the
remaining species reflected the fact
that they grew on artificial substrata

180 1200 200
160 I 180 | 1 that were poorly illuminated due to
140 1000 460 | 400 other structures that screened them.
120 goo 140
100 1201 300
80 600 1004 Effects of light and orientation on
60 400 Zg: 200 larval settlement
40 200 40 100 ..
20 \ o0 | / In Expt 1, results for Ascidiella as-
0 0 0 0 . 1y persa and Styela plicata were not ana-
Pyura herdmani Pyura stolonifera - lysed due to t}.1e.10w number of settlers.
__50 1200 100 2000 @ For the remaining species, there was
a = ignifi i i i
£ 4 T 11000 . = no 51gn1f1car.1t 1nteract19p of the light
0 T L 1500 @ treatment with the position of the set-
g 20 800 60 @ tlers (Table 2). When the 2 factors were
5 600 1000 < analysed separately, no effect of the
£ 59 40 g light/dark treatment was found (Fig. 2,
2 400 o  Table 2 and t-tests on proportion of set-
% 10 o200 20 [ 500 3 tlers: all p > 0.05). For the position fac-
o o \ m'{’ tor, Ciona intestinalis showed a clear
0 0 0 0 L preference for settlement on top sur-
Ascidiella aspersa Styela plicata faces, whereas the 3 species belonging
20 1200 12 1800 . . .
18 1600 to the family Pyuridae (Microcosmus
1000 10 squamiger, Pyura herdmani and P.
16 1 1400 . o
14 800 8 1200 stolonifera) settled significantly more
12 1000 often on the bottom than elsewhere
10 600 6 800 (Fig. 2, Table 2).
8 200 . 600 In Expt 2, in which the larvae had the
6 400 option of settling on light or dark sur-
g 200 2 200 faces in the same chamber, a different
0 0 \_ picture emerged (Table 3, Fig. 3).

Upwards Vertical Downwards
Orientation

Fig. 1. Adult distribution in the field, indicated as the mean density of individu-
als, and mean light intensity in relation to surface orientation. Lines connecting
levels of light intensity are inserted for guidance only. Error bars denote + 1 SE.

Note differences in scales of y-axes

Upwards Vertical Downwards
Orientation

Again, the low number of settlers pre-
vented analyses of Ascidiella aspersa
and Styela plicata. For Ciona intesti-
nalis and Microcosmus squamiger, no
significant interaction was found be-
tween treatment and position. Con-
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Table 2. Log-linear analyses of the outcomes of Expt 1. Post hoc-like comparisons
were performed when appropriate. LR: likelihood ratio; df: degrees of freedom.

trary to the previous experiment, both

Significant values are indicated in bold

species showed a marked preference
for dark surfaces, and no significant

Percentage settlement

preference for any orientation (Table 3).
~ Log- LR df p  Pairwise comparisons In the case of the 2 Pyura species, P.
likelihood ¥’ herdmani and P. stolonifera, a signifi-
Ciona intestinalis cant interaction existed (Table 3). P.
Light x Position -15.320 0.594 2 0.743 herdmani continued to prefer bottom
Light -15691  1.340 3 0.720 surfaces in the light but selected both
Position -73.624 117.200 4 <0.001 Top > Lateral = Bottom bottom and top in the dark. P. sto-
Microcosmus squamiger lonifera changed light preferences
L?ghtxPosition ~11.064 49552 0.084 depending on the surface considered,
Light -11.284 5390 3 0.145 L.
Position -53.378 89.580 4 <0.001 Bottom > Lateral=Top | Putoverall more larvae settled in light
Pyura herdmani (Fig. 3) and preferred lateral surfaces in
Light x Position _6.246 1.778 3  0.619 the lit part of the chambers. These
Light -6.555 2.400 4 0.663 results are generally in accordance
Position -30.570 89.580 4 <0.001 Bottom > Lateral = Top with what we found in the field for
Pyura stolonifera adults of C. intestinalis, M. squamiger
Iﬂigﬁt x Position :E%‘é? 1111;% g gégg anc} P herdm.am' (see Fig. 1), all of
Position 21709 22.370 4 <0.001 Bottom > Lateral=Top | “hich settled in the dark, and also for
P. stolonifera, which (largely) settled
in the light.
60 Ciona intestinalis 50 1 Microcosmus squamiger The 4 .species tha.t displayed significant geotact.i ¢
patterns in Expt 1 shifted to a more random pattern in
50 40 | Expt 2, with 2 species (Ciona intestinalis and Microcos-
40 mmmm  Dark mus squamiger) now showing no geotactic prefer-
30 | == Light ences, and the other 2 species (Pyura herdmani and P.
30 stolonifera) showing greater settlement on lateral and
20 20 top surfaces than previously.
10 10 4
0 0 Eifect of tunic extracts
20 Pyura herdmani 30 1  Pyura stolonifera Three species (Styela plicata, Pyura herdmani and P.
stolonifera) showed no effect of tunic extracts in the
15 25 1 water (Fig. 4, Table 4 and ¢-tests, p > 0.05). The other 3
20 | showed a significant inhibition of settlement in the
presence of tunic extracts (Fig. 4, Table 4, and t-tests,
10 15 all p < 0.05), although in Ciona intestinalis the log-lin-
10 | ear analysis revealed a significant interaction, with the
5 extract inhibition being significant for the lateral and
5 top surfaces only (Table 4).
0 o | The geotactic behaviour found in Expt 1 testing light
vs. dark effects was maintained across all species in Expt
3.0, Ascidiella aspersa 3.0 Styela plicata 3, with the 3 pyurids Microcosmus squamiger, Pyura
herdmaniand P. stolonifera settling preferentially on the
2.5 1 25 1 bottom (Fig. 4). For Ciona intestinalis, the highest num-
20| 20 | ber of settlers was again on top surfaces, although in the
1.5 4 1.5 1
1.0 104 Fig. 2. Mean percentage settlement in relation to position
0.5 | 05 | (bottom, lateral or top) and treatment (light: grey bars, dark:
black bars) in Expt 1, in which larvae were held either in the
0.0 0.0 dark or in the light. Error bars denote +1 SE. Note differences

7Bottom Lateral Top

Bottom Lateral Top

in scales of y-axes
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Table 3. Log-linear analyses of the outcomes of Expt 2. Interaction was tested first

and, if significant, each factor was tested at fixed levels of the other factor. Post

hoc-like comparisons were performed when appropriate. LR: likelihood ratio;
df: degrees of freedom. Significant values are indicated in bold

For an overall perspective of the geo-
tactic preference of each species, we
pooled together all settlement data
generated from the 3 laboratory exper-

iments, on the assumption that in terms
of geotactic behaviour, larvae in the
field would encounter a combination of

Log- LR df P Pairwise comparisons
likelihood %2
Ciona intestinalis
Light x Position -11.252 3.138 2 0.208
Light -18.480 17.593 3 <0.001 Dark > Light
Position -13.683 7.999 4 0.092
Microcosmus squamiger
Light x Position -6.792 2.047 2 0.359
Light -12.277 13.018 3 0.001 Dark > Light
Position -7.914 4290 4 0.326
Pyura herdmani
Light x Position -20.333 17.661 2 <0.001
Light (Bottom) -5.493 1.093 1 0.296
Light (Lateral) -2.477 0.340 1 0.560
Light (Top) -22.554 36.610 1 <0.001 Dark > Light
Position (with light) -15.918 21.449 2 <0.001 Bottom > Lateral = Top
Position -29.885 47.161 2 <0.001 Bottom = Top > Lateral
(with darkness)
Pyura stolonifera
Light x Position -15.085 17.082 2 <0.001
Light (Bottom) —4.405 5545 1 0.019 Dark > Light
Light (Lateral) -10.628 14.699 1 <0.001 Light> Dark
Light (Top) —4.405 5545 1 0.019 Light> Dark
Position (with light) -15.007 22.190 2 <0.001 Lateral > Top > Bottom
Position -5.624 5982 2 0.050
(with darkness)

both phototactic stimuli and adult ex-
tracts. Setting aside Ascidiella aspersa
and Styela plicata on the grounds that
their settlement rates were too low for
consideration, the mean percentage of
settlers on each surface showed the
same trend as the number of individu-
als per clump for 3 species (Microcos-
mus squamiger; Pyura stolonifera and
Ciona intestinalis), whereas P. herd-
mani showed no correlation (Fig. 5).
Three trends emerged from the labo-
ratory data (as summarised in Table 5).
First, in relation to orientation, 1 spe-
cies (Ciona intestinalis) tended to settle
preferentially on the top, whereas 3
(Microcosmus squamiger, Pyura herd-
mani, P. stolonifera) preferred settling
on the bottom in Expt 1, with almost the
same pattern emerging in Expt 3. In
Expt 2, the geotactic responses evident

presence of adult extract there was no significant differ-
ence between top and bottom (Table 4). For Ascidiella
aspersa there were no position effects, and for Styela pli-
cata there was no effect of either extract or position on
settlement in the chambers.

Integrating field and laboratory data

Comparing the level of aggregation and the overall
abundance of individuals in the field (see Figs. 1 & 5),
a consistent pattern emerged: the more abundant a
species was in a particular orientation, the more indi-
viduals there were per clump. Microcosmus squamiger
and Pyura stolonifera showed the highest numbers of
individuals per clump (Fig. 5), but significant differ-
ences existed only between P. stolonifera and 2 other
species (ANOVA: F; 5, = 4.207; p = 0.003, Tukey test,
P. stolonifera > Styela plicata = P. herdmani, p < 0.05).
In terms of the numbers of individuals per clump in
relation to orientation in the field (Fig. 5), significant
differences emerged for 2 species (ANOVA: M.
squamiger, F, ; =6.689, p = 0.024, Tukey test: Upwards
greater than the other 2 orientations, p < 0.05; P. herd-
mani, F,; = 38.068, p < 0.001, Tukey test: Downward
greater than the other 2 orientations, p < 0.001).

in Expt 1 were either absent or altered.
Ascidiella aspersa and Styela plicata could be analysed
with respect to geotactic behaviour only in Expt 3, and
neither showed any preference.

Second, in terms of light/dark responses, none of the
4 species analysed showed any statistical preferences
in Expt 1, where the larvae were held either in light or
dark. However, in Expt 2, when they had a choice be-
tween dark and light, 3 species (Ciona intestinalis,
Microcosmus squamiger and Pyura herdmani) dis-
played preference for settling in the dark, and a fourth
(P. stolonifera) settled most often in the light, although
this preference changed on bottom surfaces, leading to
an interaction between the factors.

Third, in relation to the presence or absence of adult
tunic extracts in Expt 3, 3 species showed no response,
while settlement of the other 3 (Ciona intestinalis,
Microcosmus squamiger and Ascidiella aspersa) was
inhibited in the presence of tunic extracts.

DISCUSSION

To a large extent, the range of conditions where
adults of each species occurred in the field correlated
well with the behaviour of the larvae in the laboratory.
Ciona intestinalis is a common fouling species in shel-
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Fig. 3. Mean percentage settlement in relation to position
(bottom, lateral and top) and treatment (light: grey bars, dark:
black bars) in Expt 2, in which larvae had the choice of set-
tling in light or dark portions of the same chamber. Error bars
denote +1 SE. Note differences in the scales of y-axes

tered marinas and harbours (Monniot et al. 2001, Lam-
bert & Lambert 2003), where it is found in relatively
dark places on the lower surfaces of substrata (Branch
& Branch 1981, this study). Correlated with this, its lar-
vae showed preferences for dark conditions and settle-
ment beneath the upper surface of the experimental
chambers. Pyura stolonifera lives on well-lit upper or
lateral surfaces, and its larvae settled on the bottoms or
sides of chambers and preferred light conditions when
settling on the sides. Microcosmus squamiger and P.
herdmani adults displayed clear preferences for dark
surfaces, and accordingly their larvae preferred dark
conditions and upward-facing surfaces. Both Asci-
diella aspersa and Styela plicata exhibited no habitat
preference in the field and no preferential geotactic or
phototactic larval responses. Overall, the first 2 of our

Bottom Lateral Top Bottom Lateral Top

Fig. 4. Mean percentage settlement with respect to position
(bottom, lateral and top) and treatment (control: grey bars,
tunic extract: black bars) in Expt 3, in which larvae were held
in chambers either with or without adult extract. Error bars
denote +1 SE. Note differences in the scales of y-axes

initial hypotheses (phototactic preference for dark
places and geotactic behaviour in those species with
clear orientation preference) were supported, empha-
sising the importance of settlement in determining
adult distribution patterns, with 4 of the 6 species dis-
playing larval behaviour that was in agreement with
field observations. In addition, we showed how the
biotic factor examined (presence or absence of tunic
extracts) and the 2 abiotic factors (phototaxis and geo-
taxis) can play an integrated role in determining settle-
ment patterns, providing insight into how such factors
may influence adult distribution in the field.

In the first experiment, when larvae were held under
either light or dark conditions, geotactic preferences
drove larval behaviour. However, in the second experi-
ment, when larvae had the option of choosing between
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Table 4. Log-linear analyses of the outcomes of Expt 3. Interaction was tested first

and, if significant, each factor was tested at fixed levels of the other factor. Post

hoc-like comparisons were performed when appropriate. LR: likelihood ratio;
df: degrees of freedom. Significant values are indicated in bold

negative geotactic behaviour across a
range of light conditions (Svane &
Dolmer 1995). Our results suggest that
during settlement, time of day and

Log- LR df P
likelihood 2

Pairwise comparisons

weather conditions (which can alter
light conditions) may greatly influence
larval behaviour.

Ciona intestinalis

Both Styela plicata and Ascidiella

No Extract > Extract
No Extract > Extract
Bottom = Top > Lateral

aspersa are common introduced spe-
cies in South Africa (M. Rius, C. Grif-
fiths, X. Turon unpublished) and have
succeeded in establishing populations

Extract x Position -14.087 8.759 2 0.013

Extract (Bottom) -3.615 0.091 1 0.763

Extract (Lateral) -5.206 6.931 1 0.008

Extract (Top) -21.493 34.189 1 <0.001

Position -7.078 7410 2 0.025
(with Extract)

Position (Control) -28.194

Microcosmus squamiger

43.718 2 <0.001 Top > Lateral = Bottom

Extract x Position -8.616 3.429 2 0.180

Extract -25.686 37.568 3 <0.001 No Extract > Extract
Position -14.932 16.060 4 0.003 Bottom > Lateral = Top
Pyura herdmani

Extract x Position -12.923 1.280 2 0.527

Extract -12.942 1.319 3 0.725

Position -57.187 89.808 4 <0.001 Bottom > Lateral = Top
Pyura stolonifera

Extract x Position -9.823 0.216 2 0.897

Extract -11.316 3.202 3 0.362

Position -20.470 21.511 4 <0.001 Bottom > Lateral = Top
Ascidiella aspersa

Extract x Position -4.268 0.004 3 0.999

Extract -10.504 12.477 3 0.006 No Extract > Extract
Position -5.470 2409 5 0.301

Styela plicata

Extract x Position -7.414 2231 2 0.328

Extract -7.616 2634 3 0.526

Position -8.967 5337 4 0.254

worldwide (Carlton 1996, Lambert &
Lambert 2003, Barros et al. 2009). The
fact that there were no settlement pref-
erences in either of these species may
indicate that they can successfully set-
tle under a range of conditions and on
a range of surfaces, increasing the
likelihood of their colonising new
localities. However, the proportions of
settlement found for these 2 species
were the lowest of all studied species,
and therefore any interpretation of
their settlement preferences must be
cautious. Young & Braithwaite (1980)
have shown that Styela montereyensis,
like S. plicata and A. aspersa, shows no
discrimination with respect to light or
substratum type. Similarly, Young &
Chia (1985) failed to find any settle-
ment preferences in 6 other solitary
ascidian species that were exposed to
different light regimes. In our study we

shaded and light conditions, 3 species clearly preferred
to settle on dark surfaces. Our results are in accordance
with the general statement that shading facilitates the
dominance of hard substrata by sessile invertebrates,
while well-lit surfaces lead to algal-dominated commu-
nities (Miller & Etter 2008). For those species settling in
the dark, this might incidentally lead to settlement
among adult conspecifics, where light is reduced in the
shade of adults, ultimately contributing to a gregarious
distribution. An interesting result of the second experi-
ment was that the 4 species that could be statistically
analysed (Ciona intestinalis, Microcosmus squamiger,
Pyura herdmani, P. stolonifera) all altered their geo-
tactic behaviour from that displayed in the first experi-
ment, showing a more haphazard geotactic settlement
distribution or alteration of preferences in the second
experiment. These results contrast with what has pre-
viously been found for the tadpole larvae of another
solitary ascidian (Ascidia mentula) and for the planulae
of a scyphozoan, in which the larvae did not alter their

found strong patterns in 4 species out
of 6, with light intensity being an important factor
modulating larval geotactic behaviour.

We found that the presence or absence of photo-
receptors (ocelli) was only a moderate predictor of the
behaviour of the larvae. Ciona intestinalis, Pyura herd-
mani and P. stolonifera, all of which have well-devel-
oped ocelli, showed significant phototactic behaviour,
while Styela plicata, with a much reduced ocellus, dis-
played no phototaxis. However, Ascidiella aspersa,
which has well-developed sensory organs, showed no
response to different light conditions, and the larvae
of Microcosmus squamiger, a species with no ocellj,
showed a strong preference for settlement in the dark
in the second experiment. This contrasts with the
behaviour of the larvae of a closely related species
that also lacks photoreceptors, M. exasperatus, which
displays no light sensitivity or preferences (Svane &
Young 1991).

Both conspecific attraction and gregarious behaviour
have been identified as driving forces for the distribu-
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tion of many organisms (Alonso et al.
2004, Budke et al. 2004, Gautier et al.
2006). In contrast to the third of our ini-

[ = 9% settlers -+ No. of ind. clump™|

Ciona intestinalis Microcosmus squamiger

35 40 18 200 tial hypotheses, our results point to
30 i 16 160 either an absence of response of larvae
5 | 30 1 L | to cues from extracts of the adults, or
20 12 | 120 strong inhibition by tunic extract. Sim-
1 20 10 ilar to our findings, the percentage of
15 8 L 80 metamorphosis of the solitary ascidian
10 { 10 6 Molgula citrina decreases when its lar-
5 | ;’ - 40 vae are exposed to conspecific tunic
ﬁ homogenate (Durante 1991). This has
0 0 0 0 . L .
implications for understanding how
18 Pyura herdmani 50 20 Pyura stolonifera 100 = prior invasions might affect further
» 16 1S4 colonisation. Our study showed that
E) 14 L 40 15 80 S settlement was not promoted by the
% 12 g_ presence of adult extracts. However, it
o 10 30 60 = is possible that the adult extracts we
)] 10 Q 1 d
& 8 c employed acted as a repellent because
£ 20 40 S ' X
S 6 @ they signalled damaged tissues of a
© 4 10 5 20 g conspecific. Other authors using adult
nq_) 2 3 extracts have found, however, that the
0 A 0 0 0 'c_“ presence of extracts induced metamor-
Ascidiella aspersa Styela plicata phosis (Svane et al. 1987), so we con-
2.5 10 2.0 6 sider it unlikely that the extracts signal
| 5 damaged tissues. Our findings indicate
2.0 8 1.6 . o .
that the gregarious distribution of
15 6 1.2 4 adults observed in the field is unlikely
1 3 to be explained by larval attraction to
1.0 4 0.8 adult cues, but may be the result of
2 settlement being concentrated in
0.5 2 04 L1 habitats characterised by particular
0.0 o 00 ﬁ 0 physical conditions. For many other
" Upwards Vertical Downwards " Upwards Vertical Downwards marine species, physical factors seem
Orientation Orientation to be stronger cues for settlement than

chemical attraction by conspecific adults

Fig. 5. Mean numbers of individuals per clump in the field, and mean percentage (Berntsson et al. 2094)' Some?mes
of settlers from all the experiments pooled, in relation to orientation. Error bars these preferred physical conditions
denote +1 SE. Note differences in scales of y-axes such as light intensity and hydrody-

Table 5. Summary of significant outcomes of the 3 experiments for each factor and species showing preferential settlement position
or treatment. Dashes indicate an absence of any significant preference. nt: not tested statistically; *indicates a significant interac-
tion between the effects of position and treatment, and therefore results may apply only to particular levels of each factor

Species Expt 1 Expt 2 Expt 3

Position Light vs. Dark Position Light/Dark Position Tunic extract
Ciona intestinalis Top - - Dark Bottom & Top* Inhibition*
Microcosmus squamiger Bottom - - Dark Bottom Inhibition
Pyura herdmani Bottom - Bottom & Top* Dark* Bottom -
Pyura stolonifera Bottom - Lateral* Light* Bottom -
Ascidiella aspersa nt nt nt nt - Inhibition

Styela plicata nt nt nt nt - -
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namic conditions may coincidentally be associated
with the presence of adults, or even created by adults,
leading indirectly to aggregations. For instance, a baf-
fle effect created by aggregations of adults (see Eck-
man 1983) may enhance the settlement of new larvae
and protect the juveniles, thereby increasing their sur-
vival. However, more needs to be learned concerning
the mechanisms driving the effect of conspecific adult
attraction, and further experiments using gregarious
ascidians have the potential to provide important
insights.

In confined environments, such as harbours and
marinas, where invasive ascidians are highly success-
ful, the specific biological features of each species such
as larval movement and offspring retention (Petersen
& Svane 1995), the particular hydrodynamics of the
location (Havenhand & Svane 1991) and adequate con-
ditions for settlement (as shown in our study) may play
important roles in influencing species distributions and
the success of introduced populations. For example,
Ciona intestinalis is widespread in dark, sheltered con-
ditions in harbours and successfully colonises the cul-
ture ropes of mussel farms in South Africa, with impor-
tant economic impacts (Robinson et al. 2005), as has
also been reported in northeast American coastal
waters (Ramsay et al. 2008).

Overall, because each of the 6 species we examined
responded uniquely to the variables explored, it is not
possible to generalise ascidian settlement behaviour.
Biotic factors and chemical cues, other than those aris-
ing from conspecific adults, may determine aggre-
gated settlement of ascidians in the field (Davis 1996,
Hadfield & Paul 2001). However, our results favour the
view that the aggregated distribution of the solitary
ascidians considered reflects responses to abiotic
rather than biotic factors, although there is always the
possibility that complex biotic interactions, such as
competition or facilitation, occur during juvenile and
adult stages, as has been demonstrated in other gre-
garious organisms (Rius & McQuaid 2009). There is a
need to further study the mechanisms that determine
gregarious distribution in invasive species. Compar-
isons of species performance and biology across both
introduced and native ranges could be enlightening
(see Bossdorf et al. 2005). Concepts such as conspecific
and Kkinship attraction, and gregarious behaviour
should be incorporated in the study of the distribution
of invasive species, as they might be key features for
our understanding of the viability and success of these
populations.

Acknowledgements. We thank J. Murray for assistance in the
field and continuous stimulating discussions, 2 anonymous
reviewers for valuable discussions and comments, and G. du
Plessis (Zoology Department, University of Cape Town) for

constructing the equipment. M.R. was supported by a travel
grant from the Spanish ‘Ministerio de Educacién y Ciencia'
during his stay at the University of Cape Town and by projects
CTM2007-66635 and CSIC-PIE 2007-301026 of the Spanish
Government. This project was funded by a grant to C.L.G.
from the DST-NRF Centre of Excellence for Invasion Biology
and an Andrew Mellon Foundation Grant to G.M.B. The work
was carried out under permit and in accordance with the laws
of South Africa.

LITERATURE CITED

Alonso JC, Martin CA, Alonso JA, Palacin C, Magana M,
Lane SJ (2004) Distribution dynamics of a great bustard
metapopulation throughout a decade: influence of conspe-
cific attraction and recruitment. Biodivers Conserv 13:
1659-1674

Barros RC, Rocha RM, Pie MR (2009) Human-mediated global
dispersion of Styela plicata (Tunicata, Ascidiacea). Aquat
Invasions 4:45-57

Bennett CE, Marshall DJ (2005) The relative energetic costs
of the larval period, larval swimming and metamorphosis
for the ascidian Diplosoma listerianum. Mar Freshw Behav
Physiol 38:21-29

Berntsson KM, Jonsson PR, Larsson AI, Holdt S (2004) Rejec-
tion of unsuitable substrata as a potential driver of aggre-
gated settlement in the barnacle Balanus improvisus. Mar
Ecol Prog Ser 275:199-210

Bossdorf O, Auge H, Lafuma L, Rogers WE, Siemann E, Prati
D (2005) Phenotypic and genetic differentiation between
native and introduced plant populations. Oecologia 144:
1-11

Branch GM, Branch ML (1981) The living shores of Southern
Africa. Struik Publishers, Cape Town

Branch GM, Griffiths CL, Branch ML, Beckley LE (2010) Two
oceans: a guide to the marine life of southern Africa.
Struik Publishers, Cape Town

Bryan PJ, Qian PY, Kreider JL, Chia FS (1997) Induction of
larval settlement and metamorphosis by pharmacological
and conspecific associated compounds in the serpulid
polychaete Hydroides elegans. Mar Ecol Prog Ser 146:
81-90

Budke JC, Hettwer-Giehl EL, Athayde EA, Zachia RA (2004)
Spatial distribution of Mesadenella cuspidata (Lindl.)
Garay (Orchidaceae) in a riparian forest, Santa Maria, RS,
Brazil. Acta Bot Bras 18:31-35

Bullard SG, Whitlatch RB, Osman RW (2004) Checking the
landing zone: Do invertebrate larvae avoid settling near
superior spatial competitors? Mar Ecol Prog Ser 280:
239-247

Byrne PG, Simmons LW, Roberts JD (2003) Sperm competi-
tion and the evolution of gamete morphology in frogs. Proc
R Soc Lon B 270:2079-2086

Byrnes JE, Reynolds PL, Stachowicz JJ (2007) Invasions and
extinctions reshape coastal marine food webs. PLoS ONE
2:e295

Calvo-Ugarteburu G, McQuaid CD (1998) Parasitism and in-
vasive species: effects of digenetic trematodes on mussels.
Mar Ecol Prog Ser 169:149-163

Campbell K, Donlan CJ (2005) Feral goat eradications on
islands. Conserv Biol 19:1362-1374

Carlton JT (1996) Pattern, process, and prediction in marine
invasion ecology. Biol Conserv 78:97-106

Castilla JC, Guinez R, Caro AU, Ortiz V (2004) Invasion of a
rocky intertidal shore by the tunicate Pyura praeputialis in
the Bay of Antofagasta, Chile. Proc Natl Acad Sci USA
101:8517-8524



162 Mar Ecol Prog Ser 418: 151-163, 2010

Cohen AN, Carlton JT (1998) Accelerating invasion rate in a
highly invaded estuary. Science 279:555-558

Colautti RI, Grigorovich IA, Maclsaac HJ (2006) Propagule
pressure: a null model for biological invasions. Biol Inva-
sions 8:1023-1037

Davis AR (1996) Association among ascidians: facilitation of
recruitment in Pyura spinifera. Mar Biol 126:35-41

DeWalt SJ, Denslow JS, Hamrick JL (2004) Biomass alloca-
tion, growth, and photosynthesis of genotypes from native
and introduced ranges of the tropical shrub Clidemia
hirta. Oecologia 138:521-531

Dreanno C, Matsumura K, Dohmae N, Takio K, Hirota H,
Kirby RR, Clare AS (2006) An o,-macroglobulin-like pro-
tein is the cue to gregarious settlement of the barnacle
Balanus amphitrite. Proc Natl Acad Sci USA 103:
14396-14401

Dulloo ME, Kell SP, Jones CG (2002) Impact and control of in-
vasive alien species on small islands. Int For Rev 4:277-285

Dupont L, Richard J, Paulet YM, Thouzeau G, Viard F (2006)
Gregariousness and protandry promote reproductive
insurance in the invasive gastropod Crepidula fornicata:
evidence from assignment of larval paternity. Mol Ecol 15:
3009-3021

Durante KM (1991) Larval behavior, settlement preference,
and induction of metamorphosis in the temperate solitary
ascidian Molgula citrina Alder & Hancock. J Exp Mar Biol
Ecol 145:175-187

Eckman JE (1983) Hydrodynamic processes affecting benthic
recruitment. Limnol Oceanogr 28:241-257

Gautier P, Olgun K, Uzum N, Miaud C (2006) Gregarious
behaviour in a salamander: attraction to conspecific chemi-
cal cues in burrow choice. Behav Ecol Sociobiol 59:836-841

Griffiths RJ (1976) The larval development of Pyura
stolonifera (Tunicata). Trans R Soc S Afr 42:1-9

Grosberg RK (1981) Competitive ability influences habitat
choice in marine invertebrates. Nature 290:700-702

Hadfield MG, Paul VJ (2001) Natural chemical cues for settle-
ment and metamorphosis of marine-invertebrate larvae.
In: McClintock JB, Baker BJ (eds) Marine chemical eco-
logy. CRC Press, Boca Raton, FL, p 431-461

Havenhand JN, Svane I (1991) Roles of hydrodynamics and
larval behaviour in determining spatial aggregation in the
tunicate Ciona intestinalis. Mar Ecol Prog Ser 68:271-276

Hinz HL, Schwarzlaender M (2004) Comparing invasive
plants from their native and exotic range: What can we
learn for biological control? Weed Technol 18:1533-1541

Howes S, Herbinger CM, Darnell P, Vercaemer B (2007) Spa-
tial and temporal patterns of recruitment of the tunicate
Ciona intestinalis on a mussel farm in Nova Scotia,
Canada. J Exp Mar Biol Ecol 342:85-92

Jacobs MW, Degnan BM, Bishop JDD, Strathmann RR (2008)
Early activation of adult organ differentiation during delay
of metamorphosis in solitary ascidians, and consequences
for juvenile growth. Invertebr Biol 127:217-236

Jiang D, Tresser JW, Horie T, Tsuda M, Smith WC (2005) Pig-
mentation in the sensory organs of the ascidian larva is
essential for normal behavior. J Exp Biol 208:433-438

Kasper ML, Reeson AF, Austin AD (2008) Colony characteris-
tics of Vespula germanica (F.) (Hymenoptera, Vespidae)
in a Mediterranean climate (southern Australia). Aust J
Entomol 47:265-274

Keough MJ, Downes BJ (1986) Effects of settlement and post-
settlement mortality on the distribution of the ascidian Tri-
didemnum opacum. Mar Ecol Prog Ser 33:279-285

[] Keough MJ, Raimondi PT (1995) Responses of settling inver-

tebrate larvae to bioorganic films: effects of different types
of films. J Exp Mar Biol Ecol 185:235-253

Knoke D, Burke PJ (1991) Log-linear models. Sage University
paper series on quantitative applications in the social
sciences. Sage Publications, Newbury Park, CA

Koh EGL, Sweatman H (2000) Chemical warfare among scle-
ractinians: bioactive natural products from Tubastraea
faulkneri Wells kill larvae of potential competitors. J Exp
Mar Biol Ecol 251:141-160

Kopin CY, Epifanio CE, Nelson S, Stratton M (2001) Effects of
chemical cues on metamorphosis of the Asian shore crab
Hemigrapsus sanguineus, an invasive species on the
Atlantic Coast of North America. J Exp Mar Biol Ecol 265:
141-151

Kott P (1985) The Australian Ascidiacea, Part 1. Phlebo-
branchia and Stolidobranchia. Mem Queensl Mus 23:1-438

Lambert G (2005) Ecology and natural history of the proto-
chordates. Can J Zool 83:34-50

Lambert G (2007) Invasive sea squirts: a growing global prob-
lem. J Exp Mar Biol Ecol 342:3-4

Lambert CC, Lambert G (2003) Persistence and differential
distribution of nonindigenous ascidians in harbors of the
Southern California Bight. Mar Ecol Prog Ser 259:145-161

Marshall DJ, Styan CA, Keough MJ (2000) Intraspecific co-
variation between egg and body size affects fertilisation
kinetics of free-spawning marine invertebrates. Mar Ecol
Prog Ser 195:305-309

Mastrototaro F, D'Onghia G, Tursi A (2008) Spatial and sea-
sonal distribution of ascidians in a semi-enclosed basin
of the Mediterranean Sea. J Mar Biol Assoc UK 88:
1053-1061

McHenry MJ, Patek SN (2004) The evolution of larval morpho-
logy and swimming performance in ascidians. Evolution
58:1209-1224

Millar RH (1971) The biology of ascidians. Adv Mar Biol 9:
1-100

Miller RJ, Etter RJ (2008) Shading facilitates sessile inverte-
brate dominance in the rocky subtidal Gulf of Maine. Eco-
logy 89:452-462

Monniot C, Monniot F, Laboute P (1991) Coral reef ascidians
of New Caledonia. Editions de L'Orstom, Paris

Monniot C, Monniot F, Griffiths CL, Schleyer M (2001) South
African ascidians. Ann S Afr Mus 108:1-141

Nathan R, Muller-Landau HC (2000) Spatial patterns of seed
dispersal, their determinants and consequences for
recruitment. Trends Ecol Evol 15:278-285

Niermann-Kerkenberg E, Hofmann DK (1989) Fertilization
and normal development in Ascidiella aspersa (Tunicata)
studied with Nomarski-optics. Helgol Meeresunters 43:
245-258

Ohtsuki H (1990) Statocyte and ocellar pigment cell in em-
bryos and larvae of the ascidian, Styela plicata (Lesueur).
Dev Growth Differ 32:85-90

Petersen JK, Svane I (1995) Larval dispersal in the ascidian
Ciona intestinalis (L.). Evidence for a closed population. J
Exp Mar Biol Ecol 186:89-102

Quinn GP, Keough MJ (2002) Experimental design and data
analysis for biologists. Cambridge University Press, Cam-
bridge

Ramsay SM, Otter K, Ratcliffe LM (1999) Nest-site selection
by female black-capped chickadees: settlement based on
conspecific attraction? Auk 116:604-617

Ramsay A, Davidson J, Landry T, Arsenault G (2008) Process
of invasiveness among exotic tunicates in Prince Edward
Island, Canada. Biol Invasions 10:1311-1316

Rius M, McQuaid CD (2009) Facilitation and competition
between invasive and indigenous mussels over a gradient
of physical stress. Basic Appl Ecol 10:607-613

Rius M, Pineda MC, Turon X (2009a) Population dynamics



Rius et al.: Settlement patterns of gregarious ascidians 163

and life cycle of the introduced ascidian Microcosmus
squamiger in the Mediterranean Sea. Biol Invasions 11:
2181-2194

Rius M, Turon X, Marshall DJ (2009b) Non-lethal effects of an
invasive species in the marine environment—the impor-
tance of early life-history stages. Oecologia 159:873-882

Robinson TB, Griffiths CL, McQuaid CD, Rius M (2005)
Marine alien species of South Africa—status and impacts.
Afr J Mar Sci 27:297-306

Ross CA, Auge H (2008) Invasive Mahonia plants outgrow
their native relatives. Plant Ecol 199:21-31

Simberloff D, Parker IM, Windle PN (2005) Introduced species
policy, management, and future research needs. Front
Ecol Environ 3:12-20

Svane I, Dolmer P (1995) Perception of light at settlement: a
comparative study of two invertebrate larvae, a scypho-
zoan planula and a simple ascidian tadpole. J Exp Mar
Biol Ecol 187:51-61

Svane I, Young CM (1989) The ecology and behaviour of
ascidian larvae. Oceanogr Mar Biol Annu Rev 27:45-90

Svane [, Young CM (1991) Sensory structures in tadpole lar-
vae of the ascidians Microcosmus exaspertus Heller and
Herdmania momus (Savigny). Acta Zool 72:129-135

Svane I, Havenhand JN, Jergensen AJ (1987) Effects of tissue
extract of adults on metamorphosis in Ascidia mentula O.
F. Miiller and Ascidiella scabra (O. F. Miiller). J Exp Mar
Biol Ecol 110:171-181

Thiyagarajan V, Qian PY (2003) Effect of temperature, salinity
and delayed attachment on development of the solitary
ascidian Styela plicata (Lesueur). J Exp Mar Biol Ecol 290:
133-146

Toonen RJ, Pawlik JR (1994) Foundations of gregariousness.
Nature 370:511-512

Tsukamoto S (1999) Marine natural products influencing lar-
val settlement and metamorphosis of marine sessile
organisms. J Pharm Soc Jpn 119:457-471

Turon X (1990) Distribution and abundance of ascidians from

Editorial responsibility: Laura Airoldi,
Ravenna, Italy

a locality on the northeast coast of Spain. PSZN I Mar Ecol
11:291-308

Underwood AJ, Keough MJ (2001) Supply-side ecology: the
nature and consequences of variations in recruitment of
intertidal organisms. In: Bertness MD, Gaines SD, Hay ME
(eds) Marine community ecology. Sinauer, Sunderland,
MA, p 183-200

Vazquez E, Young CM (1996) Responses of compound ascid-
ian larvae to haloclines. Mar Ecol Prog Ser 133:179-190

Ward MP, Schlossberg S (2004) Conspecific attraction and
the conservation of territorial songbirds. Conserv Biol 18:
519-525

Wendt DE, Woollacott RM (1999) Ontogenies of phototactic
behavior and metamorphic competence in larvae of three
species of Bugula (Bryozoa). Invertebr Biol 118:75-84

Whiteley J, Bendell-Young L (2007) Ecological implications of
intertidal mariculture: observed differences in bivalve
community structure between farm and reference sites.
J Appl Ecol 44:495-505

Wolfe LM (2002) Why alien invaders succeed: support for the
escape-from-enemy hypothesis. Am Nat 160:705-711

[ Yamaguchi M (1975) Growth and reproductive cycles of the

marine fouling ascidians Ciona intestinalis, Styela plicata,
Botrylloides violaceus, and Leptoclinum mitsukurii at
Aburatsubo-Moroiso Inlet (Central Japan). Mar Biol 29:
253-259

Young CM (1989) Selection of predator-free settlement sites
by larval ascidians. Ophelia 30:131-140

Young CM, Braithwaite LF (1980) Orientation and current-
induced flow in the stalked ascidian Styela montereyensis.
Biol Bull 159:428-440

Young CM, Chia FS (1985) An experimental test of shadow
response function in ascidian tadpoles. J Exp Mar Biol
Ecol 85:165-175

Yund PO (2000) How severe is sperm limitation in natural
populations of marine free-spawners? Trends Ecol Evol 15:
10-13

Submitted: June 14, 2009; Accepted: September 6, 2010
Proofs received from author(s): October 31, 2010



	cite1: 
	cite2: 
	cite3: 
	cite4: 
	cite5: 
	cite6: 
	cite7: 
	cite8: 
	cite9: 
	cite10: 
	cite11: 
	cite12: 
	cite13: 
	cite14: 
	cite15: 
	cite16: 
	cite17: 
	cite18: 
	cite19: 
	cite20: 
	cite21: 
	cite22: 
	cite23: 
	cite24: 
	cite25: 
	cite26: 
	cite27: 
	cite28: 
	cite29: 
	cite30: 
	cite31: 
	cite32: 
	cite33: 
	cite34: 
	cite35: 
	cite36: 
	cite37: 
	cite38: 
	cite39: 
	cite40: 
	cite41: 
	cite42: 
	cite43: 
	cite44: 
	cite45: 
	cite46: 
	cite47: 
	cite49: 
	cite50: 
	cite51: 
	cite52: 
	cite53: 
	cite54: 
	cite55: 
	cite56: 
	cite57: 
	cite58: 
	cite59: 
	cite60: 
	cite61: 
	cite62: 
	cite63: 
	cite64: 
	cite65: 
	cite66: 
	cite67: 
	cite68: 
	cite69: 
	cite70: 
	cite71: 
	cite72: 
	cite73: 
	cite74: 
	cite75: 
	cite76: 
	cite77: 
	cite78: 


