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ABSTRACT. Three Austral~an (Cockburn Sound, Western Australia, Adelaide, South Australia. Port 
Ph~llip Bay, Victoria) and four European (Roscoff, Atlantic; Alicante, Carteau, and Marseille, all from 
the Mediterranean Sea) populations of Sabella spallanzanii were e x a m ~ n e d  for variation at  23 allozyme 
loci. Levels of genetlc variation were high, with average heterozygosities per locus ranging from 0.20 to 
0.21 for the Australian collections, and from 0.23 to 0.27 for the European collections. The 3 Australian 
collections were genetically very closely related to one another, with no s ta t~s t~cal ly  significant differ- 
ences at  any of the 15 variable locl. This suggests either an  introduction to one port, with a subsequent 
spread to other areas, or separate introductions with subsequent extensive gene flow. The 4 European 
collections showed I ~ m ~ t e d ,  but significant, d~fferent~ation among themselves at 10 of 18 variable l o c ~  
Much of the: heterogeneity reflected differences betlveen the Roscoff (Atlantic) collection and the 
3 Mediterranean collect~ons. The Koscoff collect~on was Iess variable, In terms of both heterozygos~ty 
and mean numbers of allelrs, than the hiled~terranean collections The Australian collect~ons were 
more closely rclated to the Xlrditerranean collections (mean Nei distance = 0.040) than to the Roscoff 
collection (mean Nei distance = 0.084). If a Mediterranean origin is assumed, then the introduction to 
Australia was accompanied by the loss of about 18% of the original variation. Flnally, the high genetic 
similarity of the Australian to the European collections of S. spallanzanii, and the very clear genetic 
separation of S. pavonina (mean Nei distance = 0.996), reaffirms that the Australian collections are truly 
S. spallanzanii and not an  undescribed native species. 
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duction 

INTRODUCTION 

Sahella (Spirograpl~is) spallanzanii is a marine fan- 
worm, a member of the family Sabellidae, class Poly- 
chaeta. Most publications referring to this species refer 
to it as Spirographis spallanzanlr Viviani (1805), but it 
appears to have been recognised earlier as Sabella 
spallanzanii Gmelin 1791. Ewer (1946) synonymised 
the genera Spirographis and Sabella, and recently 
Perkins & Knight-Jones (1991) synonymised Spiro- 
graphis spallanzanii Viviani with Sabella penicillus 
Linnaeus, but suggested suppressing penidllus and 
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other synonyms to stabilise spallanzanii. That is the 
nomenclature we will use. 

This species is widespread in the Mediterranean, 
being recorded from th.e coasts of Spain, France, Italy, 
Turkey and Morocco. It is also found on eastern 
Atlantic coasts, e.g. Morocco (Bitar 1987), from Portu- 
gal (H. Zibrowius pers. comm.) to northwest France, 
and in the Azores. There is a record of an  isolated, 
presumably introduced, population in Rio d e  Janeiro 
(P Knight-Jones pers, comm. referred to in Carcy & 
Watson 1992). It is found attached to the substrate in 
waters from 1 to 30 m in depth, and is particularly 
prevalent in harbours, where it can rapidly colonise 
human-made structures (Koechlin 1977, Clapin & 
Evans 1995). 
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Sabella spallanzanii was first reported from Aus- 
tralian waters in the Geelong arm of Port Phillip Bay, 
Victoria (Carey & Watson 1992). Although it had not 
been seen in thls region prior to the early 1980s, by 
1991 it had become common, the 'visually dominant 
organism of the muddy bottom habitat', releasing 
'masses of green-coloured eggs' in late summer (Carey 
& Watson 1992). Scallop fishers in the Geelong arm 
first noticed the fanworm in their catches in 1993; fan- 
worms now clog dredges and increase catch-sorting 
times. The fanworm has also hindered the snapper 
fishery through interference with longlines. 

In September 1994, dense beds of sabellid worms 
were found in Cockburn Sound (Western Australia). 
However, aerial photographs from 1983 showed prob- 
able fanworm patches, and there were anecdotal 
reports and a photograph of what now appear to be 
specimens of Sabella spallanzanii in 1985 (Clapin & 
Evans 1995). Subsequently (March 1995), 2 Aibany 
(Western Australia) harbours were surveyed, and S. 
spallanzanii was found in both. Sabellids in the West- 
ern Australian Museum include 3 putative specimens 
of S. spallenzduii, collected froin Albany in 1965, 1978 
and 1979. Thus this fanworm may have been present 
in this region for at least 30 yr (Clapin & Evans 1995). 
In 1995, large numbers of S. spallanzanii were found 
near Adelaide, but South Australian Museum records 
indicate that the species may have been present since 
at least the mid-1970s (S. Rainer pers, comm.). 

Sabella spallanzanii is now widespread and abun- 
dant in many parts of southern Australia. It is pre- 
sumed to have been introduced either as a fouling 
organism on ships' hulls or possibly through the 
release of ballast water containing larvae or young 
juveniles. Once established in a suitable habitat, it can 
proliferate rapidly, reaching high densities. Reproduc- 
tion is sexual, and large numbers of lecithotropic (non- 
feeding) larvae are produced (Giangrande & Petraroli 
1994, Rouse & Fitzhugh 1994). Colonies may compete 

directly with native species for space and food and, by 
stripping phytoplankton from the water, may change 
the ecology of the invaded area. Its impact on fisheries 
in Port Ph~llip Bay has been significant, although in 
Cockburn Sound Clapin & Evans (1995) found no evi- 
dence either that the fanworm was a direct threat to 
any fishery there or that it had any apparent impact on 
native species. 

The aim of this study was to throw some light on the 
genetics of the species, in particular to confirm that the 
Australian populations really are Sabella spallanzanii, 
to determine the genetic relationships among Aus- 
tralian populations, and to see how closely related they 
are to European populations. There have been no pre- 
vious genetic studies of this species, either in Australia 
or elsewhere. 

METHODS 

Collections of samples. In Australia, collections of 
Sabella spallanzanii were made from 3 states (Western 
Australia, South Australia and Victoriz). In Europe, 
Mediterranean collections came from France (Mar- 
seille and nearby Carteau) and Spain (Alicante), and 
an Atlantic collection came from France (Roscoff). Fur- 
ther details are provided in Table 1 and Fig. l. One col- 
lection ( n  = 10) of Sabella pavonina was made, from 
Roscoff. This species was to serve as an outgroup in 
phylogenetic trees, and to provide an indication of the 
extent of genetic differentiation within the genus 
Sa bella. 

After collection, the worms were removed from their 
tubes, and the anterior 10 cm wrapped in aluminium 
foil and frozen. The Mediterranean samples were 
stored at -20 to -35°C for several weeks and Atlantic 
samples stored in liquid nitrogen for a few days before 
being airfreighted in dry-ice to Hobart. The Australian 
samples were dispatched immediately to Hobart, 

Table 1 Sampling sites and dates for collection of Sabella spallanzdn~~. In addltion to 62 S. spallanzanil, 10 Sabella pavonina 
were also collected at Roscoff in January 1996 

I Location Description Date Sample slie Latitude. longitude I 
Australia 
Victoria Point Wilson Pier, near Geelong. Port Phillip Bay Sep 1995 
South Australia North Haven Boat Harbour, Adelaide Nov 1995 
Western Australia Southern Flats, Cockburn Sound, near Fremantle Dec 1995 
Europe 
Roscoff Car ferry port 
Carteau Golfe de Fos, Rhone River estuary 
Marseille Marseille Harbour 
Alicante Cabo Roig (Red Cape). Torrevieja (natural site); and 

Torrevieja Harbour (polluted) 

Jan 
Oct 
Oct 
Dec 
Dec 
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Australia 

Fig. 1. Sites of collecbon of marine fanworms in ( a )  Australia and (b) Europe 

either in liquid nitrogen (Vlctorla) or on dry-ice (South 
Australia, Western Australia) At Hobart, all samples 
were maintained at -80°C 

Electrophoresis. Extracts of longitudinal muscle 
were prepared by grinding small tissue fragments in 2 
drops of homogenising solution In a 1.5 m1 microcen- 
trifuge tube and spinning at 10000 X g for 2 min. The 
homogenising solution was made up of 100 m1 distilled 
water, 10 mg NADP and 100 p1 of p-mercaptoethanol. 
Samples were maintained at  4°C during preparation. 

The supernatant was used for electrophoresis. All elec- 
trophoresis runs used Helena Titan 111 cellulose acetate 
plates. Eighteen enzyme systems, representing 23 loci, 
were examined either with a 200 V tris-glycine (Hebert 
& Beaton 1989) or 150 V tns-citrate (75 mM tris, 25 mM 
citric acid, pH 7.0) buffer system (Table 2). Standard 
staining procedures were followed (Richardson et al. 
1986, Hebert & Beaton 1989). When an enzyme was 
encoded by 2 loci, the more anodally migrating 
enzyme was suffixed as 1. Alleles were numbered 

Table 2 Sabella spallanzanii and Sabella pavonina. Enzymes, loci, electrophoresis conditions, and likely subunit numbers as  
assessed from heterozygote banding patterns. Buffer A. tns-glycine; buffer B. tris-cltrate 

Enzyme EC number Locus Buffer Run time (min) Subunit number 

Aspartate aminotransferase 2 6 1  1 A a t - l ,  Aat-2 B 7 5 2 
Aconitase 4 2 1 3  Acon B 60 1 
Arginine phosphokinase 2 7 3 3 A p k  B 100 4 
Esterase D 3 1 1 -  EstD- 1, EstD-2 A 2 0 2d 
Glyceraldehyde-3-phosphate dehydrogenase 1 2 1 12 G3pdh B 75 4 
Isocltrate dehydrogenase 1 1 1 4 2  Idh B 75 2 
Lactate dehydrogenase 1 1 1 27 Ldh A 2 0 ~nvar iant  
Malate dehydrogenase 1 1 1 37 M d h  B 90 2 
Malic enzyme 1 1 1 4 0  Me-1 ,Me-2  A 3 0 uncer ta~n 
Mannosephosphate lsomerase 5 3 1 8 Mpl A 2 5 1 
Peptidase (valine-leucine) 3 4 1 1 -  Pep-v / -1 ,Pep-v l -2  B 65 2 h 

Pept~dase  (leucine-glycine-glyclne) 3 4 11 - Pep-lgy B 75 1 
Peptldase (phenylalanine-prollne) 3 4 11 - Pep-pp A 100 2 
6-Phosphogluconate dehydrogenase 1 1 1 4 4  6Pgdh B 55 2 
Glucosephosphate lsomerase 5 3 1 9 Pgl A 3 0 2 
Phosphoglucomutase 5 4 2 2  P g m - l P g m - 2  A 2 8 1 
Sorbltol (iditol) dehydrogenase 1 1 1 1 4  Sdh  A 3 0 invariant 

Xanthlne dehydrogenase 1 2 3 2  X d h  A 35 2 

"EstD-2 is a d ~ m e r ,  EstD- l IS invariant 
b ~ e p -  vl- 1 is a dimer, Pep- vl-2 is invanant 
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according to the mobilities of their products relative to 
that of the most common allele in the Victoria sample, 
numbered 100. 

Statistical tests. Tests were carried out to examine 
whether the observed genotype numbers were in 
accord with those expected in a sexually reproducing 
randomly mating population. Observed and Hardy- 
Weinberg expected numbers were compared with chi- 
squared tests. Tests were only considered rel~able if all 
genotype classes in a test had an  expected value of 1 or 
greater. This frequently necessitated pooling rarer 
alleles. 

The degree of genetic diversity among collections 
was analysed in 3 ways: (1) Contingency chi-squared 
tests were used to determine whether allele frequen- 
cies of variable loci were homogeneous over collec- 
tions. The Monte Carlo randomisation approach of 
Roff & Bentzen (1989) was used. This eliminates the 
need to pool rare alleles. One thousand randnmisa- 
tions were carried out for each test. (2) Nei's (1973) 
gene diversity (G.?,) statistics were used to quantify 
the extent of differentiation among collections The 
GsTvalue represerils the proportion of genetic diver- 
sity that can be attributed to differences between col- 
lections. A bootstrapping procedure with 1000 repli- 
cates was used to estimate the magnitude of Gs,that 
could be attributed to sampling error alone and to 
assess the statistical significance of the observed 
value. (3) Genetic distances between collections were 
assessed in 2 ways. The first used Nei's (1978) unbi- 
ased genetic distance measure. The resulting genetic 
distance matrix was converted to a dendrogram by 
cluster analysis with the UPGMA (unweighted pair- 
group method with averaging) algorithm. The second 
used Rogers' (1972) genetic distance method, and the 
derived dendrogram is a Wagner tree rooted by the 
out-group (Sabella pavonina) 

In all analyses involving multiple tests, the Bonfer- 
roni technique was used to adjust significance levels. 
The predetermined significance level for the experi- 
ment, a ,  of 0.05 was divided by the number of tests to 
obtain a corrected significance level of W.. 

RESULTS 

Enzymes encoded by a total of 23 loci provided clear 
and reproducible results. Subunit numbers (Table 2), 
with 1 exception, were as listed in Ward et al. (1992). 
The exception was Apk which Ward et al. (1992) 
consider is a monomer in arthropods and molluscs, but 
a dimer in annelids and echinoderms. Sabella is a n  
annelid, but banding patterns for the Apk ' t  15/100 
heterozygote were clearly 5-banded,  indicating a 
tetramer. The much more common heterozygote 

Apk' 100/95 gave a broad band of activity, presumably 
because the 5 bands were too close together to sepa- 
rate adequately 

The 2 Alicante collections, one from a polluted site 
and the other from an unpolluted site, showed differ- 
ences in allele frequencies (data not shown) at 1 of 16 
variable loci. This was Pep-lgg (p  = 0.016), but after 
Bonferroni correction for multiple tests, the differences 
were not statistically significant (a  altered from 0.05 to 
0.05/16 = 0.003). Thus these 2 collections were pooled 
in all subsequent analyses. 

The 2 collections from the south of France (Carteau 
and Marseille) were separated by a greater geographic 
distance than the 2 Alicante collections and showed 
significant differences in gene frequencies at one of 
the 18 variable loci ( M e - l ,  p < 0.001, W, = 0.05/18 = 
0.003). These 2 collections were kept separate in all 
analyses. 

Sabella spallanzanii and S. pavonina: levels of 
genetic variability 

Genotype distributions within the collections of 
Sabella spallanzanii showed good agreement with 
Hardy-Weinberg expectations. There were 66 valid 
tests, but only 2 showed probabilities of agreement less 
than 0.05. These were Pep-vl-l in South Australia (p  = 

0.0006), and Pgl in Carteau (p  = 0.024). Corrections of 
a levels for 66 tests reduced a to 0.0008, so the Pgi 
result becomes non-significant while the Pep-vl-l 
result (with a heterozygote deficiency: 30 heterozy- 
gotes observed, 45.8 expected) remains statistically 
significant. However, whether this deviation repre- 
sents a real biological phenomenon or simply a chance 
sampling artefact is uncertain; repeat sampling from 
that population would be necessary to discriminate 
between these possibilities. The 10 S, pavonina sam- 
pled were not tested for conformance to Hardy-Wein- 
berg expectations. 

Sabella spallanzanii showed abundant genetic varia- 
tion (Table 3). Only 5 loci were monomorphic in all col- 
lections (EstD-I, Ldh, Me-2, Pep-111-2, Sdh).  The per- 
centage of polymorphic loci ranged from about 45 to 
60% (0.95 criterion) or 50 to 80% (0.99 criterion), and 
the mean expected heterozygosity per locus ranged 
from about 0.20 to 0.27 (Table 4) 

The Australian collections were clearly less variable, 
over all loci, than the European collections (Table 4) .  
Mean num.bers of alleles per locus were around 2.0 in 
the Australian collections, compared with between 2.0 
and 2.8 in the European collections. The average sam- 
ple size of the European collections was slightly 
greater than half that of the Australian collections; had 
sizes been closer, it is likely that this difference would 
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'able 3. Sabella spallanzanii and S. pavonina Allele frequencies, sample slzes (n.  number of ~nd iv~dua l s ) ,  and locus hetero- 
zygosities (het. Hardy-Welnberg expected heterozygosity) 

Locus Allele 
South 

Australia 

Sabella spallanzani~ 
Western Atlantlc Medlterranean 
Australia Roscoff Carteau Marseille Allcante 

Sabella 
pavonlna 

Aat- l 110 
100 
95 
93 
90 
n 

het. 

Aat-2 110 
105 
100 
n 

het 

Acon 105 
100 
95 
n 

het 

Apk 115 
100 
95 
n 

het 

EstD- I 100 
n 

het. 

EstD-2 115 
105 
100 
n 

het. 

G3pdh 100 
80 
7 0 
60 
50 
4 0 
n 

het. 

Idh 100 
95 
n 

het 

Ldh 100 
n 

het 

Mdh 115 
100 
n 

het 

Me- l 105 
100 
95 
90 
n 

het 
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Table 3 (continued) 

Locus 

Pep- vl-l 

Me- 2 100 
n 

het. 

108 
105 
103 
100 
95 
90 
n 

het 

110 
100 
90 
75 
7 0 
n 

het. 

Pep-v1-2 130 
115 
100 
n 

het. 

Pgm- l 

125 
110 
100 
90 
80 
n 

het. 

pep-PP 115 
110 
100 
90 
80 
n 

het. 

105 
100 
98 
95 
90 
n 

het.  

105 
100 
90 
85 
n 

het.  

110 
100 
90 
85 
n 

het 

Pgm - 2 

South 
Australia 

Sa  bella spallanzanu 
Western Atlantlc Mediterranean 
Australia Roscoff Carteau Marredie Alicante 

1 1 1 1 1 
100 62 4 8 5 0 60 
0 0 0 0 0 

0 0 0 0 0 
0 0 0 031 0 040 0 
0 0 0 0 0 

0 480 0 427 0 583 0 540 0 583 
0 520 0 573 0 333 0 410 0 408 
0 0 0 052 0 010 0 008 
100 62 4 8 50 60 
0 499 0 489 0 546 0 539 0 494 

0 0 210 0 0 0 017 
0 710 0 323 0 771 0 796 0 808 
0 290 0 468 0 229 0 204 0 175 
0 0 0 0 0 
0 0 0 0 0 
100 62 48 49 60 
0 412 0 633 0 353 0.325 0 316 

0 0 0 0 0 
0 0 0 0 0 
1 1 1 1 1 
100 62 4 8 50 60 
0 0 0 0 0 

0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 

0 380 0 0 011 0 0 
0 560 0 185 0 383 0 470 0 475 
0 060 0 815 0 585 0 480 0 500 
0 0 0 021 0 050 0 025 
100 62 47 50 60 
0 538 0 302 0 511 0 546 0 524 

0 120 0 210 0 188 0 245 0 217 
0 265 0 274 0 365 0 298 0 392 
0 355 0 444 0 302 0 372 0 283 
0 260 0 065 0 125 0 074 0 108 
0 0 008 0 021 0 011 0 
100 6 2 4 8 4 7 60 
0 722 0 679 0 724 0 707 0 708 

0 0 0 010 0 010 0 017 
0 905 0 798 0 792 0 830 0 775 
0 0 0 0 0 

0 095 0 202 0 198 0 150 0 200 
0 0 0 0 010 0 008 
100 62 48 5 0 60 
0 172 0 322 0 333 0 288 0 359 

0 050 0 0 0 010 0 008 
0 950 1 0 979 0 970 0 983 
0 0 0 021 0 020 0 008 
0 0 0 0 0 
100 62 48 5 0 60 
0 095 0 0 041 0 059 0 034 

0 0 040 0 277 0 316 0 083 
1 0 524 0.596 0 602 0 817 
0 0 371 0.117 0 061 0 067 
0 0 065 0 011 0 020 0 033 
100 62 4 7 4 9 60 
0 0 582 0.554 0 534 0 320 

Sa bella 
pa  von ina 
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Table 3 (continued) 

Locus Allele Sabella spallanzanli Sabella 
Victoria South Western Atlantic Mediterranean pavonjna 

Australia Australia Roscoff Carteau Marseille Alicante 

135 0 0 0 0 121 0.031 0 010 0.033 0 
125 0 0 0 0 097 0.229 0 160 0.217 0 
115 0 0 0 0 016 0.083 0.030 0.042 0 
100 0.954 0.945 0.945 0.226 0.500 0 630 0.467 0 
95 0 0 0 0 0 0 0.025 0.500 
90 0 0 0 0 0.052 0.040 0.050 0 
80 0.046 0.055 0.055 0.540 0.104 0.130 0.158 0.300 
70 0 0 0 0 0 0 0.008 0.200 
n 108 100 100 62 4 8 50 60 10 

het. 0.088 0.104 0.104 0.633 0.676 0.558 0.704 0.620 

Sdh 115 0 0 0 0 0 0 0 l 
100 1 1 1 1 1 1 1 0 

n 108 100 100 62 4 8 50 60 10 
het. 0 0 0 0 0 0 0 0 

X d h  125 0 0 0 0 0 0 0 1 
110 0 0 0 0.145 0 0.040 0.045 0 
105 0.079 0.060 0.155 0.306 0.188 0.250 0.295 0 
100 0.61 1 0.600 0.555 0.532 0.438 0.420 0.295 0 
85 0.269 0.305 0.245 0.016 0.250 0.240 0.205 0 
80 0.042 0.035 0.045 0 0.125 0.050 0.161 0 
n 108 100 100 62 48 50 56 10 

het. 0.546 0.542 0.606 0 602 0 695 0.699 0.756 0 

Table 4 Sabella spallanzanii and S, pavonina. Summary of genetic vai-]ability in all collections (+ SE) for 23 loci. There are  2 pos- 
sible definitions of polymorphism: one where the most common allele has a frequency 50.95, and one where the most common 

allele has a frequency 20.99; the 50.95 criterion is shown here HW: Hardy-Weinberg 

Collection Mean sample size Mean no. of alleles 
per locus per locus 

Percentage of locl poly- 
morphic (0.95 cntenon)  

Mean HW expected hetero- 
zygosity per locus 

S. spallanzanii 
Victona 
South Australia 
Western Australia 
Roscoff 
Carteau 
Marseille 
Alicante 
S. pavonina 
Roscoff 

have been accentuated. The percentage of loci poly- 
morphic in the Australian collections ranged from 47.8 
to 52.2 (0.95 criterion) and 56.5 to 65.2 (0.99 criterion), 
values again generally less than in the European col- 
lections: 43.5 to 60.9 (0.95) and 47.8 to 78.3 (0.99). 

The best single parameter for comparing variation is 
mean expected heterozygosity per locus (H), as it is far 
less dependent on sample size than either mean num- 
bers of alleles per locus or mean percentage of loci 
polymorphic. H for the Australian collections ranged 
narrowly from 0.203 to 0.210; for the overseas collec- 
tions i t  had a broader range of 0.231 to 0.268. The 

mean H of the Australian collections was 0.206, about 
18% less than the mean H of the 4 European collec- 
tions (0.251). This loss of overall variation is by no 
means distributed uniformly over all loci. Indeed some 
loci (Aat-l, Apk,  G3pdh, Mdh,  Pgm- l )  show more vari- 
ation in the Australian collections. However, this is 
more than offset by those loci that are more variable in 
Europe (EstD-2, Me-I,  GPgdh, Pgm-2, Pgi, Xdh) .  Par- 
ticularly striking losses of variation in Australia are 
seen in Pgm-2 and Pgl. Pym-2 is monomorphic in Aus- 
tralian collections but highly polymorphic in all Euro- 
pean collections tested (heterozygosities ranging from 
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Table 5. Sabclla spallanzanii Pairwise collection comparisons 0.003), none was statistically significant. This conclu- 
for unique dlleles Numbers are n.umbers of alleles present sion still holds after ou t  the less conservative 
in the 'column' populdtion that are not present in the 'row' 

population sequential Bonferroni test (Hochberg 3.988). Clearly 
the 3 Australian collections, all with a sample size of 
around 100, are very similar to one another. 

Number of unique alleles 
Roscoff Carteau Marse~lle Alicante 

Roscoff 17 17 20 
Carteau 2 4 6 
Marseille 2 4 5 
Al~cante  2 4 2 

0.320 to 0.582). Pgi shows little variat~on in Australian 
collections (heterozygosities ranging from 0.088 to 
0.104), but is strikingly variable in European collec- 
tions (heterozygosities ranging from 0.558 to 0.704). 

Among the European collections, the Mediterranean 
collections showed more variation than the Atlantic 
collection (Table 4 ) .  This was true for all measures of 
variation. mean numbers of alleles (2.7 to 2.8 vs 2.0), 
percentage of loci polymorphic (0.95 criterion, 57 to 
61 YO v5 43 %; G.99 criterion. 74 to 78 % vs 48%), and 
expected heterozygosity (0.25 to 0.27 vs 0.23). The 
Atlantic collection has 2 alleles not found in Carteau, 2 
alleles not found in Marseille, and 2 alleles not found in 
Alicante (Table 5). On the other hand, Carteau, Mar- 
seille and Alicante have, respectively, l ? ,  17 and 20 
alleles not found at Roscoff. 

Sabella pavonina showed slightly less variability 
than European S. spallanzanii, in terms of average 
numbers of alleles per locus and expected heterozy- 
gosity (Table 4). However, while the same 23 loci were 
examined in S. pavonina, only about 10 individuals 
were scored. Thus it is not unexpected that fewer alle- 
les per locus were detected in S. pavonina: with a sam- 
ple size closer to the 50 or so of each of the European S. 
spallanzanii, it is likely that more alleles would have 
been found. 

Sabella spallanzanii: genetic relationships among 
Australian populations 

Fifteen loci were variable in the Australian collec- 
tions. While some of the data were suggestive of lim- 
ited differentiation [the estimated probabilities of no 
significant differentiation, using Roff & Bentzen's 
(1989) Monte-Carlo chi-squared test, in descending 
order, were: 0.985, 6Pgdh; 0.915, Pgi; 0.641, Pgm-1; 
0.449, Pep-lgg; 0.286, Apk; 0.203, G3pdh; 0.151, Idh; 
0.104, Me-I;  0.063, Acon; 0.042, Xdh; 0.032, Mdh; 
0.029, Aat-1; 0.012, Mpi; 0.007, Pep-vl-l; 0.006, Pep- 
pp] ,  after carrying out Bonferroni adjustments of a lev- 
els for multiple tests (a changes from 0.05 to 0.05/15 = 

Sabella spallanzanii: genetic relationships among 
European populations 

There were 18 variable loci in the European collec- 
tions. Of these. 8 (Aat- l ,  Aat-2, EstD-2 Idh. Mdh, 
GPgdh, Pep-pp, Pgm-l) showed no significant differen- 
tiation (probabilities respectively 0.843, 0.546, 0.528, 
0.256, 0.236, 0 078, 0.057, 0.012, with a = 0.05/18 = 
0.003) and 10 (Acon, Apk, G3pdh, Me-I ,  Mpi, Pep-lgg, 
Pep-vl, Pgi, Pgm-2, Xdh) showed significant differenti- 
ation (all with p < 0.001). So clearly there is significant 
differentiation among the Europcan collections. 

For each of the 10 differentiated loci, the 4 collec- 
tions were compared pairwise to determine the 
source(s) of the differentiation. The Carteau and Mar- 
seille collections, which were only about 40 km apart 
(H. Zibrowius pers. comm.), were significantly differ- 
ent for only 1 out of the 10 loci, Me-2 (p  < 0.001). The 
Carteau and Marseille collections were each signifi- 
cantly differentiated from the remaining Mediter- 
ranean collection, Alicante, by 3 of the 10 loci 
(Carteau: Acon, G3pdh, Pgm-2; Marseille: G3pdh, Me- 
1 ,  Pgm-2; all p < 0.001). The Atlantic Roscoff collection, 
on the other hand, was well differentiated from all 3 
Med~terranean collections for between 8 and all 10 loci 
(p  ranging from 0.004 to <0.001). Clearly, the Mediter- 
ranean collections are genetically more similar to one 
another than they are to the Atlantic collection. 

Sabella spallanzanii: genetic relationships between 
European and Australian populations 

There was extensive spatial differentiation in allele 
frequencies among collections, with 17 of the 18 vari- 
able loci showlng significant allele frequency hetero- 
geneity after chi-squared analysis of allele frequencies 
(Table 6).  The only variable locus not to show such het- 
erogeneity (following Bonferroni correction to a val- 
ues, glving a = 0.05/18 = 0.0028) was ldh 

The extent of the heterogeneity was quantified for 
each locus by a GST analysis (Table 6).  Here, the 
observed extent of differentiation among populations 
(Gsr] was compared with sampling error, i .e .  the extent 
of GST expected in those sample sizes from a panmictic 
population (GsTnua). Of the 18 variable loci, only Idh 
(as in the chi-squared analysis) failed to show more 
between-collection differentiation than expected by 
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Table 6. Sabella spallanzanii Chl-squared and GsT analyses of the extent of differentiation among collect~ons ElT 1s the total 
heterozygosity across all populations, Hs is the average heterozygoslty per collection, GSTis the proportion of the varlatlon attrlb- 

utable to collectlon d~fferences,  GST.n,rll IS  the expected value of GsT that can be attributed to sampllng error alone 

Locus HT HF Chl-squa~ e d  P GST Mean GST p I P 

Aat- l  0 066 0 063 42 661 <O 001 0 033 0 006 <O 001 
Aat-2 0 023 0 023 27 855 <O 001 0 022 0 006 0 002 
Acon 0 484 0 452 146 614 <O 001 0 065 0 007 <0 001 
Apk 0 242 0 221 102 234 <O 001 0 089 0 006 <O 001 
EstD- I 0 0 - - - - - 

EstD-2 0 106 0 099 84 057 <O 001 0 067 0 007 <0 001 
G3pd 0 509 0 442 272 899 <O 001 0 133 0 006 <0 001 
Idh 0 052 0 051 16 690 0 016 0 016 0 006 0 022 
Ldh 0 0 - - - - - 

Mdh 0 063 0 061 25 534 0 002 0 026 0 006 0 002 
A4e- I 0 119 0 108 188 268 <O 001 0 093 0 006 <O 001 
A4e- 2 0 0 - - - - 

M P ~  0 516 0 506 86 542 <O 001 0 020 0 006 0 002 
Pep- vl- 1 0 448 0 409 238 027 <O 001 0 089 0 006 <O 001 
Pep- vl- 2 0 0 - - - - - 

Pep-lgg 0 630 0 502 502 686 <O 001 0 203 0 006 <O 001 
P~P-PP  0 714 0 694 102 146 <O 001 0 028 0 006 <O 001 
6Pgd 0 265 0 259 40 213 0 001 0 021 0 006 0 001 
Pgm- I 0 072 0 071 40 252 <0 001 0 024 0 006 <O 001 
Pgm-2 0 355 0 284 486 091 <O 001 0 200 0 006 <O 001 

pgl 0 520 0 410 590 180 <O 001 0 212 0 006 <O 001 
Sdh 0 0 - - - - - 

Xdh 0 668 0 635 234 446 <O 001 0 049 0 006 <O 001 

sampling error alone (p  = 0.024 > a = 0.05/18 = 0.003). 
The remaining 17 loci all showed significant differenti- 
ation, with between about l "/o (Aat-2, Mpl, 6Pgdh) and 
20% (Pep-lgg, Pgm-2, P ~ J ]  of the genetic variation 
arising from between-collection differences (these fig- 
ures estimated from GST- GSTnuii). 

Matrices of genetic distance between all pairwise 
collection comparisons were calculated by both 
Nei's (1978) and Rogers' (1972) measures. A UPGMA 
tree was derived from Nei's distances (Fig. 2) and a 
Wagner tree from Rogei-S' distances 
(using Sabella pavonina as an outgroup) 
(Fig. 3).  

The UPGMA-derived dendrogram of 
Nei's (1978) genetic distances shows 
(1) that the Australian collections are,  as 
expected from the earlier analyses, very 
closely related to one another, (2 )  that 
the Mediterranean collections are closely 

is to the Australian collections. However, the Aus- 
tralian collections are more closely related to the 
Mediterranean collections (mean genetic distance 
0.040, n = 9, range 0.029 to 0.050) than to the Atlantic 
collection (mean genetic distance 0.084, n = 3, range 
0.082 to 0.086). In fact, the Australian collections are 
more closely related to the Alicante collectlon (mean 
genetic distance 0.032, n = 3, range 0.029 to 0.037) than 
to Carteau or Marseille (mean genetic distance 0.044, 
n = 6, range 0.038 to 0.050). 

Vlctorla 

Western Australla 

L South Australla 

Carteau 

Marseille 

related to one another, and (3) that the L Allcante 

Atlantic collection is more closely related 1 Roscoff 
to the Mediterranean collections than 
are the Australian collections. I I I I I I I 

The UPGMA tree separates the Aus- O O6 0 04 0.02 0.00 

tralian collections from the European Nel unbiased genetlc distance 

collectlons' because the and F I ~  2 Genetlc relatlonshlps among Sabella spallan7anil populdt~ons delwed 
Mediterranean collections are more from a matrlx of Nel's (1978) unb~ased  genetlc distance between populations 
closely related to one another than either ( u s ~ n g  all 23 locl) and UPGMA clustenng 
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The Wagner tree of Rogers' (1972) distances 
with Sabella pavonina as an outgroup (Fig 3) 
shows that (1) the Australian collections are 
very closely related to one another and a little 
separate from other S. spallanzanii collections, 
(2) the Mediterranean collections are closely 
related to one another, and (3) the Australian 
collections are more closely related to the Ali- 
cante collection than to any other collection. 

The main difference between the UPGMA 
tree and the Wagner tree concerns the place- 
ment of the Australian collections. In the UP- 
GMA tree they cluster away from the European 
collections; in the Wagner tree they cluster with 
the Alicante collection. The close relationship 
between the Alicante and Australian popula- 
tions has already been noted. A basic difference 
between UPGMA and the Wagner trees is that 

4 South Australia 

I Roscoff 

Rogers' (1972) genetlc distance from root 

Fig. 3. Genetic relationships among Sabella spallanzanii populations 
the former, unlike the latter, assumes a constant d"i '~"d from a Iriatiix 0: R o g f i ~ '  (1972) genetic dis:sncc. h c l ~ c c ~  p 3 p -  

rate of evolution. It may well be that in the case ulations (using all 23 loci]. The dendrogram is a Wagner tree rooted by 
the out-group S. pavonina 

of an  introduced species, which has gone 
through a bottleneck leading to the loss of some 
genetic variation and therefure accelerated change in 
gene frequencies, the Wagner tree better represents 
population relationships by permitting an enhanced 
rate of evolution in the introduced populations. 

The greater resemblance of the Australian collec- 
tions to the Mediterranean collections than to the 
Atlantic collection can also be seen by looking at indi- 
vidual loci. The 3 most differentiated loci (Pep-lgg, 
Pgm-2, and Pgi, all with GsTvalues of around 0.20, see 
Table 6) may be considered as examples. 

With respect to Pep-lgg, the dominant European allele, 
Pep-lgg'90, has a frequency of about 0.82 in the Atlantic, 
0.52 in the Mediterranean, but only 0.07 in the Aus- 
tralian collections. The common Australian allele, Pep- 
lgg' 100, with a mean frequency of 0.56, has a frequency 
of around 0.45 in the Mediterranean collections but only 
0.19 in the Atlantic collection. With respect to Pgm-2, the 
Australian collections were monomorphic for Pgm- 
2' 100, which, while the most common allele in all Euro- 
pean collections, was more abundant in the Mediter- 
ranean collections (frequency 0.68) than in the Atlantic 
collection (0.52) With respect to Pgi, the Australian 
collections were almost monomorphic for an allele 
(Pgi'100) that was the most common in the Mediter- 
ranean (frequency 0.53) but was only the second most 
common allele in the Atlantic collection (frequency 0.23). 

were examined (and more than 500 S. spallanzanii), 
fixed differences were observed at 9 loci (EstD-2, 
G3pdh, Me- I ,  Mpi, Pep- vl- 1. Pep- vl-2, Pep-lgg, Sdh, 
Xdh) and nearly fixed differences at 3 further loci (Aat- 
2 ,  Aat-2, Pgm-l). This genetic distinctiveness is not 
caused by allopatric separation of populations: the S. 
pavonina collection was sampled from Roscoff where it 
was sympatric with the sampled S. spallanzanii popu- 
lation. 

The mean Nei (1978) genetic distance between 
Sabella spallanzanii and S. pavonina is 0.996 (n = 7, 
range 0.987 to 1.025), while the mean genetic distance 
among the different S, spallanzanii collections was 
only 0.035 (n = 21, range 0.000 to 0.086). The mean 
genetic distance between Australian and European 
collections of S. spallanzanii was 0.051 (n = 12, range 
0.029 to 0.086). The separation of S. pavonina from the 
S. spallanzanii populations is also shown by the Wag- 
ner tree of Rogers' genetic distance (Fig. 3).  The simi- 
larity of the European and Australian collections of S. 
spallanzanii to one another, plus the distinctiveness of 
S. pavonina, indicates that the Australian collections 
are indeed S. spallanzanii and not another Sabella 
species. 

DISCUSSION 

Sabella spallanzanii and S. pavonina: genetic The genetic data indicate that the Australian speci- 
relationships mens are indeed Sabella spallanzanii, and that they 

derive from 1 or more European introductions. The 
Sabella spallanzanii and S. pavonina are genetically species has been described from the Ionian Sea as a 

very distinct. While only 10 specimens of S. pavonina protandric sequential hermaphrodite (Giangrande & 
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Petraroli 1994), and the good fits to Hardy-Weinberg 
equilibrium found here suggest that selfing is rare, if 
indeed it occurs at  all. 

Comparing levels of variation among populations 

Sabella spallanzanii is clearly very variable geneti- 
cally. The average heterozygosity per locus, over the 
23 examined loci, for the Mediterranean collections 
was about 0.25. This is about twice as high as the aver- 
age for 370 species of marine and terrestrial inverte- 
brates recorded by Ward et al. (1992) as 0.122, 
although perhaps 10 % of invertebrates are  even more 
variable than S. spallanzanii. 

Among the European collections, the Atlantic 
Roscoff collection was less variable than the Mediter- 
ranean collections in terms of mean heterozygosity, 
average numbers of alleles per locus, and percentage 
of polymorphic loci. A total of 22 alleles were found in 
the Mediterranean collections but not in the Roscoff 
collection, however no alleles were found in the 
Roscoff that were not found in the Mediterranean. This 
asymmetric pattern cannot simply be attributed to 
more Mediterranean animals having been sampled, 
since even the individual Mediterranean collections, 
with sample sizes smaller than the Roscoff collection, 
showed Mediterranean-specific alleles (Carteau, 17; 
Marseille, 17; Alicante, 20). 

While these alleles were all quite rare-generally 
having frequencies less than 0.10 and therefore con- 
tributing relatively little to heterozygosity-their pres- 
ence in, the Mediterranean and absence from the 
Atlantic suggests either that the species was originally 
native to the Mediterranean and lost rare alleles in the 
process of spreading to the Atlantic seaboard, or that 
Mediterranean populations have maintained higher 
population sizes and therefore more variation than the 
Atlantic populations. The latter was suggested by 
Bembo et al. (1996) to account for their similar finding 
of greater allozyme heterozygosity in Mediterranean 
anchovies (Engraulis encrasicolus) than in a n  Atlantic 
sample. When higher mitochondrial DNA diversity 
was found in Mediterranean populations of Mytilus 
galloprovincialis than in Atlantic populations, Quesada 
et al. (1995a) suggested that Pleistocene refugia in the 
Mediterranean maintained higher population sizes 
than Atlantic populations during glacial maxima. How- 
ever, despite some allozyme gene-frequency differ- 
ences (Quesada et al. 1995b), there were no differ- 
ences in overall allozyme heterozygosity between the 
Mediterranean and Atlantic populations of M, gallo- 
provincialis (H. Quesada pers. comm.) In any case, 
these apparent differences in variability between 
Atlantic and Mediterranean populations of Sabella 

spallanzanii need to be confirmed with additional sam- 
pling, especially from the Atlantic. 

The Australian collections were somewhat less vari- 
able than the European collections. While the mean 
numbers of alleles per locus were similar to those of the 
Roscoff collection, at  around 2.0 (compared with about 
2.7 for the Mediterranean), sample sizes were substan- 
tially higher, which would have increased the proba- 
bility of rare alleles being detected. Number of alleles 
and percentage polymorphism are  more sample-size 
dependent than average heterozygosity per locus, and 
it is this latter parameter that is the best single para- 
meter for estimating levels of genetic variation. The 
Australian collections had a n  average heterozygosity 
about 18 % less than the average of the 4 European col- 
lections, and about 20 % less than that of the 3 Mediter- 
ranean collections. Two loci in particular-Pgm-2 and 
Pgi-show striking losses in variation. Pgm-2 is mono- 
morphic in Australian collections but highly polymor- 
phic in all European collections examined. Pgi shows 
little variation in Australian collections but is highly 
variable in European collections. It is clear that the 
introduction from Europe into Australia was accompa- 
nied by the loss of some genetic vanation. 

Sabella spallanzanii produces large numbers of 
planktonic larvae and so can increase in population 
size very rapidly after a n  introduction to a favourable 
environment. Nei et al. (1975) and Chakraborty & Nei 
(1977) showed that the reduction in heterozygosity 
depends not only on the size of a population bottleneck 
but also on the rate of recovery. Hence, bottleneck 
effects in species with high fecundity and potentially 
high rates of population increase, such as S. spallan- 
zanii, may be less marked than in species with low 
fecundity. Some introductions of species with plank- 
tonic larvae have been accompanied by little or no 
detectable loss in genetic variation (e.g. the zebra mus- 
sel Dreissena polymorpha to North America, Boileau & 

Hebert 1993, Marsden et al. 1995), while others have 
shown large losses (e.g.  the northern Pacific seastar 
Asterias amurensis to Tasmania lost about 35 % of its 
genetic variation, Ward & Andrew 1995). Differences 
in the amount of variation lost in species with similar 
life histories may reflect differences in the original 
founding population sizes or perhaps number of intro- 
ductions. The loss of 18 to 20% of variation in intro- 
duced populations of S. spallanzanii could be attribut- 
able both to a founder effect and to small numbers of 
animals in the first few generations. 

The transport mechanism that brought Sabella spal- 
lanzanii to Australia from Europe is unclear Certainly 
the species has been observed attached to ships' hulls 
(Clapin & Evans 1995, S. Rainer pers. comm.), and they 
probably can remain attached to at  least slow-moving 
vessels. Specimens have survived short periods of high 
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temperature (12 h at 30°C), which would Increase their 
chances of surviving transport through tropical waters, 
although stress observed at 27°C makes it unlikely that 
they will ever colonise warm tropical waters (Clapin 
1996). It is also possible that they can be transported as 
larvae in ballast water, but their lecithotroplc nature 
(Giangrande & Petraroli 1994, Rouse & Fitzhugh 1994) 
is likely to mean that their larval stages are relatively 
short-lived and thus unable to survive long-distance 
shipping. Thus transport from Europe to Australia is 
more likely to have been as hull-attached juvenile or 
adult worms than as larvae. 

Genetic relationships among populations 

There are at least 4 major infestations of Sabella spal- 
lanzanii in Australia (Cockburn Sound and Albany, 
\/Vstern Ausirdiia; Adeiaicle, South Australia; Port 
Phillip Bay, Victoria). Do these represent separate intro- 
ductions from 4 different sources? The answer to this 
question seems to be no, as the 3 studied Australian 
populations wcre genet~cally very similar to one 
another, with no statistically significant differences 
in gene frequency. This implies a single source, be- 
cause otherwise the significant heterogeneity observed 
among the European populations studied would be re- 
flected in heterogeneity among Australian populations. 

The indications are tha.t the source was somewhere 
in the Mediterranean Sea. This is suggested both by 
the mean Nei (1978) genetic distance between the 
Mediterranean and Australian collections being only 
0.040 (compared with 0.084 for the Atlantic and Aus- 
tralian collections) and by inspection of allele frequen- 
cies at individual loci. Of course, this conclusion bears 
the caveat that only 1 Atlantic population, Roscoff, was 
examined, and it assumes that other Atlantic popula- 
tions would be more like Roscoff than like the Mediter- 
ranean populations. Importation from the Alicante 
region is more likely than from the Marseille region, 
although there are of course a large number of as-yet- 
unstudied putative source ports. 

The next question is whether there was a single or 
multiple introduction from the European source. It 
could be argued that if there had been independent 
introductions to different parts of Australia, the likely 
small size of the founding populations (hull-borne 
juveniles or adults) would be expected to lead to spa- 
tial genetic heterogeneity unless there was subsequent 
widespread gene flow. An alternative scenario, a sin- 
gle introduction followed by a spread to other sites, 
could account for the relative genetic uniformity of the 
Australian populations. However, this scenario posits 
gene flow to the secondary sltes, and if there were 
such gene flow, then this could lead to homogenisation 

of allele frequencies among sites resulting from sepa- 
rate introductions. The present data therefore do not 
allow clear discrimination between the single intro- 
duction and multiple introduction hypotheses. Note 
that within-Australia gene flow could be mediated not 
only by individuals attached to the hulls of coastal 
shlpping but also by ballast-water transport of the 
short-lived eggs and larvae, as shlpping times among 
Australian ports are much less than between European 
and Australian ports. The extent of gene flow among 
Australian ports would be expected to be greater than 
from Europe to Australia. 

If there was a single invasion of southern Australian 
waters, followed by a spread, then which area recelved 
that first invasion? This cannot be answered from the 
present genetic data, but Clapin & Evans (1995) suggest. 
from examining museum material, that Sabella spallan- 
zanii may have been in the Albany region of Western 
Australia as early as 1965. This is currently the oldest 
record in Australia, and it is possible that, while Albany 
is only a minor port berthing small and medium-sized 
vessels, it was the first port of introduction. 

In principal, if there were a single introduction (say 
to Albany), followed by secondary colonisations from 
that original introduction, then the population result- 
ing from the first colonisation should show more 
genetic variation than the second. If there were a lin- 
ear sequence of colonisations, with the third introduc- 
tion deriving from the second, and so on, then each 
subsequent introduction would be expected to result in 
the loss of further variability. The allozyme approach 
we used is not powerful enough to examine such 
expectations, since the numbers of alleles per locus, 
averaging 2 to 2.5, were too low. However, the analysis 
of variation at microsatellite loci could well lead to very 
interesting results, since for such loci the numbers of 
alleles can be as high as 40 or 50. With so many alleles, 
the consecutive loss of alleles with subsequent intro- 
ductions should be measurable. The examination of 5 
to 10 such loci per species could well revolutionise our 
understanding of the routes taken by accidental intro- 
ductions of both marme and terrestr~al organisms. 
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