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ABSTRACT: A total of ten red seaweed species are recognized as introduced into the North Sea
from other parts of the world. These are Asparagopsis armata and Bonnemaisonia hamifera (Bon-
nemaisoniales), Grateloupia doryphora (Halymeniales), Antithamnionella spirographidis, An-
tithamnionella ternifolia, Anotrichium furcellatum, Dasya baillouviana, 2Dasysiphonia sp., Polysi-
phonia harveyi and Polysiphonia senticulosa (Ceramiales). The oldest of these is B. hamifera, in-
troduced prior to 1890, while the most recent, 2Dasysiphonia sp., was first found in 1994 and still
requires taxonomic investigation. A variety of distribution patterns is seen, with geographical
ranges varying from general within the North Sea to very restricted. The diversity of introduced
red algae on eastern coasts of the North Sea is much greater than in the west. The most likely ex-
planation for this pattern is that French coasts were the initial site of introduction for many of the
seaweeds, which were then distributed northwards by the residual surface currents. Their increas-
ing success in the Netherlands has probably been promoted by the drastically changed local hy-
drodynamic conditions which have also permitted the recent introduction of many native European
species. Of the biological features of species that may favour their success as introductions, clonal
vegetative propagation, often with specialized propagules or fragmentation mechanisms, is almost
ubiquitous. Low-temperature tolerances can be inferred, but data are sparse. Many of the alien red
algae in the North Sea contain anti-grazing compounds such as bromophenols, which may con-
tribute to their invasive potential by deterring grazing sufficiently to permit establishment of an in-
oculum.

INTRODUCTION

The first introductions of exotic seaweeds into northern Europe were recognized in
the late nineteenth and early twentieth centuries (Farnham, 1980). The subsequent
spread of these seaweeds was followed keenly by phycologists in the 1930s and 1940s.
During the 1970s there was a resurgence of interest in introduced algae, prompted by
the recognition of several new aliens (Farnham, 1980), which culminated in determined
attempts to eradicate the fucoid brown alga Sargassum muticum from the south coast of
England. The failure to eliminate or even slow the spread of S. muticum probably con-
tributed to a decline in the attention paid to alien seaweeds. Over the last few years
there has been a renewal of interest in marine introductions (Sinderman et al., 1992;
Boudouresque et al., 1994; Ribera & Boudouresque, 1995). Ballast water has been the
main focus, however, and as it contains very few macroalgal propagules the marine
macroalgae have often been ignored (Carlton & Geller, 1993). Now, however, compre-
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Fig. 1. Map of north-west Europe showing oceanographic features and broad-scale distribution of
introduced red algae. British Isles and Solent lists were derived from Farnham (1980) and Maggs

& Hommersand (1993). Designated boundaries of the North Sea are indicated by dashed lines. Ar-
rows indicate residual currents (from Lee & Ramster, 1981). Dotted lines are 5°C February
isotherms; surface temperatures in shaded area are below 5°C
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hensive lists of introduced seaweeds have been produced for European waters. The
Joint Nature Conservation Committee has published a directory of non-native marine
organisms in British waters (Eno et al., 1997) and a comprehensive European list is cur-
rently being revised (S. Gollasch, personal communication).

This paper will be confined to red macroalgae believed to have been introduced
into the North Sea by human activities. The North Sea is here regarded as extending
from the Dover-Calais constriction of the English Channel northwards to a line between
the Shetland Islands and Bergen, Norway (Fig. 1), and eastwards to its junction with the
Baltic Sea at the Skagerrak-Kattegat line. In order to put the total numbers of invad-
ing red algae in the North Sea into context, they are compared with those in another
well-studied and ecologically diverse geographical region, the British Isles (Fig. 1). Al-
though some species are present in only one area or another, the total numbers in both
regions are similar. However, a comparison with the Solent region of England, which
has long been regarded as a 'hotspot’' for introductions (Farnham, 1980), shows that
nearly as many species of alien red algae are found in the Solent as in the whole North
Sea.

Each of the introduced red algae found in the North Sea will now be considered
separately, in taxonomic order. For each species, the reasons for recognizing it as intro-
duced will be discussed briefly, with some mention of the vector of introduction if
known, and we summarize its geographical distribution and habitat in the North Sea.
We will then concentrate on the biological features of each species that may have
favoured its success as an invader. The type of data we cover include morphological
and biochemical features, physiological results and life-history data from culture stud-
ies where available; we will also refer to relevant, mostly unpublished, molecular data.
Although Porphyra yezoensis Ueda was reported from Helgoland (Kornmann, 1986), we
exclude it here on the basis of a comparison of nucleotide sequence data (of the Rubisco
large subunit-small subunit spacer region) with that of authentic material from Japan (J.
Brodie, personal communication). Mastocarpus stellatus (Stackhouse) Guiry has been
introduced to Helgoland by scientific activity (Kornmann & Sahling, 1994), but it cannot
be regarded as an exotic in the North Sea, being native to many North Sea coasts. Fi-
nally, we will summarize the information for different species and draw conclusions
concerning features of red algae that may be important in ensuring their success as in-
vaders of the North Sea.

RESULTS AND DISCUSSION
Asparagopsis armata Harvey (Bonnemaisoniaceae, Bonnemaisoniales)

Western Australia is the type locality of both Asparagopsis armata Harvey and its
morphologically dissimilar tetrasporangial Falkenbergia phase. A. armata is very dis-
tinctive, the only red seaweed to form barbed harpoon-like spines. The first Atlantic
population appeared in 1925 at Guéthary in the Bay of Biscay (Irvine et al., 1975), and
1t was discovered almost simultaneously at two Mediterranean localities. The Falken-
bergia phase was noticed first in the British Isles (at Galway) in 1939; gametophytes
were found at Galway 2 years later. The Falkenbergia phase is now widespread in the
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Table 1. North Sea distribution of exotic red algae, with totals recorded in edach area

Species Shetland E Scot- E & SE S Nor- Den- Nether- Belgium
Orkney land England way mark lands NE France
NE W Swe- Ger-
England den many

Asparagopsis armata + - - - - - -

(Drift

only)
Bonnemaisonia hamifera + + + + + - +

(Drift

only)
Grateloupia doryphora - - - - - + -
Antithamnionella - - - - - + +

spirographidis

Antithamnionella ternifolia - + - - - + +
Anotrichium furcellatum - - - - - + _
Dusya baillouviana - - - + + + -
?Dasysiphonia sp. - - - - - + -
Polysiphonia harveyi - + + + + + +
Polysiphonia senticulosa - - - - - + _
Total 2 3 2 3 3 8 4

British Isles, although rare on east coasts, while the gametophyte appears to be con-
fined to southern and south-western coasts (Farnham, 1980).

The gametophytic and tetrasporangial phases of A. armata are believed to have
been introduced to Europe, possibly separately, from Australia. A second species, A.
taxiformis {Delile) Trevisan, is widespread in the tropics and in the Mediterranean; its
key morphological character is the absence of barbed spines. The origins of A. armata
in northern Europe have been investigated using 24 Falkenbergia strains from Atlantic
and Mediterranean Europe, the Caribbean, and the North and South Pacific including
Australia (Ni Chualdin, 1997; F. Ni Chualain, C. Maggs & M. Guiry, unpublished data).
Upper and lower temperature limits for growth and reproduction were determined and
restriction analysis of chloroplast DNA was carried out. All seven isolates from Atlantic
Europe were identified as A. armata because they were identical to a strain of A. armata
collected at the type locality. They survived temperatures of 5-25°C, and grew at 9°C
to 21 (-23) °C. No restriction site mutations were found among these isolates, which ap-
peared to be genetically uniform at this level of resolution.

In the North Sea, A. armata (Falkenbergia phase only) is apparently known only
from Orkney and Shetland (Table 1; Irvine et al., 1975). In Orkney it was found at two
localities, growing epiphytically in intertidal pools, and it was also collected twice in
Shetland (once intertidally, once subtidally). In the Netherlands only drift material of
both phases has been seen, presumably originating in northern France as it does not oc-
cur in Belgium. The temperature tolerances of Falkenbergia show unequivocally that A.
armata is the only Asparagopsis species that can colonize the coasts of the British Isles;
isolates of A. taxiformis sensu lato have lower survival limits of (9) 11-17°C. The very



Red algal exotics on North Sea coast 247

restricted distribution of Falkenbergia in the North Sea is explained by its intolerance of
winter temperatures below 5°C, which are experienced throughout the southern and
eastern North Sea (ICES, 1962).

Several key features of A. armata seem to be associated with its great success as an
invader in the British Isles, where the tetrasporophyte forms monospecific stands in
suitable habitats.

1. It has a high capacity for clonal reproduction. Both phases reproduce vegetatively
(Dixon, 1965); the Falkenbergia phase spreads easily as floating balls while the ga-
metophyte hooks onto floating material. Rapid clonal spread in Europe is reflected in
the genetic identity of all European Atlantic populations.

2. It survives lower temperatures than other Asparagopsis species, although not low
enough to permit it to colonize most of the North Sea.

3. Asparagopsis forms large amounts of halogens and organic halogen-containing ke-
tones (Fenical, 1975), which are closely related to the tear gas component monobro-
moacetone and toxic to bacteria, fungi and humans (despite this A. taxiformis is
eaten in Hawaii!). Asparagopsis species including the Falkenbergia phase of A. ar-
mata also produce the noxious compound bromoform (Norris & Fenical, 1982). These
halogenated compounds are effective anti-grazing agents, and A. taxiformis is not
eaten by fish or urchins (Norris & Fenical, 1982).

Bonnemaisonia hamifera Hariot (Bonnemaisoniaceae, Bonnemaisoniales)

The tetrasporophytic {Trailliella} and gametophytic phases of Bonnemaisonia ham-
ifera were first found in Europe (southern England) in 1890 and 1893 respectively {(Farn-
ham, 1980). Both phases are easily recognizable, the gametophyte by its hooks and the
Trailliella phase by the presence of gland cells in a distinctive alternate arrangement.
The Trailliella phase has spread northwards to Iceland and southwards to the Canaries,
and from Labrador to Virginia (Breeman et al., 1988). Bonnemaisonia hamifera is
thought to have been introduced from Japan; plastid DNA restriction fragment length
polymorphisms (C. Maggs & M. Guiry, unpublished data) are identical in European and
Japanese isolates. Today, it is so widespread and abundant in Europe that it can be re-
garded as fully established, with no possibility of eradication.

The Trailliella phase occurs throughout the North Sea, growing subtidally in Scot-
land and eastern England, and from northern Norway to France, although it is known
in the Netherlands only as drift. The gametophytic phase is absent from northern Nor-
way but occurs southwards from southern Norway (Breeman et al., 1988). The differen-
tial distribution of the gametophytic and sporophytic phases of B. hamifera results from
complex interactive responses to temperature and daylength in this species (Lining,
1980; Breeman et al., 1988). Reproduction in Trailliella requires a combination of high
temperature and short days, resulting in an autumn “reproductive window" before the
temperature becomes too low (Lining, 1980). In northern Norway, the window is
closed. Maturation of gametophytes is also temperature-sensitive. B. hamifera is protan-
drous, and in the northwest Atlantic males finish reproducing before females are fertile,
so the life history is not completed there {Breeman et al., 1988); sporophytes survive by
asexual propagation. The species is much better adapted to conditions in Japan than
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those in the North Atlantic, consistent with other evidence that it has been introduced
from Japan.

The features of B. hamifera that suit it to life as an invader of the North Sea are sim-
ilar to those already considered for the related Asparagopsis armata. Its wider distribu-
tion and Japanese rather than Australian origins are correlated with greater physiolog-
ical tolerances, however. It is more eurythermal than A. armata, surviving 0-28 °C (Lin-
ing, 1984): of 23 Helgoland red algae tested by Liining, only two tolerated higher tem-
peratures. Both gametophytes and sporophytes can grow at 0°C, but gametophytes
have a distinct growth optimum of 15 °C whereas Trailliella grows well at 25°C (Bree-
man et al.,, 1988), consistent with summer temperatures of 25°C at Shimoda, central
Japan. Trailliella thrives under a wide range of environmental conditions in the British
Isles, including those associated with very muddy and sheltered, almost anoxic habitats,
where it forms beds up to 100 cm thick (Connor et al., 1997). Trailliella is particularly
abundant in impoverished communities such as those heavily grazed by sea urchins.
The gland cells of Trailliella accumulate halogens (bromine is concentrated 30-fold, iodine
3-fold, relative to the ordinary cells), as shown by X-ray fluorescence electron micro-
probe spectroscopy (Wolk, 1968). Like A. armata, both life-history phases spread rapid-
ly by vegetative reproduction. The gametophyte attaches itself by its hooks to other ma-
terial, such as Zostera fragments, and it is frequently found among drift material.

Grateloupia doryphora (Montagne) Howe (Halymeniaceae, Halymeniales)

A large foliose species of Grateloupia discovered in 1969 in the Solent was attrib-
uted by Farnham (1980) to G. doryphora on the basis of its morphological similarity to
this Pacific alga and presumed to be an introduction. Marginal expansion in the Solent
was slow initially, and after a decade it had colonized only about 20 km in both direc-
tions from the original site. It took more than 20 years to reach the Isle of Wight, 8 km
offshore (Farnham, 1997). However, in the meantime (by 1984) it had spread to Milford
Haven, Wales, growing near an oyster farm where it was still present in 1996. It was
also found in the Mediterranean at Messina, Italy (de Masi & Gargiulo, 1982). Rapid ex-
pansion is now taking place in the eastern North Atlantic. Grateloupia doryphora was
found in the Channel Islands in 1995 (Farnham, 1997), and is now well established on
the coasts of Brittany (Cabioch et al., 1997) and northern Spain {Farnham, 1997).

The only known North Sea site for this species is in former oyster ponds near
Yerseke, in the tidal Oosterschelde, the Netherlands, where single thalli were found
twice, on 18 August 1993 (tetrasporangial: Stegenga & Otten, 1997) and 15 November
1996 (cystocarpic: specimens in Leiden herbarium, L, collected by H. Stegenga).

Most of the newly discovered European populations are in the vicinity of shellfish
farms, suggesting that this species has been transported with commercial molluscs. G.
doryphora has recently appeared at Rhode Island, USA (Villalard-Bohnsack & Harlin,
1997), but the vector involved is unknown.

Antithamnionella spirographidis Schiffner (Ceramiaceae, Ceramiales)

The earliest known British collection of Antithamnionella spirographidis was made
in 1906 at Plymouth, but it was first described in 1911 from the Mediterranean (Maggs
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& Hommersand, 1993). Lindstrom & Gabrielson (1989) placed several North Pacific
species in synonymy with A. spirographidis, and suggested that the species is of North
Pacific origin. Culture studies support this conclusion, as Japanese, Californian and Eu-
ropean isolates all interbreed freely (Maggs, unpublished data). It appears to have been
introduced to Australia subsequently by shipping. A. spirographidis is small and incon-
spicuous, and confusion with A. ternifolia (see L'Hardy-Halos, 1986) obscured its initial
spread. In southern England, it is particularly common in yacht marinas, and marginal
dispersal in Europe probably involves small boats.

In the North Sea, A. spirographidis is known only in the Netherlands, where the
first record is from 31 July 1974, in an oyster pond near Yerseke (collected by H. Ste-
genga, in L), and Belgium (Ostend in 1992: Coppejans, 1995). From 1993 onwards it has
become rather common in the Netherlands in the tidal Oosterschelde, with a few col-
lections from the stagnant saline Grevelingen. Plants occur year-round but are most
abundant during the second half of the year. Tetrasporangia are formed throughout the
year, and gametangia in May to November. Temperature tolerances of this species are
unknown, but its presence in the Netherlands suggests that it could colonize suitable
habitats in most of the North Sea.

Both introduced Antithamnionella species, A. spirographidis and A. ternifolia, have
gland cells (Maggs & Hommersand, 1993). Gland cells of antithamnioid algae contain
large amounts of halogens such as the brominated compound eosine and other bromo-
phenols (Fenical, 1975), and although these algae have not been subjected to grazing
tests, it can be assumed that, as in the Bonnemaisoniaceae, they are grazing deterrents.

Antithamnionella ternifolia (J. D. Hooker & Harvey)
Lyle (Ceramiaceae, Ceramiales)

The first European record of Anfithamnionella ternifolia was from northern France
in 1910; it was found in the Channel Islands in 1921, was common in south Devon by
1926-1929, and was then reported from Ireland and the Isle of Man and later from west-
ern Scotland (Maggs & Hommersand, 1993). When Lyle (1922) described her collections
as a new species, A. sarniensis, she noted that the only similar plants were from the
southern hemisphere, and assumed that the European population was introduced. The
origins of this introduction are still unknown - the situation is complex as there are a
number of morphologically similar and probably fairly closely related species in various
parts of the world. Magne (1991) reported it as an introduction to Australia. L'Hardy-
Halos (1986) found that the length and diameter of axial cells of tetraspore progeny
from France vary. Some plants are short and stocky while others are more slender. This
feature was genetically controlled — potential evidence of interspecific hybridization
during the evolutionary history of this species.

In the North Sea, A. ternifolia is known from the SE coast of Scotland (St Abbs),
where it was common on sublittoral bedrock at 4-14 m (Hiscock, 1984}, and as single
records from the Netherlands (specimen in L collected by Den Hartog, 21 October 1951,
near Yerseke) and Belgium (Coppejans, 1995).

This species is common in the British Isles, spreading clonally by vegetative repro-
duction. It grows particularly well on artificial substrata such as ropes and marina pon-
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toons, facilitating its spread. Tetrasporangia are formed in the autumn, but released
tetraspores fail to germinate or grow into deformed gametophytes. French isolates, by
contrast, can undergo normal sexual reproduction although they also recycle tetra-
sporophytes apomictically (L'Hardy-Halos, 1986).

Anotrichium furcellatum (J. Agardh) Baldock (Ceramiaceae, Ceramiales)

Anotrichium furcellatum is believed to have been introduced from the Mediter-
ranean to northern France prior to 1922 but the alga now present in the Mediterranean
may not be identical to that originally found by J. Agardh (Feldmann-Mazoyer & Mes-
lin, 1939). Modern Mediterranean populations resemble Monospora tenuis Okamura
from the Pacific, so they might have been derived from the introduction of a (possibly
conspecific) Pacific form into the range of the original Mediterranean alga (Feldmann-
Mazoyer & Meslin, 1939). In the North Sea, A. furcellatum is known only from the
Netherlands (Stegenga & Mol, 1983). Material in L (six sheets in all) is from only two lo-
calities, Yerseke oyster ponds (five collections) and Sas van Goes {one collection), and
was usually found in the form of free-floating "pompons”. All collections were made in
the period 1968-1977 (first record 2 October 1968 at Yerseke), during the summer {July-
October), with the only tetrasporangial sample obtained in August. This species has not
been found in the Netherlands in recent years despite a rather intensive search at the
original locations. In southern England, where the first collections were made in 1976,
A. furcellatum seems to be spreading. It rarely forms tetrasporangia but reproduces vig-
orously by secondary attachment and fragmentation (Feldmann-Mazoyer & Meslin,
1939).

Dasya baillouviana (S.G. Gmelin) Montagne (Dasyaceae, Ceramiales)

Dasya baillouviana is widely distributed in the Mediterranean, westwards to Cadiz,
and on the Atlantic coast of North America, from Nova Scotia to the Caribbean (Den
Hartog, 1964; Dixon & Irvine, 1970; Richardson, 1981); it appears to be native to both of
these areas. In the North Sea attached specimens were first collected on 6 August 1950,
in the "Kanaal door Zuid-Beveland” in SW Netherlands (Den Hartog, 1964, as Dasya
pedicellata). The origin of this population is unknown, but Den Hartog (1964) noted that
it was found only a few kilometers from oyster ponds. Dasya baillouviana is a very con-
spicuous species, growing to 175 cm in height, and is easily recognizable by its dense
coat of pigmented hair-like monosiphonous filaments; soon (1953) it was noted on the
west coast of Sweden and was present by 1961 in Denmark (Den Hartog, 1964) and
1969 in Norway. It now occurs quite widely in Denmark (Nielsen & Kristiansen, 1994).
In the Netherlands, D. baillouviana was collected regularly for several years after its ini-
tial discovery, but only at the original site and at “Gat van Ouwerkerk”, another stag-
nant saline or brackish locality. The population in the Kanaal door Zuid-Beveland has
persisted even though this canal was exposed to a tidal regime in 1994. Recently (since
1993), it has expanded its distribution, becoming established in the Veerse Meer (stag-
nant and brackish), Grevelingen (saline and stagnant) and, less abundantly, in the tidal
Oosterschelde (near Yerseke).
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In the Netherlands Dasya baillouviana is a summer annual, occurring in July to Oc-
tober (to December). Both tetrasporophytes and gametophytes reproduce in July to Oc-
tober. The phenology of D. baillouviana in Nova Scotia, where this species is restricted
to warm embayments, is very similar to that in the Netherlands. Large vegetative and
reproductive thalli appear in August {(when the temperature is ca. 25°C) and survive
until November when the temperature drops to 5 °C; only juveniles are present in July
and December (Novaczek et al., 1987). By contrast, in North Carolina macroscopic thalli
occur in winter and spring, February to May, reproducing in April and May (Richard-
son, 1981).

The most significant biological features accounting for the success of this species on
eastern North Sea coasts are (1) its physiological tolerances, particularly those of the
specialized perennating pad-like holdfasts, and (2) its ability to propagate vegetatively
from fragments as small as single monosiphonous laterals.

In Europe D. baillouviana is euryhaline, being able to grow throughout a salinity
range of 10-30 psu, and it can also tolerate pollution and high concentrations of hydro-
gen sulphide (Den Hartog, 1964). A culture from Nova Scotia was highly eurythermal
(Novaczek et al., 1987). Mature thalli were clearly warm-temperate in their temperature
optima, growing and reproducing at 15-28 °C, and surviving 10-31°C. However, spe-
cialized perennating pads composed of starch-filled cells survived at 0 °C for 4 months
and tolerated all temperatures up to 34 °C, the widest temperature range of the four
Nova Scotian species tested. Tetrasporophytes grew rapidly and matured in only 6
weeks at 20°C.

After reproduction has finished, the monosiphonous filaments that clothe the thalli
are shed as filaments or single cells and act as propagules, giving rise to numerous new
individuals (Novaczek et al., 1987). These propagules can develop into perennating
pads, which also form directly on the thallus from attached filaments. In Nova Scotia,
and presumably the Netherlands also, D. baillouviana overwinters in the form of these
pads, while in North Carolina it persists during the summer, when temperatures can ex-
ceed 30°C, as perennating discs which are resistant to graizing by sea urchins and fish
{(Richardson, 1981). Probably the most enigmatic aspect of the distribution of D. baillou-
viana in Europe, in view of its physiological tolerances and rapid reproduction, is why it
has failed to colonize the east coast of England. The answer may lie in its reported in-
tolerance of wave action (Den Hartog, 1964). On North American coasts, in the Mediter-
ranean, and in western Europe, it appears to be restricted to wave-protected areas
(sometimes with fairly strong tidal currents). Although sheltered embayments are gen-
erally absent from south-east England, the creation of new yacht marinas during the
last decade could provide this species with a favourable habitat there. However, resid-
ual currents along the east coast of Britain flow southwards (Fig. 1) so these coasts may
not receive drift material.

Dasysiphonia sp. {(Dasyaceae, Ceramiales)

Dasysiphonia sp. is a large red alga (up to 30 cm high), first recorded in Europe on
28 June 1994, in former oyster ponds near Yerseke, The Netherlands (Stegenga, 1997)
and in May 1995 was collected twice, independently, in the intertidal zone near the
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marine station at Roscoff, Brittany. An apparently identical red alga corresponding to
this species is now rather common on the Galician coast, especially “in areas strongly
influenced by human activities (i.e. mariculture)” (J. Cremades, personal commununi-
cation}, and may have been introduced there as early as 1990. Its generic affinities are
uncertain: the formation of the four pericentral cells in an opposite/transverse pattern
appears to be unique within the family Dasyaceae. In NE Asia, from where this alga has
presumably been introduced, this species has often mistakenly been identified as Het-
erosiphonia japonica Yendo (H. Stegenga, unpublished data; see de Jong et al., 1998).

It is now a common, sometimes abundant, species in most of the tidal Oosterschelde
and occasionally in the stagnant Lake Grevelingen. Thalli occur throughout the year if
the winter is mild. Only tetrasporophytes have been found to date, bearing stichidia in
June to November. The initial introduction may have been into France, perhaps, like
many other invading algae, with oysters. A factor in its success may be that, like Dasya
baillouviana, this species regenerates easily from small fragments. As tetrasporangia
are the only reproductive structures observed to date, it seems likely that this alga has
an apomictic life history similar to that of many other Dasyaceae {(Maggs, 1998).

Polysiphonia harveyi Bailey (Rhodomelaceae, Ceramiales)

Polysiphonia harveyi was described from Connecticut in 1848 and occupies the east
coast of North America from Newfoundland to South Carolina. Recently, it was reported
by Maggs & Hommersand (1990, 1993) to be widespread and abundant in the British
Isles. In Europe it can be identified readily by the key feature of the position of chloro-
plasts. They are only on radial walls of the periaxial cells, so that the cells appear trans-
parent, whereas in other European members of the genus chloroplasts also lie against
the outer walls. In the Pacific, by contrast, there appears to be a group of species with
this character (Yoon, 1986). Its systematic and nomenclatural position is extremely prob-
lematic. This plastid feature was later reported for a Polysiphonia species described
from Brittany in 1867, P. insidiosa, which is believed to be conspecific with P. harveyi. In
Japan and Korea, P. harveyi-like algae, known as P. japonica Harvey and many other
synonyms, are common and widespread. Northwest European populations may repre-
sent the last step in a cascade of introductions that started in the North Pacific. Speci-
mens collected at Weymouth, Dorset, by A. D. Cotton in 1908 (in the Natural History
Museum herbarium, BM) represent the first known British material of P. harveyi. Its
eastern Atlantic distribution appears to be enlarging rapidly at present, and it is now
known from Norway (Rueness, 1994) to the Canary Islands (Rojas-Gonzalez et al,,
1994).

In the North Sea, P. harveyi has been collected in eastern England and SE Scotland
(Bradwell, Essex, July 1992; and St Andrews, Fife, 17 April 1992}, the Netherlands, Hel-
goland (Kornmann & Sahling, 1978, as P. violacea), Norway (Rueness, 1994), Denmark
(Koch, 1986, as P. fibrillosa) and Belgium (Coppejans, 1995, as P. fibrillosa). It is mostly
intertidal on a wide range of substrata such as the algae Codium fragile, Sargassum mu-
ticum, Chondrus crispus, Mastocarpus stellatus and the ascidian Styela clava. It also
grows on artificial surfaces such as ropes and pontoons and is particularly abundant in
marinas. The first definite North Sea record dates back to 1960 (The Netherlands, spec-
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imens in L). In the Netherlands P. harveyi is now very common and often abundant in
Qosterschelde and Grevelingen, occurring over a fairly wide range of wave exposures
and substrata. It is also found in the northern Netherlands (Texel), where it appears to
be the only established red invader. It occurs year-round, but is less abundant in winter
(December to March) when tetrasporangia are absent.

In many localities on North Sea coasts, P. harveyi is now the dominant small sea-
weed during much of the year. It has a wide range of biological features that have given
it an advantage as an immigrant. These will be discussed under the categories (1) pre-
ferred substratum, (2) habitat, (3) physiological tolerances, (4) life-history features, and
(5) inferred unpalatability to grazers.

Polysiphonia harveyi grows most abundantly on algae that float and drift well, par-
ticularly Codium fragile and Sargassum muticum. It is possible that it was introduced
from Japan with Codium, since it grows on this species in Japan also. Sargassum mu-
ticum, as it undergoes vigorous marginal dispersal, may carry hitch-hiking P. harveyi
with it. Polysiphonia harveyi occupies a wide range of intertidal and subtidal habitats,
both in Japan and in Europe. Its abundance on artificial substrata such as fish cages and
yacht moorings facilitates its movement along the coast. It can exploit a wide range of
temperatures - an isolate from Denmark grew well and reproduced at 4-22°C (Koch,
1986). Male thalli are usually smaller than females and tetrasporophytes, sometimes re-
producing when only 5 mm high, and are often ephemeral. Unusually, they form vege-
tative propagules abundantly from modified male trichoblasts; the clonal propagation of
further male thalli from these may be a mechanism that compensates for the fragility of
males. Finally, we have observed that in heavily Littorina-grazed pools, P. harveyiis one
of the few surviving seaweeds. Members of the Rhodomelaceae are perhaps the most
prolific algal synthesizers of halogenated metabolites (Fenical, 1975). Many species of
Polysiphonia form a wide range of bromophenols (Fenical, 1975} which are toxic to mi-
croalgae; although grazing tests have not been carried out on Polysiphonia species,
their bromophenols presumably are grazing deterrents as in the Bonnemaisoniaceae.

Polysiphonia senticulosa Harvey (Rhodomelaceae, Ceramiales)

Polysiphonia senticulosa Harvey was originally described in 1862 from Washington
State, and later from Alaska, as P. pungens Hollenberg. The correct name for this
species is likely to be P. morrowii Harvey, described from Hokkaido, Japan (Yoon, 1986),
although the proposed conspecificity of P. morrowii and P. senticulosa has been ques-
tioned (Kudo & Masuda, 1988). It is apparently native to a large area of the north-eastern
and north-western Pacific and is believed to have been introduced into Australia and
New Zealand, possibly by shipping (Womersley, 1979; Nelson & Maggs, 1996). This four
periaxial-celled species resembles the common native European species Polysiphonia
stricta (Dillwyn) Greville, but can be distinguished by a unique feature, sharply pointed
vegetative tips.

It was first found in Europe on 4 May 1993 at Gorishoek, The Netherlands (col-
lected by H. Stegenga; specimen in L), and is now common in a large part of the Oost-
erschelde, where it is locally abundant in the oyster ponds of Yerseke Oesterbank. It oc-
curs there in winter and spring, from October to June, and tetrasporangial and sexual
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reproduction both take place in November to June. Its phenology in Europe closely re-
sembles that of P. morrowii in Korea, which first appears in January and reproduces
from the end of January to May, when it disappears (Kim et al., 1994). At present it is
not known whether it was introduced independently into Australia, New Zealand and
now the North Sea, but it seems likely that this species will spread further in Europe.

We have no information on which features might make P. senticulosa successful as
an alien, but it is notable that several Polysiphonia species that have been introduced
have become seriously invasive. In North Carolina, P. breviarticulata (C. Agardh) Za-
nardini has become a nuisance (Kapraun & Searles, 1990), washing up in quantities on
beaches, and in the Mediterranean one of the mostly rapidly spreading seaweeds is P.
(= Womersleyella) setacea Hollenberg, which forms dense carpets on all sublittoral sur-
faces (Athanasiadis, 1997).

CONCLUSIONS

North Sea aliens show a variety of distribution patterns (Fig. 1, Tables 1, 2), with ge-
ographical ranges varying from general within the North Sea to very restricted. The di-
versity of introduced red algae on the eastern coasts of the North Sea is much greater
than that on western coasts. Only one species, Asparagopsis armata (Falkenbergia
phase), is confined to British coasts, and this is restricted to the offshore islands which
have milder winters than the mainland of eastern Scotland. The most likely explanation
for this pattern involves (1) the initial site of introduction of the seaweeds and (2) the
residual surface currents. The great majority of seaweed introductions to Europe were
first observed in France, including both Atlantic and Mediterranean coasts
(Boudouresque, 1994). This may be partly due to the long and diverse coastline, but is
probably also related to the extensive French aquaculture industry. The diversity of
alien seaweeds established in France provides a supply of propagules that drift north-
east with the surface currents. Their success in The Netherlands (Table 2) has probably
been promoted by the drastically changed local conditions as a result of the “Delta Hy-
drotechnical Works”, which have also permitted the recent introduction of many native
European species (Stegenga, 1998).

Comparison of the biological features of each species that may favour their success
as introductions (Table 2) shows that clonal vegetative propagation is almost ubiquitous
amongst North Sea red algal aliens. Only one species, Grateloupia doryphora, lacks any
particular means of vegetative spread, while several of the aliens have specialized
propagules or fragmentation mechanisms. Unfortunately, temperature tolerances have
been investigated for less than half of the species, even though these are probably an
important consideration for predictions of future spread. Finally, it is notable that many
of the alien red algae in the North Sea contain anti-grazing compounds. The high bro-
mophenol content of many members of the Ceramiales (Fenical, 1975) may contribute
to their invasive potential by deterring grazing sufficiently to permit establishment of an
inoculum, and sometimes the development of a bloom.

The impact of exotic red algae on native species is almost completely unknown.
Several of the North Sea aliens can become extremely abundant, particularly the
tetrasporophytic phases of Bonnemaisonia hamifera {Trailliella) and Asparagopsis ar-
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mata (Falkenbergia). The greatest abundance of Trailliella is found on sediments in im-
poverished communities, so there is no obvious effect on native algal species. However,
when Trailliella and Falkenbergia are epiphytic, they must affect photosynthesis of the
species on which they are growing, although any potential effect has never been eval-
uated. The majority of the aliens favour artificial substrata in man-made habitats, such
as marinas and harbours, and therefore do not impact on natural communities. Overall,
the effect of introduced red algae in the North Sea has been to increase species rich-
ness.
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