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Abstract

We analyzed 69 publications on the impacts of intro-
duced seaweeds. The predominant impacts were
changed competitive relationships in the recipient habi-
tat, indicated by high abundances of invaders, resultant
space monopolization, and reduced abundances/bio-
mass of native macrophytes. Changes in biodiversity,
effects on fish and invertebrate fauna, toxic effects on
ather biota, and habitat change were also identified. The
mechanisms underlying the manifestation of impacts are
uncertain and inferences about common patterns were
hampered because impact studies were available for only
a few introduced seaweeds, covered only a fraction of
their introduced distribution and generally were conduct-
ed over short time scales. There was no information
about evolutionary effects or changes of ecosystem
processes. Knowledge of socio-economic impacts of
invasive seaweeds is poor. We collated costs associated
with control/eradication activities and for national spend-
ing on marine biosecurity in Australia, New Zealand and
the United States. Prevention of impacts is the driving
force for costly surveillance, eradication and control pro-
grams. Until we are able to understand, predict and
measure impacts of introduced seaweeds, the manage-
ment of species incursions needs to remain focused on
early detection, rapid response and control to reduce the
likelihood of negative impact effects.

Keywords: control; ecological impacts; economic
impacts; eradication; introduced macroalgae.

Intreduction

It is now widely accepted that global marine biodiversity
and resource values of the world's oceans are threatened
by anthropogenic influences. In particular, overfishing,
habitat alteration and destruction, global climate change
and the introduction of alien marine species are identified
stressors, especially in coastal regions (Norse 1993,
Vitousek et al. 1997, Carlton 2000). The rate of marine

introductions, including introductions of seaweeds, has

increased over the last 20 years, reflecting increased
global trade and changes in economic activities; how-
ever, more awareness of the problem and increased sur-
vey effort are likely to have increased the detection of
introductions (Ruiz et al. 2000, Perrings et al. 2002,
Ribera Siguan 2002, Hewitt 2003a; see also Costello and
Solow 2003).

The assessment of ecological impacts of alien marine
species has been recognized as a research priority in
recent years. However, there are still very few rigorous
studies of the impacts of aliens (Ruiz et al. 1999, Gros-
holz et al. 2000, Grosholz 2002). The threats posed are
often inferred from estimates of introduction status and
observations of negative impacts in other invaded areas,
especially when aliens attain high abundances in a parti-
cular ecosystem. An alternative view is that most marine
alien species have negligible impacts on their recipient
environment, or are merely an addition to the ecosystem
(Farnham 1980, Reise et al. 1999). However, there are
some well-known examples of catastrophic effects of
marine alien invaders on recipient ecosystems, e.g., the
Asian clam [Potamocorbula amurensis (Schrenck)] in San
Francisco Bay (Nichols et al. 1994), the comb jelly [Mne-
miopsis leidyi (A. Agassiz)] in the Black Sea (Kideys
2002), and the predatory sea star Asterias amurensis
(Litken) in Tasmania and Victoria, Australia (Ross et al.
20083). Evidence is now also mounting that synergistic
effects with other stressors play an important role for the
establishment and spread of marine aliens species, and,
hence, for any negative impacts (Ruiz et al. 1999, Occhi-
pinti-Ambrogi and Savini 2003). Ecosystem alterations
due to global change coupled with species introductions
are thought to result in “biotic homogenization™ (e.g.,
Olden et al. 2004, Olden and Poff 2004, Wilkinson 2004),
a process by which ecosystems will become dominated
by generalists and opportunistic species. This pattern
has already been observed in some locations affected by
environmental degradation and species’ invasions
(McKinney and Lockwood 1999). Formal assessment
framewarks for impacts of marine aliens, or introduced
species in general, are scarce, both for ecological effects
and for associated economic costs (Parker et al. 1999,
Ruiz et al. 1999, Pimentel et al. 2000, Perrings et al.
2002, Hewitt 2003b).

Marine macroalgae (seaweeds) are a significant com-
ponent of marine alien taxa (Schaffelke et al. 2006) with
current global estimates of introduced macroalgae rang-
ing from 163 (Ribera Siguan 2002) to 260 species {J.E.
Smith unpublished data). The current knowledge of

impacts of alien macroalgae is even sparser than for oth-

er taxchomic groups © of alians, Thie is in contrast to the

perception that invading macroalgae have potentially
serious impacts, because they may alter ecosystem
structure and function by monopolizing space, develop-



398 B. Schaffelke and C.L. Hewitt: Impacts of introduced seaweeds

ing into ecosystem engineers, and altering foodwebs. Of
particular concern is their potentially rapid spread
beyend initial points of introduction through efficient dis-
persal, coupled with significant environmental and eco-
nomic censequences (Thresher 2000). Documented
impacts of seaweed invaders are known mostly from a
few, well-studied, high profile species [e.g., Caulerpa
taxifolia (Vahl) C. Agardh, Codium fragile (Suringar) Hariot
ssp. tomentoscides (Van Goor) Silva, Sargassum muti-
cum (Yendo) Fensholt and Undaria pinnatifida (Harvey)
Suringar; e.g., Ribera and Boudouresque 1995, Trow-
bridge 1998, Walker and Kendrick 1998, Boudouresque
and Verlaque 2002, Levin et al. 2002, Ribera Siguan
2002, Wallentinus 2002, Occhipinti-Ambrogi and Savini
2003, Schaffelke et al. 2006].

In this review we synthesize and analyze current
knowledge of impacts of alien seaweeds using published
sources. We categorize reported impacts and classify the
quality of the information (e.g., observational information,
data from manipulative field experiments). Our aim is to
find patterns of impacts, to examine whether certain spe-
cies are more likely to cause significant impacts than
others, and to identify mechanisms contributing to the
observed impacts.

Methods

We examined 69 publications (~1980s to 2005) that
present data on impacts of alien seaweeds; reviews and
publications offering only distributional or observational
data were omitted. Some original publications cited else-
where proved difficult to obtain (e.g., reports to govern-
ment agencies, unpublished proceedings). These are
cited as the original author(s’) based on the secondary
source (e.g., Wear and Gardner 1999, cited in Sinner et
al. 2000). Studies that reported results from several alien
species were listed as separate case studies for each
species, unless they explicitly addressed interactions
between the species. Results reported in multiple
publications but leading to the same conclusion with
regard to impact were listed as one case study, with all
relevant references.

Impacts or risks of impacts have been variously cate-
gorized (e.g., Gollasch and Leppékoski 1999, Parker
et al. 1999, Ruiz et al. 1999, Grosholz 2002, Hewitt
2003b). For the purpose of this review we consider
potential impacts into the following categories:

Ecological and evolutionary impacts:

« Direct and indirect competition with native biota (e.g.,
for light or substratum)
- Space monopolization
- Change in community composition

« Effects on higher trophic levels (e.g., herbivores, asso-
ciated fauna, toxicity)

* Habitat change (s.g., changsa structurs, sedimant
accumulation)

* Change of ecosystem processes {e.g., alteration of
trophic structure).

+ Genetic effects
- Within a species (e.g., introgression)
- Between species (e.g., hybridization).

Economic and societal impacts:

» Direct
- Costs of loss of ecosystem functions or values
- Impacts on environmental amenity
- Impacts on human health

« Indirect
- Management costs (government/non
government)
- Costs of research into introduced species
- Costs for eradication and control measures
- Costs for education/extension campaigns.

Information about economic impacts was collated from
quantitative assessments of cost or effort for control and
eradication measures. While there are potentially other
kinds of economic impacts (see list above), this was the
only type of socio-economic impact for which there were
sufficient quantitative data.

Ecological impacts

The 60 collated case studies report ecological impacts
for only 17 species of introduced seaweeds (Table 1).
These existing studies of impact address only a small
fraction (~6.5%) of the current estimate of the total num-
ber of globally introduced macroalgal species (circa 260).

The predominant effect of alien macroalgae reported
in the case studies were changed competitive relation-
ships in the recipient habitat (43 case studies, Table 1).
These were generally indicated by high abundances of
the alien species, resultant space monopolization
and reduced abundances/biomass of native macroalgae
or seagrasses. Changes in biodiversity, generally a
decrease in richness of native macroalgal species in
invaded areas compared to non-invaded areas, were
reported in nine case studies. An additional 13 case stud-
ies reported effects of alien macroalgae on fish and inver-
tebrate fauna in the recipient environment, with most
cases reporting decreases in the number and abundance
of species (Table 1). Six examples of toxic effects on oth-
er biota were reported for Caulerpa species. Less clear
is the occurrence of habitat change, such as changes in
productivity or habitat complexity (e.g., addition or loss
of canopy species); seven case studies report such
changes, mainly, however, based on observations or
assumptions. One case study reported a genetic effect,
the occurrence of fertile hybrids between an alien and a
native congener (Table 1). Three case studies found no
significant impacts of the alien seaweed studied. We
were unable to find quantitative information about evo-
lutionary effects or about changes in ecosystem pro-
cesses caused by seaweed introductions.

The majority of case studies focused on Caulerpa taxi-
fuiia, foliowed by Undana pinnaiiiida, Saryassurrt ruii-
cum and Codium fragile ssp. tomentosoides. These
species are the geographically most widely distributed
alien macroalgae, and they are also able to attain high
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(Table 1 continued)

Reference

Location

Effect
SM

Method
Sur

Summary

Species

Airoldi et al. 1995,

Airoldi 1998

Italy (Med,

Dominant species

Womerslevella

selacea

Ligurian Sea)

Piazzi and Cinelli 2001

Italy (Med,

SM

Sur (comp)

Species co-occur and compete with one another;
overall space monopolization is independent of

the respective dominant species

R

Womersleyella

selacea

Tuscany coast)

cC

R

Acrothamnion

preissii

-invaded sites [Sur (comp)]; field survey with temporal comparisons before/after invasion [Sur (BACI)]; field experiment (E); laboratory

Methods: field survey (Sur); field survey comparing invaded and non

experiment or assay (Lab); observational study (O).

effects on higher trophic levels (HT),

genetic effects; HT=

; change in community composition (CC); G

Impact categories: competition with native biota, subcategories: space monopolization (SM)

subcategory toxicity (TO), habitat change (HC), no significant impact shown (-).

B=brown algae (Phaeophyceae), G

Mediterranean Sea.

red algae (Rhodophyta). Med

green algae (Chlorophyta), R

abundances, or become the dominant benthic species in
some locations. It is important to note that case studies
of impacts of the above species are available only for
small portions of the geographical ranges that have been
invaded (see countries or regions marked by an asterisk
in the following list):

C. taxifolia, introduced to the: Mediterranean Sea
(Croatia; France®; ltaly*, Monaco; Spain; Tunisia), NW
Pacific Ocean (Japan - failed introduction), NE Pacific
Ocean (USA: California®), SW Pacific Ocean (Australia:
South Australia, New South Wales).

U. pinnatifida introduced to the: Mediterranean Sea
(France; ltaly*), NE Atlantic Ocean (Belgium; Netherlands;
England; France; Spain), NE Pacific Ocean (USA:
California; Mexico: Baja California), Australasia (Australia:
Tasmania®, Victoria; New Zealand*), S Atlantic
(Argentina®).

S. muticum, introduced to the: Mediterranean Sea
(France; Italy*), NE Atlantic Ocean (Belgium; Denmark®,
Great Britain: England, N Ireland, Scotland, Wales;
France*; Germany; Ireland; The Netherlands; Norway;
Portugal; Spain*; Sweden), NE Pacific Ocean (Canada:
British Columbia®; USA: Washington and Oregon™:
Mezxico: Baja California.

C. fragile ssp. tomentosoides, introduced to the: Medi-
terranean Sea (France), NE Atlantic Ocean (Belgium;
Denmark; Great Britain: England, N Ireland, Scotland:
France; Germany; Ireland; The Netherlands; Norway;
Portugal: Azores; Spain; Sweden), NE Pacific Ocean
(USA: California and Oregon), NW Atlantic Ocean (Cana-
da: Nova Scotia* and Prince Edward Island, USA: Con-
necticut, Maine®, Maryland, Massachusetts, New York,
North Carclina, Rhode Island), SW Pacific Ocean
(Australia: Tasmania, Victoria, New South Wales; New
Zealand).

The nature and, where known, the underlying mecha-
nisms of the ecological impacts of these four species are
discussed in detail below (aiso refer to Table 1).

We briefly discuss case studies of red algal introduc-
tions to the Hawaiian Islands, a small but well-studied
area with a relatively high number of abundant alien sea-
weeds (N.B.: While the number of alien seaweed species
is higher in other areas, e.g., in the Mediterranean Sea,
the proportion subjected to impact-related studies is rel-
atively higher for Hawaii).

Caulerpa taxifolia

A large research effort has addressed the ecological
impacts of Caulerpa taxifolia in the Mediterranean Sea.
The presence of C. taxifolia had a negative effect cn
shoot density of the seagrass Cymodocea nodosa in
short-term studies, especially under nutrient enrichment
(Ceccherelli and Cinelli 1997), whereas long-term experi-
ments suggested that the two species are likely to co-
exist and that high nutrient availability will not change
competitive relations (Ceccherelli and Sechi 2002). In
contrast, the dominant seagrass in the Mediterranean
Sea, Posidonia oceanica, is negatively affected by com-
petition with C. taxifolia, leading to decreased produc-
tivity and shoot mortality, especially in sparse meadows
(De Villele and Verlague 1995). P. oceanica facilitates C.
taxifolia colonization and growth by providing physical
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protection, rather than shade (Ceccherelli and Cinell
© 1998, 1999). The distribution and abundance of . ocea-
nica has, however, not changed in the Bay of Menton
(French Mediterranean Sea) over 7 years since C. taxifolia
was introduced; C. taxifolia- and P. oceanica-dominated
areas seem well separated, implying minimal competition
at larger geographic scales (Jaubert et al. 1999). Sites on
the French Mediterranean coast colonized by C. taxifolia
typically show reduced biomass and diversity of native
macroalgae and invertebrates and low fish abundance
(Boudouresque et al. 1992, Verlaque and Fritayre 1994,
Francour et al. 1995, Bellan-Santini et al. 1996). In con-
trast, Italian studies (only about 50 km from the French
study sites) report higher biomass and diversity of inver-
tebrates and fish in C. taxifolia meadows (presumably as
a result of increased habitat complexity), but a significant
lack of some important economic species that require
open sand habitats (Relini et al. 1998a-c; 2000). Toxic
secondary metabolites of C. taxifolia had negative effects
on sea urchin larvae and protists in the laboratory (Table
1), but whether similar effects manifest in the field is
unknown.

Since the early 1990s, a second Caulerpa species has
been spreading in the Mediterranean Sea, recently pro-
posed as C. racemosa var. cylindracea (Verlague et al.
2003). This species was also recently recorded as intro-
duced in a water body in South Australia (Collings et al.
2004). In ltaly, overgrowth by C. racemosa var. cylindra-
cea reduced diversity and abundance of native macro-
algae, especially turf and encrusting species (Piazzi et al.
2001a), and in mixed meadows of C. nodosa and Zostera
noltii decreased shoot density of the former species but
increased density of the latter (Ceccherelli and Campo
2002). Where they co-accur, C. racemosa var. cylindra-
cea has higher growth rates and is competitively superior
to C. taxifolia (Piazzi et al. 2001b, Piazzi and Ceccherelli
2002). Colonization by either species reduced diversity
and abundance of native macroalgae compared with
uninvaded areas, with C. racemosa var. cylindracea hav-
ing the most pronounced effect (Balata et al. 2004). On
the Tuscan coast, Italy, the two introduced Caulerpa spe-
cies also interact with two introduced turf-forming red
algae, Womersleyella setacea and Acrothamnion preissii
(Piazzi and Cinelli 2003). The four species form a mosaic
of largely introduced assemblages, with different species
dominating, depending on habitat. Native species abun-
dance and diversity are lower than in uninvaded areas
(op. cit.). The introduced turf assemblages also promote
growth and spread of introduced Caulerpa, whereas are-
as with a higher complexity and species diversity were
less conducive (Ceccherelli et al. 2002). In summary,
introduced Caulerpa species have monopolized benthos
in some areas of the Mediterranean Sea, and through
increased competition have caused significant changes
to community composition, usually evident as reduced
cover and richness of native seaweeds and marine
plants.

Impacts of introduced Caulerpa taxifolia in other parts
of the world ars scarcely known. In California, hiomass
of the seagrass Ruppia maritima was 20 times lower in
meadow patches colonized by C. taxifolia (Williams and
Grosholz 2002), and abundance of invertebrates was

lower in C. taxifolia patches than in Zostera marina mead-
ows (Tippets 2002). Information about impacts in the
southern states of Australia is at present primarily anec-
dotal (Glasby ét al. 2005).

Undaria pinnatifida

Undaria pinnatifida populations dominate space in many
regions where the species has been introduced (e.g., Sin-
ner et al. 2000, Forrest and Taylor 2002, Hewitt et al.
2005). Manipulative field experiments demonstrate that
the establishment of U. pinnatifida is facilitated by
increased substratum availability created by disturbance
(Valentine and Johnson 2003, Edgar et al. 2004, Valentine
and Johnson 2004). Once established, it forms predomi-
nantly seasonal canopies that act to decrease cover, and
sometimes the diversity of understorey species (Batters-
hill et al. 1998, Curiel et al. 1998, Casas et al. 2004).
However, other studies have detected either no signifi-
cant differences in diversity or cover of native macroalgal
assemblages in invaded versus non-invaded areas (Wear
and Gardner 1999, cited in Sinner et al. 2000, Forrest and
Taylor 2002) or, more rarely, an increase in subcancpy
species diversity (Battershill et al. 1998). Re-establish-
ment of native assemblages after 1 to 2 years has been
observed where high abundances of U. pinnatifida have
been removed by manual clearing (Valentine and John-
son 2003, Edgar et al. 2004), albeit with changed species
composition (Valentine and Johnson 2003). Sea urchin
grazing can significantly reduce U. pinnatifida abundance
but not enough to prevent canopy establishment (Val-
entine and Johnson 2005a). However, U. pinnatifida
seems not to inhibit recruitment of native understorey
species (Valentine and Johnson 2005a,b; see also Val-
entine et al. 2007). At low grazing pressure, U. pinnatifida
persists while native canopy-forming seaweeds recover
pooarly, due to build-up of sediment in areas where native
canopy-forming species are lost.

Sargassum muticum

Shortly after the discovery of Sargassum muticum on the
south coast of England, the species was reported to have
profoundly altered the coastal ecology, albeit without
supporting data (Fletcher and Fletcher 1975). Recruit-
ment and establishment of this species is often facilitated
by disturbance creating available substratum (Ambrose
and Nelson 1982, Deysher and Norton 1982, Critchley
ot al. 1987). The seasonal canopy of S. muticum then
prevents re-establishment of native macroalgae
(Ambrose and Nelson 1982, De Wreede 1983) and eel-
grass (den Hartog 1997). Reduced abundances and
sometimes reduced richness of native seaweeds have
been found in invaded areas (Viejo 1997, Curiel et al.
1998, Stahr et al. 2000, Britton-Simmons 2004). Under-
water light measurements support the netion that shad-
ing by S. muticum is the most likely factor preventing
re-growth of native species (Britton-Simmons 2004). The
reduced abundance of native seaweeds has lead to
decreased abundance of the sea urchin Strongylocentro-
ius droebachiensis (op. cit.), which avoids consumption
of S. muticum, indirectly supporting the persistence of
the introduced seaweed.
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Codium fragiie ssp. tomentosoides

‘Establishment and impacts of Codium fragile ssp.

tomentosoides in the NW Atlantic Ocean have been facil-
itated by interactions with other introduced species. Per-
iodic overgrazing by sea urchins (Johnson and Mann
1988) provided a disturbance to native seaweeds ena-
bling establishment of C. fragile ssp. tomentosoides
(Harris and Tyrell 2001, Chapman et al. 2002, Levin et al.
2002). Sea urchins (Strongylocentrotus droebachiensis)
prefer kelp as a food source, only consume C. fragile ssp.
tomentosoides when no other seaweeds are available
(Sumi and Scheibling 2005) and have impaired gonad
development on a diet of only this species (Scheibling
and Anthony 2001). However, more importantly, natural
sea urchin/kelp dynamics are disrupted by the spread of
the introduced bryozoan Membranipora membranacea
(Linnaeus), which overgrows kelp blades and leads to
reduced growth, defoliation and gap formation in New
England and Nova Scotian Saccharina latissima (L.) Lane,
Mayes, Druehl et Saunders [as Laminaria saccharina (L.)
Lam.] beds (Harris and Tyrell 2001, Chapman et al. 2002,
Levin et al. 2002). C. fragile ssp. tomentosoides recruits
into these gaps and persists by inhibiting recruitment of
kelp zoospores, the number of which is possibly further
reduced by decreased kelp abundance (op. cit.). Space
monopolization by C. fragile ssp. tomentosoides in this
manner has resulted in reduced abundance of native
macroalgae and of juvenile fish (Harris and Tyrell 2001,
Levin et al. 2002). Ecological impacts of established C.
fragile ssp. tomentosoides in other parts of the intro-
duced range have not been studied. Space monopoli-
zation by C. fragile ssp. tomentosoides does not occur
in the NE Atlantic Ocean, and Chapman (1999) suggest-
ed that high native floral diversity and grazing pressure
prevent high abundances of C. fragile ssp. tomento-
soides in this region. The introductions to the NE Atlantic
Ocean occurred more than 30 years earlier than those in
the NW Atlantic Ocean (reviewed in Chapman 1999).
While changes in abundance are likely to occur over dec-
ades, there is unfortunately no information as to whether
C. fragile ssp. tomentosoides in the NE Atlantic Ocean
ever attained higher abundances in the past.

Hawaiian macroalgal invasions

At least 21 seaweed species have been introduced to the
Hawaiian Islands, both accidentally and intentionally for
seaweed aquaculture (Godwin 2001, Smith et al. 2002).
Several red algal species (Acanthophora spicifera,
Avrainvillea amadelpha, Gracilaria salicornia, Hypnea
musciformis, Kappaphycus spp. and Eucheuma spp.)
have established at high abundances and are spreading
on Hawaiian coral reefs (Smith et al. 2002, Conklin and
Smith 2005, G. Zucarello personal communication).
These species monopolize space and increase overall
macroaigal productivity and biomass on coral reefs
(Table 1). Overgrowth of reef-building corals has been
observed (Woo 2000, cited in Conklin and Smith 2005).
Quantitative assessmentis of their ecological impacts and
competitive relationships between each other and with
native benthos are, however, not available. The intro-
duced seaweeds exacerbate the problem of persistent

macroalgal blooms in some locations, e.g., Kaneohe Bay,
which began in the 1960s with the establishment of high
abundances . of the native Dictyosphaeria cavernosa
(Forsskal) Bergesen after disturbance and chronic nutri-
ent enrichment (Smith et al. 1981). Alien and native
bloom-forming macroalgal species now form a mosaic
with overall high total algal cover sustained by low and
spatially variable grazing rates (Stimson et al. 2001) and
supported by sediment nutrient levels that remain ele-
vated (Stimson and Larned 2000).

Economic impacts

Information about economic impacts of alien seaweeds
is generally rare, indeed the paucity of estimates of eco-
nomic values in the marine sector in general has been
identified as a significant gap (Colgan 2004). Direct
impacts of marine macroalgae are largely unquantified,
unlike impacts of macrophytes in freshwater systems.
Cases of observed or anecdotal reports of economic
impacts, summarizing effects on fisheries and aquacul-
ture due to fouling of nets, ropes, floats and other
maritime equipment, are collated in Ribera and Boudour-
esque (1995), Trowbridge (1998; for Codium fragile ssp.
tomentosoides) and Sinner et al. (2000; for Undaria }ofn-
natifida), but there are no quantitative data.

One component of the economic impacts of invasive
seaweeds is the cost of rapid response, control and
eradication efforts (Table 2). Costs differ widely between
reports (Table 2), but in most instances it is not ocbvious
how estimates were calculated, so direct comparisons
are potentially problematic. However, detailed break-
downs of costs are reported in three recent studies:
Anderson (2005) for Caulerpa taxifolia in California, Wot-
ton et al. (2004) for Undaria pinnatifida in the Chatham
Islands, New Zealand, and Miller et al. (2004) for Asco-
phyllum nodosum (L) Le Jolis in California (Table 2). The
total sum of >US$ 7.5 million for the containment of C.
taxifolia in California included immediately available
emergency funds (the incursion was considered an envi-
ronmental emergency similar to an oil spill) to commence
the eradication and substantial funds for ongoing moni-
toring, research and public awareness (Anderson 2005;
see also Anderson 2007 for further details on the eradi-
cation process). The costs of the successful eradication
of U. pinnatifida from a sunken trawler in New Zealand
were for (failed) salvage attempts (85% of total costs), in
sfitu treatment of gametophytes and small-sized sporo-
phytes on the ship’s hull (13%) and regular monitoring of
the ship’s hull and adjacent shoreline (2%), all paid by
the vessel's insurer (Wotton et al. 2004). In both cases,
there were unquantified costs for involvement of govern-
ment agencies, local authorities, scientists and other
stakeholders.

Impacts on amenity and recreational value can be
expected in situations where high abundances of intro-
duced seaweed occur. Removal of beach wrack derived
from Hypnea musciformis blooms in a coastal town in
Cesar 2004). The authors also predict a significant long-
term economic benefit to the local economy via improved
real estate values were the algal blooms controlled, e.g.,
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Table 2 Economic costs associated with eradication and control efforts for invasive seaweeds. Where no monetary value was
available, an estimate of effort is given.

Reference

Species Summary Cost/effort
Ascophyllum Eradication by manual removal from US$ 4680 Miller et al. 2004
nadosum small incursion area (total of 174 thalli)
Caulerpa Rapid response, containment and US$ 7.6 million Anderson 2005
taxifolia ongoing monitoring of incursion in over 5 year

California, USA (2000-2005)
Caulerpa New South Wales, US$ 5-23 m? Glasby et al. 2005
taxifolia* Australia, application of sea salt

Estimated cost to treat all colonized US$ 46 million

areas (~8 km=?) in the State
Caulerpa South Australia, freshwater treatment USS$ 4 million Neverauskas pers. comm.
taxifolia” .over 3 years
Hypnea Kihei coast, Maui, Hawaii. US$ 55,000 year Van Beukering and Cesar 2004
musciformis Removal of biomass from beaches
Kappaphycus Removal from coral reefs in Hawaii ~2 person h m? Conklin and Smith 2005
spp.
Sargassum Manual removal by volunteers 10-70 kg wet Critchley et al. 1986
muticum (group size unknown) weight trip’ .
Sargassum Estimated costs for mechanized ~38 US§ t Hurley 1981 cited in
muticum** removal (only applied at experimental (wet weight) Critchley et al. 1986

scale)
Undaria Successful eradication from >US$ 1.9 million Wotton et al. 2004
pinnatifida*™ a sunken vessel at the

Chatham Islands, New Zealand

(heat treatment and monitoring)
Undaria Manual removal at >US$ 23,000 Hewitt et al. 2005
pinnatifida* experimental scale over 3 years

(5 person day
800 m=2 month)

Original figures were converted to US$ using exchange rates on 10/09/2006.
Conversion factors used: *1 AU$=0.768 US$; "1 GBL=1.88 US$; ***1 NZ$=0.66 USS.

by reduction of nutrient inputs. We were unable to find
other estimates of revenue loss caused by incursions of
invasive seaweeds, as may arise, e.g., at dive sites that
were previously attractions because of their high benthic
diversity, or by impacting recreational boating or fishing
activities (Critchley 1983).

Estimates are generally unavailable for the indirect
costs of invasive or potentially invasive seaweeds. These
include asscciated costs of research and education/
extension activities. The New Zealand public good sci-
ence funding agency, the Foundation for Research,
Science and Technology (FRST), has explicitly allocated
NZ$ 1.2 million year' (~US$ 0.8 million year) towards
marine biosecurity research (C.L. Hewitt personal com-
munication). However, this underestimates total marine
biosecurity expenditure of FRST, given significant over-
laps in research focused on biodiversity and biosecurity.
In the United States, Natiocnal Sea Grant allocates an
estimated US$ 2.4 million year' towards research and
outreach asscciated with marine invasions (C.L. Hewitt
personal communication).

Costs of management activities are usually not sepa-
rated by taxonomic group, except in cases where there
is a direct response to a particular invasion. In Australia,
the establishment of a National System for the Manage-
ment of Marine Pests is estimated to cost AU$ 7 million
over the three-year period 2004-2007 (~AU$ 2.3
million year' = ~US$ 1.9 million year’; N. Parker
personal communication). This total is derived from a
combination of appropriation funds within the Common-
wealth Government (Department of Agriculture, Forestry
and Fisheries, DAFF) and Natural Heritage Trust funding
(shared between DAFF and the Department of Environ-
mental Heritage). New Zealand has also recently adopted
a Biosecurity Strategy (Biosecurity Council 2003) in
which Marine Biosecurity was identified as a priority. As
a consequence, the government agreed to a significant
investment in enhanced marine biosecurity delivery in the
2004/05 budget, leading to an increase in marine bio-
security expenditure of almost 300% to ~NZ$ 6.9 million
year’ (~US$ 4.8 millien year?), representing ~4% of
total biosecurity expenditure (Hewitt and Bauckham
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2004, Hewitt et al. 2004b). While this is proportionally

~ much less than the economic contribution of primary

marine industries to New Zealand’s GDP, it is a large
improvement over previous investment. The manage-
ment of marine introduced species in the United States
is vested within a large number of Federal and State
agencies including the US Coast Guard, US Geological
Survey, US Fish and Wildlife Service, and individual State
natural resource management agencies. Identifying all
expenditure on managing marine introductions is beyond
the scope of this review. We were unable to find any
quantitative information about societal impacts of sea-
weed invasions. ;

Discussion

Our review of available published literature showed that
guantitative assessments of ecological and economic
impacts of invasive seaweeds are still scarce. The lack
of these data, for both marine and terrestrial ecosystems,
is generally bemoaned in the invasion biology literature
(e.g., Parker et al. 1999, Ruiz et al. 1999, Gurevitch and
Padilla 2004). The data are urgently required to ade-
quately inform and guide the management of invasive or
potentially invasive species.

The mechanisms underlying impacts of alien sea-
weeds are uncertain (see Levine et al. 2003 for discus-
sion of this issue for better-studied higher plant
introductions). In the majority of reported cases, impacts
are typically expressed as community dominance of the
invader through monopolization of space, and changing
competitive relationships in the native assemblage. How-
ever, the mechanisms causing these community changes
are mostly unknown (but see Valentine et al. 2007).
Impacts of alien species cannot be viewed in isolation
from the preceding stages in the invasion process, name-
ly successful establishment and spread (for further dis-
cussion see Valentine et al. 2007 and Dunstan and
Johnson 2007). These preceding stages and the mani-
festation of impacts through high abundances and space
monopolization reflect characteristics of i) the recipient
environment (e.g., disturbance, resource availability,
competition and community composition) and ii) the
invader (e.g., high growth rates, high fecundity). Closer
examination of these two factors and of interactions
between invaders may suggest the underlying mecha-
nisms for the observed community changes.

influence of the recipient environment

The analysis of the invasion history of a species is often
used to predict whether that species would become inva-
sive elsewhere, and hence likely to cause negative
impacts (Lodge 1993, Williamson 1999, Hayes and Sliwa
2003, Branch and Steffani 2004). However, impacts
observed in one location often do not predict the effects
in another location, because the factors determining suc-
cess of establishment and further spread may be site- or
time-specific (Grosholz 1996). A good example of this is
the significant impact of introduced Codium fragile ssp.
tomentosoides on western Atlantic coasts, compared to

the relatively benign effect of this species on benthic
communities in the east Atlantic Ocean (see above, Table
T :

There are indications for a relationship between dis-
turbance, which may lead to resource variability in the
recipient habitat, and the establishment of invasive spe-
cies and their proliferation to high abundances with asso-
ciated impacts (Davis et al. 2000, Mack et al. 2000,
MacDougall and Turkington 2005, Dunstan and Johnson
2007, Valentine et al. 2007). Once established, positive
feedback mechanisms can enable invasive seaweeds to
persist and flourish, even in the absence of the original
disturbance (Valentine et al. 2007). Anthropogenic distur-
bance leading to changes in resource availability (e.g.,
high nutrient availability, water and sediment pollution,
structures providing artificial substrata and altered tem-
perature. regime due to effluents) often leads to higher
incidence and abundance of invaders (reviewed in Carl-
ton 1896, Gollasch and Leppakoski 1998). For example,
Undaria pinnatifida often forms dense stands on artificial
substrata (e.g., Floc'h et al. 1996) and abundant popu-
lations of C. fragile ssp. tomentosoides in Australia are
generally found in engineered environments, e.g., mari-
nas, wharfs, jetties, bund walls and riprap (B. Schaffelke
personal observations). Highly abundant Caulerpa taxi-
folia has been found on sediments enriched with
nutrients and organic matter from urban wastewater,
resources which C. taxifolia can utilize, whereas unin-
vaded sites or sites with low invader abundance are less
polluted (Chisholm et al. 1997). The less polluted sites
also have higher cover of native macrophytes, which may
be due to impacts of the invader or the pollution, or both.
Extensive blooms of other introduced Caulerpa species
have also been linked to local nutrient enrichment by
sewage inputs, C. brachypus var. parvifolia Harvey, rec-
ently discovered in Florida, and C. ollivierii Dostal in the
Bahamas (Lapointe et al. 2005a,b). Facilitation of intro-
ductions by climate change (Stachowicz et al. 2002) has
not yet been demonstrated for introduced seaweeds,
although biogeographic limits of many macroalgae are
known to be temperature-controlled (Breeman 1988).

Biological interactions also play a major role in con-
trolling high abundances and space monopolization.
Recipient habitats with low cover and diversity of native
species (either chronically or after acute disturbance)
often have a higher incidences and abundances of alien
species (e.g., Gollasch and Leppakoski 1999), although
this view has been challenged recently (discussed in
Dunstan and Johnson 2007). Nevertheless, low diversity
algal turf assemblages and seagrass meadows promoted
the establishment of high abundances of introduced
Caulerpa species in the Mediterranean Sea (Cecherelli
and Cinelli 1998, Ceccherelli et al. 2002) and proliferation
of several invading seaweed species is facilitated by
reduced native macroalgal cover (see Table 1; and, e.g.,
Valentine et al. 2007).

Avoidance by herbivores may be an important mech-
anism that causes shifts in community coemposition.
Control of introduced macroalgal biomass by herbivory
is often ineffective, either because invasive seaweeds are
not preferred by native grazers (examples in Table 1;
Caulerpa taxifolia, Boudouresque et al. 1996, Lemée
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et al. 1996; Codium fragile ssp. tomentosoides, Prince
and LeBlanc 1992; Fucus evanescens, Schaffelke et al.
1995) or preferred by only a few grazers (C. fragile ssp.
tomentosoides, Trowbridge 1995, 1998; Undaria pinna-

tifida, Thornber et al. 2004). However, in some instances

no change of herbivores’ feeding habits was observed

(C. taxifolia, Francour et al. 1995).

Role of species’ functional traits

Functional traits may influence whether some species are
mere likely to cause significant ecological or econcmic
impacts. Nyberg and Wallentinus (2005) compared spe-
cies traits (relating to dispersal, establishment and
impact) between European alien and native species.
Traits relevant to the manifestation of impacts were size
(most invasive green and brown macroalgae were larger
than their native counterparts) and growth strategies
(invasive species more often form dense covers and
inhabit a larger depth range than native species). In that
analysis (op. cit.), species most likely to be successful
invaders, and hence, likely to have significant negative
impacts were Codium fragile ssp. tomentosoides, Cau-
lerpa taxifolia, Undaria pinnatifida, Asparagopsis armata
Harvey and Grateloupia doryphora (Montagne) M.A.
Howe (currently accepted synonym: G. turuturu Yamada,
Gavio and Fredericq 2002).

A number of species’ traits known from well-studied
invader seaweeds are likely to facilitate establishment of
high abundances, ultimately leading to impacts. For
example, shading by the canopy-forming Sargassum
muticum was. an important mechanism that reduced
native biodiversity in invaded areas (Levin et al. 2002).
Asexual reproduction and fast growth also have the
potential to enable alien seaweeds to quickly colonize
available space. However, traits observed in an invasive
species are often also found in conspecifics or conge-
nerics that are not known to be invasive (Paula and Eston
1987, Trowbridge 1996, Vroom and Smith 2001). Indeed,
species’ traits alone are unlikely to help predict the like-
lihood and impacts of invasions (Vaientine et al. 2007).
Establishment of high abundances more likely depends
on characteristics of the recipient environment that result
in traits of aliens being advantageous for recruitment and
growth, and on sufficient inoculation pressure (Davis
et al. 2000, Davis and Pelsor 2001, Dunstan and Johnson
2007, Valentine et al. 2007).

Interactions between invaders

Multiple invasions into one location can synergistically
disturb an ecosystem and facilitate the establishment of
further alien species — a process that has been termed
“invasional meltdown” (Simberloff and von Holle 1999;
but see Lohrer and Whitlatch 2002). Examples for facili-
tation of establishment and growth of one alien seaweed
by another is the promotion of Caulerpa taxifolia in the
Mediterranean Sea by invasive red turf algae (Ceccherelli
et al. 2002), and in California by the disturbance of native
selgrass bads by the mussal Musculista senficusia {Ben-
son) and the anemone Bunodeopsis sp., both of which
are alien (Reusch and Williams 1998, 1999, Williams
2002). In the Mediterranean Sea, where two introduced

Caulerpa species co-occur, it is as yet unknown whether
C. racemosa, which is competitively superior (Piazzi et al.
2001a, Piazzi and Ceccherelli 2002), will eventually
replace C. taxifolia, or whether the two species will facili-
tate one another. The outcome of either scenario could
be mere serious ecological impacts than presently
observed. Another example is the facilitation of space
monopolization by Codium fragile ssp. tomentosoides by
the invasive bryozoan Membranipora membranacea, as
discussed above.

Limited inference space

Evidence of impacts of alien marine species is often
hampered by the lack of suitable baseline data prior to
invasion. Ross et al. (2003) suggest a weight-of-evidence
approach to overcome the lack of pre-invasion data, and
assessed impacts of a predatory seastar using infor-
mation from small-scale experimental manipulations,
detailed field observations and field surveys at various
spatial scales in invaded and uninvaded areas. Such an
approach has not yet been applied to assess impacts of
seaweed incursions. Typically, studies are only initiated
after an incursion has already occurred and use com-
parisons of sites colonized and not colonized by alien
species (see Table 1 for examples). For example, Forrest
and Taylor (2002) found no differences in native species
richness and abundance due to the establishment of
Undaria pinnatifida using a control-impact design. How-
ever, they suggest that the lack of benthic community
data before establishment of U. pinnatifida significantly
limited their ability to draw inferences. Uncolonized sites
may be inherently different from colonized sites, and
these differences may have resulted in the lack of the
alien species establishment in uncolonized sites, and sig-
nificant differences in community composition could thus
be the result of confounding artifacts. In situ experimental
introduction of species for impact studies is, typically,
deemed unethical and in New Zealand it is illegal. In New
Zealand, U. pinnatifida is classified as an "unwanted
organism” under the Biosecurity Act of 1993, and so it
is illegal to disseminate or transport this species. Scien-
tists have tried to circumvent this dilemma through the
experimental removal of established invading kelp for
comparison with unmanipulated invaded control sites.
The manipulated sites are used to simulate species com-
position in communities that have not been invaded.
Results, however, may be difficult to interpret because
the experiment may reset the assemblage to an earlier
successional stage, which is different from the initial,
undisturbed, community (Valentine and Johnson 2003).
Re-establishment of native species is possible but full
recovery may take several years (Valentine and Johnson
2003, Edgar et al. 2004) and may be impaired by the lack
of native species in the immediate vicinity to provide for
sufficient recruitment of spores.

Known impacts of other species are limited mostly to

single studies at small geographic scales, making com-
maviname AiFianild Aamal imfaramann aln At s amama s s sk s
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impossible. The impact studies assessed here cover only
a small part of the introduced distributional range for

even the best-studied intrcduced seaweeds (see above).
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Caulerpa taxifolia is the one introduced seaweed for
which ecological impacts are well documented (Table 1).
The majority of studies, however, are from two highly
urbanized coastal regions in France and ltaly, where C.
taxifolia reaches very high abundances (see Table 1), and
where impacts are most likely. Interestingly, contrasting
results were found (see above and Table 1).

Most alien marine species are found in the coastal
zone (Carlton 1996), and urbanized embayments, estu-
aries and ports are considered to be “hot spots” of intro-
ductions (Hewitt and Martin 2001, Ruiz and Hewitt 2002,
Hewitt 2003a). While environmental disturbance facilitat-
ing establishment of aliens may be greater in these envi-
ronments, they also have a high inoculation pressure, i.e.,
one or more significant introduction vectors are generally
present (Ruiz et al. 2000, Hewitt 2002, Ruiz and Hewitt
2002, Hewitt et al. 2004a). It is debatable whether report-
ed impacts are inherent, species-specific consequences
or whether they would be manifested only in disturbed
environments. There is also some dispute about how
much area of the Mediterranean Sea is colonized by C.
taxifolia, and hence possibly impacted. Meinesz et al.
(2001) estimated a colonized area in the Mediterranean
of 131 km?, whereas remote sensing results suggest that
C. taxifolia cover along the south coast of France may
have been overestimated by a factor of ten (Jaubert
et al. 2003).

Impacts of invaders may also change through time.
However, most impact studies are conducted over
periods ranging from only weeks to at most a few years,
and there is currently no quantitative information about
invasive seaweed ‘abundances or impacts on decadal or
longer time scales. Long-term monitoring of Caulerpa
taxifolia in the Mediterranean Sea (Meinesz et al. 2001,
Meinesz 2007) is focused on tracking the distribution and
spread of this invader, but does have limited abundance
or impact information for specific sites. However, this
monitoring indicates that areas of highest cover and col-
onized area are close to the initial incursion point (along
the Ligurian coast) and that the spread of C. taxifolia is
not slowing down. Observations of Codium fragile ssp.
tomentosoides in the Mediterranean Sea and off the
coast of Maine (USA) indicate that this species peaked
about a decade after first discovery and then declined
(reviewed in Trowbridge 1998). However, the reasons for
this are unknown. For example, herbivore preferences
may change over time from native to alien seaweeds,
reducing invader abundance, and alleviating impacts
(Stimson et al. 2001). In contrast, invading marine spe-
cies often persist at low levels and later start to increase
in abundance and spread, which Stockwell et al. (2003)
attribute to either an initial period of adaptation or a
change to previously functional environmental controls
such as competition or herbivory. Other reasons may be
density-dependent thresholds in survivorship or expo-
nential growth after a lag phase.

Even though rhodophytes are the most prevalent
group of alien macroalgae (Ribera Siguan 2003), ecologi-
cal impacts of this group are known from only a handful
of species, mainly those introduced to the Hawaiian
islands (Table 1), and are possibly underestimated. Rho-
dophytes are often inconspicuous and difficult to identify

to species level, there may have been separate introduc-
tions of morphologically “dissimilar generations (e.g.,
gametophytes vs. tetrasporophytes of Asparagopsis
armata, Maggs and Stegenga 1999), or cryptic invasions
of sibling species that are morphologically indistinguish-
able from previously introduced species or native species
(e.g., Mclvor et al. 2001, Booth et al. 2007). The wider
ecological consequences of genetic effects of seaweed
invasions (the only example we found is the formation of
fertile hybrids between the native Fucus serratus and
the alien F. evanescens; Coyer et al. 2002) are currently
unknown.

Economic impacts

The data are too limited to even roughly assess the eco-
nomic impacts of invader seaweeds. An economic
assessment of the impacts of seaweed invasions should
cover all potentially affected values including use and
non-use values (Perrings et al. 2002, Born et al. 2004,
also see Nunes and van den Berg 2001 for a review of
economic valuation of biodiversity). The economic costs
of species invasions must also include other societal
costs such as management and research. We have pre-
sented figures for a limited set of countries. However, it
is impossible to identify the proportion of these expenses
that apply to seaweed invasions only.

We have indications of some costs involved with sea-
weed invasions, e.g., costs for eradication and control
(Table 2). Other costs (e.g., for de-fouling of maritime
structures) are perceived to be ongoing costs regardless
of the presence of introduced species (Sinner et al.
2000). Even though costs for vessel maintenance (i.e.,
hull antifouling) are significant for commercial and rec-
reational shipping sectors, they are unusually not consid-
ered to be specific to alien marine species (Hassall &
Associates Pty Ltd. 2002). The management regimes
currently under consideration for huil fouling in Australia
and New Zealand may lead to specific, and alien marine
species-associated additional costs of maintenance.
However, the use of tributyltin in antifouling paints will be
phased out globally by 2008 and costs of hull mainte-
nance may increase.

Aquaculture imports and transfers are the main vectors
for invading seaweeds in Europe (Ribera Siguan 2002,
Wallentinus 2002, Hewitt et al. 2007, Pickering et al.
2007). The ICES Code of Practice for the Introductions
and Transfers of Marine Organisms (updated 2003, avail-
able at http://www.ices.dk) prescribes quarantine and
disinfection procedures to alleviate this pathway;
however, the costs of compliance with the Code are
unknown.

The potential for harvest of commercially valuable sea-
weeds, either accidentally or intentionally introduced, is
generally viewed as a positive impact (see Pickering
et al. 2007, for detailed information about intentional sea-
weed introductions). Invasive Undaria pinnatifida is har-
vested commercially in Australia (Tasmania) and, at least
briefly, in Spain (Cremades 1993, cited in Wallentinus
2002). A commercial harvest policy is in place in New
Zealand. The species has been cultured in France since
1983, albeit with limited success (Ribera and Boudour-
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esque 1995, Fletcher and Farrell 1999). In Argentina this
species was first considerad to be a new resource (Casas
and Piriz 1998), but is now rather viewed as an ecological
and economic threat to native seaweed resources (Casas
et al. 2004). Introductions of seaweeds for aquaculture
are common practice, especially of tropical carrageeno-
phytes (Zemke-White 2004). Impacts of these introduc-
tions are poorly understood and are inferred from
knowledge about impacts from red algae introduced to
Hawaii for aquaculture trials (see Table 1 and Smith et al.
2002). A quarantine protocol for introductions of tropical
seaweed has been established, targeting epiphytes and
epifauna (Sulu et al. 2003); however, costs for these quar-
antine measures are unknown. The risks of intentional
seaweed introduction have not yet been evaluated with
cost-benefit analyses, and such analyses would be dif-
ficult to perform currently due to lack of data about
impacts. The potential of future introductions of geneti-
cally modified seaweeds for aquaculture may add anoth-
er dimension of uncertainty to this issue.

Management of impacts

Prevention of impacts is the driving force for costly sur-
veillance, eradication and control programs. Managing
the impacts of introduced seaweeds goes hand in hand
with management strategies aimed at preventing new
introductions in the first place and at controlling or erad-
icating established invading species (Hewitt 2003a,
Hewitt et al. 2004b). Clearly, impacts will be avoided if
species are prevented from arriving through a range
of pre-border management options (op. cit.). Similarly,
impacts are likely to be minimized if eradication/control
measures are in place to limit the establishment and/or
prevent high abundances of established invasive species
[for a description control measures for invading sea-
weeds see Wotton and Hewitt (2004) and Anderson
(2007)).

Research needs

Biological invasions have human causes and conse-
quences (Perrings et al. 2002, Hewitt 2005). Future
research on impacts of alien seaweeds (and other alien
marine species) should focus on multidisciplinary
research with biological, social and economic approach-
es. As impacts are intricately linked to the transport and
establishment of alien marine species, much more
knowledge is needed about the mechanisms involved in
these preceding two stages of the invasion process.
Frameworks need to be developed to better predict
which species are likely tc invade which habitats. The
mechanisms that lead to high abundances of introduced
seaweeds need to be identified, including the role of
anthropogenic disturbance and climate change as con-
founding factors. The spatial and temporal variability of
impacts need to be explored, which will improve the
understanding of ecosystem vulnerability and adaptation.
This knowledge will support implementation of Article 8h
of the Convention of Biclogical Diversity (grevention,
control and eradication of introduced species which
threaten ecosystems or species). Without the capacity to
measure and predict impacts of alien marine species,

scarce funds for research and management are unlikely
to be allocated where they are most needed.

Conclusion

We were unable to find sufficient substantial quantitative
information about the impacts of alien seaweeds to
detect common patterns. Even though a number of stud-
ies have shown significant ecological impacts, the under-
lying mechanisms are largely unidentified and impacts
may be specific to the invaded system or the period of
time since establishment and/or past disturbance. In
addition, knowledge about socio-economic impacts is
extremely scarce. Currently, decisions about manage-
ment of alien invasive seaweeds are mostly unsupported
by best science. Until we are able to understand, predict
and measure impacts of alien seaweeds on various spa-
tial and temporal scales, the management of species
incursions needs to remain focused on early detection,
rapid response and control to reduce the likelihood of
impact manifestation.

Acknowledgements

We thank Craig Johnson and Anthony Chapman for the invita-
tion to contribute to this special issue and for their helpful com-
ments on the manuscript. We also thank Marnie Campbell,
Jennifer Smith, Sven Uthicke and twa anonymaus reviewers for
constructive comments and discussions.

References

Adroldi, L. 1998. Roles of disturbance, sediment stress, and sub-
stratum retention on spatial dominance in algal turf. Ecology
79: 2759-2770. :

Airoldi, L., E Rindi and F Cinelli. 1995. Structure, seasonal
dynamics and reproductive phenology of a filamentous turf
assemblage on a sediment influenced, rocky subtidal shore.
Bot. Mar. 38: 227-237.

Amade, P. and R. Lemée. 1998. Chemical defense of the Medi-
terranean alga Caulerpa taxifolia: variations in caulerpenyne
production. Aquat. Toxicol. 43: 287-300.

Ambrose, R.F. and B.V. Nelson. 1982. Inhibition of giant kelp
recruitment by an introduced brown alga. Bot. Mar. 25:
265-267.

Anderson, L.W.J. 2005. California’s response to Caulerpa taxi-
folia: a model for invasive species rapid response. Biol. Inva-
sions 7: 1003-1016.

Anderson, L.W.J. 2007. Control of invasive seaweeds. Bot. Mar.
50: 418-437.

Arigoni, S., P. Francour, M. Harmelin-Vivien and L. Zaninetti.
2002. Adaptive coloration of Mediterranean labrid fishes to
the new habitat provided by the introduced tropical alga Cau-
lerpa taxifolia. J. Fish. Biol. 60: 1486-1497.

Balata, D., L. Piazzi and F. Cinelli. 2004. A comparison among
assemblages in areas invaded by Caulerpa taxifolia and C.
racemosa on a subtidal Mediterranean rocky bottom. Mar.
Ecol. 25: 1-=13.

Battershill, C., K. Miller and R. Cole. 1998. The understorsy of
marine invasions. Seafood New Zealand 6: 31-33.

Bellan-Santini, D., PM. Arnaud, G. Bellan and M. Verlaque. 1996.
The influence of the introduced tropical alga Caulerpa taxi-
folia, on the biodiversity of the Mediterranean marine biota.
J. Mar. Biol. Assoc. UK 76: 235-237.



B. Schaffelke and C.L. Hewitt: Impacts of introduced seaweeds 413

Biosecurity Council. 2003. Tiakina Aotearoa-Protect New Zea-
land: the biosecurity strategy for New Zealand. Wellington,
New Zealand, Ministry of Agriculture and Forestry. pp. 63.
http://www.maf.govt.nz/biosecurity-strategy.

Booth, D., J. Provan and C.A. Maggs. 2007. Molecular
approaches to the study of invasive seaweeds. Bot. Mar. 50:
385-396.

Born, W., F. Rauschmayer and |. Bréuer. 2004. Economic eval-
uation of biological invasions - a survey. UFZ Discussion
Papers. UFZ Center for Envirenmental Research, Leipzig,
Germany. Online: http://www.ufz.de/data/ufz-disk7-
20041828.pdf (22/02/2005). pp. 30.

Boudouresque, C.F. and M. Verlague. 2002. Biological pollution
in the Mediterranean Sea: invasive versus introduced macro-
phytes. Mar. Pollut. Bull. 44: 32-38.

Boudouresque, C.F., A. Meinesz, M. Verlaque and M. Knoepffler-
Peguy. 1992, The expansion of the tropical alga Caulerpa
taxifolia in the Mediterranean. Cryptogam. Algol. 13: 144-
145.

Boudouresque, C.F, A. Meinesz, M.A. Ribera and E. Ballesteros.
1995. Spread of the green alga Caulerpa taxifolia (Cauler-
pales, Chlorophyta) in the Mediterranean: possible conse-
quences of a major ecological event, Sci. Mar. 59 (Suppl. 1):
21-29,

Boudouresque, C.F, R. Lemée, X. Mari and A. Meinesz. 1996.
The invasive alga Caulerpa taxifolia is not a suitable diet for
the sea urchin Paracentrotus lividus. Aquat. Bot. 53:
245-250.

Branch, G.M. and C.N, Steffani. 2004. Can we predict the effects
of alien species? A case-histary of the invasion of South Afri-
ca by Mytilus galloprovincialis (Lamarck). J. Exp. Mar. Biol.
Ecol. 300: 189-215.

Breeman, A.M. 1988. Relative importance of temperature and
other factors in determining geographic boundaries of sea-
weeds: experimental and phenological evidence. Helgol.
Meeresunters. 42: 3199-3241.

Britton-Simmons, K.H. 2004. Direct and indirect effects of the
introduced alga Sargassum muticum on benthic, subtidal
communities of Washington State, USA. Mar. Ecol. Progr.
Ser. 277: 61-78.

Carlton, J.T. 1996. Pattern, process, and prediction in marine
invasion ecology. Biol. Conserv. 78: 97-106.

Carlton, J.T. 2000. Global change and biological invasions in the
Oceans. In: (H.A. Mooney and R.J. Hobbs, eds) Invasive spe-
cies in a changing world. Island Press, Washington DC. pp.
31-53.

Casas, G.N. and M.L. Piriz. 1996. Surveys of Undaria pinnatifida
(Laminariales, Phaeophyta) in Golfo Nuevo, Argentina.
Hydrobiologia 326/327: 213-215.

Casas, G., R. Scrosati and M.L. Piriz. 2004. The invasive kelp
Undaria pinnatifida (Phaeophyceae, Laminariales) reduces
native seaweed biodiversity in Nuevo Gulf (Patagonia, Argen-
tina). Biol. Invasions 6: 411-416.

Ceccherelli, G. and D. Campo. 2002. Different effects of Cau-
lerpa racemosa on two co-occurring seagrasses in the Med-
iterranean. Bot. Mar. 45: 71-76.

Ceccherelli, G. and F. Cinelli. 1997. Short-term effects of nutrient
enrichment of the sediment and interactions between the
seagrass Cymodocea nodosa and the introduced green alga
Caulerpa taxifolia in a Mediterranean bay. J. Exp. Mar. Biol.
Ecol. 217: 165-177.

Ceccherelli, G. and F. Cinelli. 1998. Habitat effect on spatio-tem-
poral variability in size and density of the introduced alga
Caulerpa taxifolia. Mar. Ecol. Progr. Ser. 163: 289-294,

Ceccherelli, G. and F. Cinelli. 1999. Effects of Posidonia oceanica
canopy on Caulerpa taxifolia size in a north-western Medi-
terranean bay. J. Exp. Mar. Biol. Ecol. 240: 19-36.

Ceccherelli, G. and N. Sechi. 2002. Nutrient availability in the
sediment and the reciprocal effects between the native sea-
grass Cymodocea nodosa and the introduced rhizophytic
alga Caulerpa taxifolia. Hydrobiclogia 474: 57-66.

Ceccherelli, G., L. Piazzi ‘and D. Balata. 2002. Spread of intro-
duced Caulerpa species in macroalgal habitats. J. Exp. Mar.
Biol. Ecol. 280: 1-11.

Chapman, A.S. 1999. From mtroduced species to invader: what
determines variation in the success of Codium fragile ssp.
tomentosoides (Chlorophyta) in the North Atlantic Ocean?
Helgol. Meeresunters. 52: 277-289.

Chapman, A.S., R.E. Scheibling and A.R.O. Chapman. 2002.
Species intraductions and changes in the marine vegetation
of Atlantic Canada. /n: (R. Claudi, P. Nantel and E. Muckle-
Jeffs, eds) Alien invaders in Canada’s waters, wetlands and
forests. Natural Resources Canada, Canadian Forest Service,
Science Branch, Ottawa. pp. 133-148.

Chisholm, J.R.M., FE. Fernex, D. Mathieu and J.M. Jaubert.
1997. Wastewater discharge, seagrass decline and algal pro-
liferation on the Cote d'Azur. Mar. Pollut. Bull. 34: 78-84.

Colgan, C.S. 2004, Measurement of the ocean and coastal
economy: theory and methods. National Ocean Economics
Project, USA. http://www.OceanEconomics.org (18 April
2005). -

Collings, G., G. Westphalen, A. Cheshire, K. Rowling and M.
Theil. 2004. Caulerpa taxifolia (Vahi) C. Agardh eradication
efforts in West Lakes, South Australia. SARDI Aquatic Sci-
ences Publication RD02/0161-8, South Australian Research
and Development Institute, Henley Beach. pp. 34.

Conklin, E.J. and J.E. Smith. 2005. Abundance and spread of
the invasive red alga, Kappaphycus spp., in Kane'ohe Bay,
Hawali'i and an experimental assessment of management
options. Biol. Invasions 7: 1029-1039.

Caosson, J. 1999. On the progressive disappearance of Laminaria
digitata on the coasts of Calvados (France). Cryptogam.
Algol. 20: 35-42.

Costellg, C.J. and A.R. Solow. 2003. On the pattern of discovery
of introduced species. Proc. Natl. Acad. Sci. USA 700:
3321-3323.

Covyer, J.A., A.F. Peters, G. Hoarau, W.T. Stam and J.L. Olsen.
2002. Hybridization of the marine seaweeds, Fucus serratus
and Fucus evanescens (Heterokontophyta: Phaeophyceae) in
a 100-year-old zone of secondary contact. Proc. Roy. Sac.
London 269:1829-1834.

Critchley, A.T. 1983. The establishment and increase of Sargas-
sum muticum (Yendo) Fensholt populations within the Solent
area of southern Britain. |l. An investigation of the increase
in canopy cover of the alga at low water. Bot. Mar. 26:
547-552,

Critchley, A.T., W.F. Farnham and S.L. Morrell. 1986. An account
of the attempted control of an introduced marine alga, Sar-
gassum muticum, in Southern England. Biol. Conserv. 35:
313-332.

Critchley, A.T., P.H. Nienhuis and K, Verschuure. 1987. Presence
and development of populations of the introduced brown
alga Sargassum muticum in the southwest Netherlands.
Hydrobiologia 151/152: 245-255.

Curiel, D., G. Bellemo, M. Marzocchi, M. Scattolin and G. Parisi.
1998. Distribution of introduced Japanese macroalgae Unda-
ria pinnatifida, Sargassum muticum (Phaeophyta) and Anti-
thamnion pectinatum (Rhodophyta) in the Lagoon of Venice.
Hydrobiologia 385; 17-22.

Curiel, D., P. Guidetti, G. Bellemo, M. Scattolin and M. Marzoc-
chi, 2001. The introduced alga Undaria pinnatifida (Lamina-
riales, Alariaceae) in the Lagoon of Venice. Hydrobiologia
477 209-219.

Davis, M.A. and M. Pelsor. 2001. Experimental support for a
resource-based mechanistic model of invasibility. Ecol. Lett.
4: 421-428.

Davis, M.A., J.P. Grime and K. Thompson. 2000. Fluctuating
resources in plant communities: a general theory of invasi-
bility. J. Ecol. 88: 528-534.

den Hartog, C. 1997. Is Sargassum muticum a threat to eelgrass
beds? Aguat. Bot, 58: 37-41.

De Villele, X. and M. Verlague. 1995. Changes and degradation

e



414 B. Schaffelke and C.L. Hewitt: Impacts of introduced seaweeds

in a Posidonia oceanica bed invaded by the introduced trop-
ical alga Caulerpa taxifolia in the north western Mediterra-
nean. Bot. Mar. 38: 79-87.

DeWreede, R.E. 1983. Sargassum muticum (Fucales, Phaeophy-
ta): regrowth and interaction with Rhodomela larix (Cera-
miales, Rhodophyta). Phycologia 22: 153-160.

Deysher, L.E. and T.A. Norton. 1982. Dispersal and colonization
in Sargassum muticum. J. Exp. Mar. Biol. Ecol. 56: 179-195.,

Dunstan, PK. and C.R. Johnsen. 2007. Mechanisms of inva-
sions: can the. recipient community influence invasion rates?
Bot. Mar. 50: 361-372.

Edgar, G.J., N.S. Barrett, A.J. Morton and C.R. Samson. 2004.
Effects of algal canopy clearance on plant, fish and macro-
invertebrate communities on eastern Tasmanian reefs. J.
Exp. Mar. Biol. Ecol. 312: 67-87. '

Farnham, W.F. 1980. Studies on aliens in the marine flora of
southern England. /n: (J.H. Price, E.G. Irvine and W.F. Farn-
ham, eds) The shore environment. Vol. 2: ecosystems. Sys-
tematics Association Special Volume N, 17 (b). Academic
Press, London and New York. pp. 875-914,

Fletcher, R.L. and P. Farrell 1999. Introduced brown algae in the
North East Atlantic, with particular respect to Undaria pin-
natifida (Harvey) Suringar. Helgol. Meeresunters. 52; 259—
275.

Fletcher, R.L. and S.M. Fletcher. 1975. Studies on the recen-
tly introduced brown alga Sargassum muticum (Yendo)
Fensholt. I. Ecology and reproduction. Bot. Mar. 18: 149-
156.

Floc'h, J.Y., R. Pajot and V. Mouret. 1996. Undaria pinnatifida
(Laminariales, Phaeophyta) 12 years after its introduction into

) the Atlantic Ocean. Hydrobiologia 326/327: 217-222,

Forrest, B.M. and M.D. Taylor. 2002. Assessing invasion impact:
survey design considerations and implications for manage-
ment of an invasive marine plant. Biol. Invasions 4: 375-386.

Francour, P, M. Harmelin-Vivien, J.G. Harmelin and J. Duclerc.
1995. Impacts of Caulerpa taxifolia colonization on the littoral
ichtyofauna of the North-Western Mediterranean Sea: prelim-
inary results. Hydrobiologia 300/301: 345-353.

Gavio, B. and S. Fredericq. 2002. Grateloupia turuturu (Haly-
meniaceae, Rhodophyta) is the correct name of the non-
native species in the Atlantic known as Grateloupia
doryphora. Eur. J. Phycol. 37: 349-359.

Glasby, T.M., R.G. Creese and P.T. Gibson. 2005. Experimental
use of salt to control the invasive marine alga Caulerpa taxi-
folia in New South Wales, Australia. Biol. Conserv. 122:
573-580.

Godwin, L.S. 2001. Hull fouling of maritime vessels as a pathway
for marine species invasions to the Hawaiian Islands. Pro-
ceedings of the 24" Meeting of the Marine Facilities Panel of
the United States Japan Cooperative Program in MNatural
Resources, November 4-10, 2001: 1-10.

Gollasch, S. and E. Leppakoski. 1999. Initial risk assessment of
alien species in Nordic coastal waters. Nord 1999: 8. Nordic
Council of Ministers, Copenhagen. pp. 244.

Grosholz, E.D. 1996. Contrasting rates of spread for introduced
species in terrestrial and marine systems. Ecology 77:
1680-1686.

Grosholz, E.D. 2002, Ecological and evolutionary consequences
of coastal invasions. Trends Ecol. Evol. 17: 22-27.

Grosholz, E.D., G.M. Ruiz, C.A. Dean, K.A. Shirley, J.L. Maron
and P.G. Connors. 2000. The impacts of a nonindigenous
marine predator in a California bay. Ecology 871: 1206—1224.

Gurevitch, J. and D.K. Padilla. 2004. Are invasive species a
major cause of extinctions? Trends Ecol. Evol. 19: 470-474.

Harris, L.G. and M.C. Tyrrell. 2001. Changing community states
in the Gulf of Maine: synergism between invaders, overfishing
and climate change. Biol. Invasions 3: 9-21.

Hassall & Associates Pty Ltd. 2002, Introduced marine pests.
Scoping the socio-economic impacts. Report prepared for
the Department of Agriculture, Fisheries and Forestry, Can-
berra, Australia. pp. 75.

Hayes, K.R. and C. Sliwa. 2003. Identifying potential marine
pests — a deductive approach applied to Australia. Mar. Pol-
lut, Bull. 46: 91-98. o '

Hewitt, C.L. 2002. The distribution and diversity of tropical Aus-
tralian marine bio-invasicns. Pac. Sci. 56; 213-222.

Hewitt, C.L. 2003a. Marine biosecurity issues in the world
oceans: global activities and Australian directions. Ocean
Yearbook 17: 193-212,

Hewitt, C.L. 2003b. The diversity of likely impacts of introduced
marine species in Australian waters. Records of the South
Australian Museum Monographs Series 7: 3—-10.

Hewitt, C.L. 2005. New Zealand marine biosecurity research
directions to underpin management. New Zeal. Sci. Rev. 61:
73-77.

Hewitt, C.L. and A. Bauckham. 2004. Changes to marine bio-
security. Biosecurity Magazine 53: 13.

Hewitt, C.L. and R.B. Martin. 2001. Revised protocols for base-
line port surveys for introduced marine species — design con-
siderations, sampling protocols and taxonomic sufficiency.
CRIMP Technical Report Number 22. Hobart, Tasmania, Aus-
tralia, CSIRO Marine Research. pp. 46.

Hewitt, C.L., M.L. Campbell, R.E. Thresher, R.B. Martin, S. Boyd,
B.F. Cohen, D.R. Currie, M.F. Gomon, M.J. Keough, J.A.
Lewis, M.M. Lockett, N. Mays, M.A. McArthur, T.D. O’Hara,
G.C.B. Poore, D.J. Ross, M.J. Storey, J.E. Watson and R.S.
Wilson. 2004a. Introduced and cryptogenic species in Pori
Phillip Bay, Victoria, Australia. Mar. Biol. 144: 183-202.

Hewitt, C.L., J. Willing, A. Bauckham, A.M. Cassidy, C.M.S. Cox,
L. Jones and D.M. Wotton. 2004b. New Zealand Marine Bio-
security: delivering outcomes in a fluid environment. New
Zeal. J. Mar. Fresh. Res. 38: 429-438.

Hewitt, C.L., M.L. Campbell, F. McEnnulty, K.M. Moore, N.B.
Murfet, B. Robertson and B. Schaffelke. 2005. Efficacy of
physical removal of a marine pest: the introduced kelp Unda-
ria pinnatifida in a Tasmanian Marine Reserve. Biol. Invasions
7: 251-263.

Hewitt, C.L., M.L. Campbell and B. Schaffelke. 2007. Introduc-
tions of seaweeds: accidental pathways and mechanisms.
Bot. Mar. 50: 326-337.

Husa, V., K. Sjetun and T.E. Lein. 2004. The newly introduced
species Heterosiphonia japonica Yendo (Dasyaceae, Rhodo-
phyta): geographical distribution and abundance at the Nor-
wegian southwest coast. Sarsia 89: 211-217.

Jaubert, J.M., J.R.M. Chisholm, G. Passeron-Seitre, D. Ducrot,
H.T. Ripley, L. Ray and G. Passeron-Seitre. 1999. No dele-
terious alterations in Posidonia beds in the Bay of Menton
(France) eight years after Caulerpa taxifolia colonization. J.
Phycol. 35: 1113-1119.

Jaubert, J.M., J.R.M. Chisholm, A. Minghelli-Roman, M. Mar-
chioretti, J.H. Morrow and H.T. Ripley. 2003. Re-evaluation
of the extent of Caulerpa taxifolia development in the north-
ern Mediterranean using airborne spectrographic sensing.
Mar. Ecol. Progr. Ser. 263: 75-82.

Johnson, C.R. and K.H. Mann. 1988. Diversity, patterns of adap-
tation, and stability of Nova Scotian kelp beds. Ecal. Monogr.
58: 129-154.

Kideys, A.E. 2002. The comb jelly Mnemiopsis leidyi in the Black
Sea. In: (E. Leppédkoski, S. Gollasch and S. Olenin, eds) Inva-
sive aquatic species of Europe. Distribution, impacts and
management. Kluwer Academic Publishers, Dordrecht. pp.
56-61.

Lapointe, B.E., PJ. Barile, M.M. Littler, M.M and D.S. Littler.
2005a. Macroalgal blooms on southeast Florida coral reefs:
Il. Cross-shelf discrimination of nitragen sources indicates
widespread assimilation of sewage nitrogen. Harmful Algae
4:1106-1122.

Lapointe, B.E., P.J. Barile, M.J. Wynne and C.S. Yentsch. 2005b.
Reciprocal invasion: Mediterranean native Caulerpa alfivieri
in the Bahamas supported by human nitrogen enrichment.
Aquatic Invaders 18: 2-5.

Lemée, R., D. Pesando, M. Durand-Clement, A. Dubreuil, A. Mei-



B. Schaffelke and C.L. Hewitt: Impacts of introduced seaweeds 415

nesz, A. Guerriero and F. Pietra. 1993. Preliminary survey of
toxicity of the green alga Caulerpa taxifolia introduced into
the Mediterranean. J. Appl. Phycol. :5: 485-493. ;

Lemée, R., C.F. Boudouresque, J. Gobert, P. Malestroit, X, Mari,
A. Meinesz, V. Menager and S. Ruitton. 1996. Feeding behav-
ior of Paracentrotus lividus in the presence of Caulerpa taxi-
folia introduced in the Mediterranean Sea. Oceanol. Acta. 19:
245-253,

Lemée, R., D. Pesando, C. Issanchou and P. Amade. 1997.
Microalgae: a model to investigate the ecotoxicology of the
green alga Caulerpa taxifolia from the Mediterranean Sea.
Mar. Environ. Res. 44: 13-25.

Levin, P.S., J.A. Cover, R. Petrik and T.P. Good. 2002. Commu-
nity-wide effects of nonindigenous species on temperate
rocky reefs. Ecology 83: 3182-3193.

Levine, J.M., M. Vila, C.M.D. D’Antonio, J.S. Dukes, K. Grigulis
and S. Lavorel. 2003. Mechanisms underlying the impacts of
exotic plant invasions. Proc. R. Soc. Lond. B. 270: 776-781.

Lodge, D.M. 1993. Biological invasions: lessons for ecology.
Trends Ecol. Evol. 8: 133-137.

Lohrer, A.M. and R.B. Whitlatch. 2002. Interactions among ali-
ens: apparent replacement of one exotic species by another.
Ecology 83: 719-732.

MacDougall, A.S. and R. Turkington. 2005. Are invasive species
the drivers or passengers of change in degraded ecosys-
tems? Ecology 86: 42-55.

Mack, R.N., D. Simberloff, W.M. Lonsdale, H. Evans, M. Clout
and F.A. Bazzaz. 2000. Biotic invasions: causes, epidemio-
logy, global consequences, and control. Ecol. Appl. 10; 689-
710.

Maggs, C.A. and H. Stegenga. 1999. Red algal exotics on the
North Sea coasts. Helgol. Meeresunters. 52: 243-258.

May, V. 1978. Changing dominance of an algal species [Caulerpa
filiformis (Suhr) Hering]. Telopea 1: 136-138.

Mclvor, L., C.A. Maggs, J. Provan and M.J. Stanhope. 2001.
Rbel sequences reveal multiple cryptic introductions of the
Japanese red alga Polysiphonia harveyi. Mol. Ecol. 10: 911~
919.

McKinney, M.L. and J.L. Lockwood. 1999. Biotic homogeniza-
tion: a few winners replacing many losers in the next mass
extinction. Trends Ecol. Evol. 14: 450-453.

Meinesz, A. 2007. Methods for identifying and tracking seaweed
invasions. Bot. Mar. 50: 373-384.

Meinesz, A., T. Belsher, T. Thibaut, B. Antolic, K. Ben Mustapha,
C.F. Boudouresgue, D. Chiaverini, F. Cinelli, J.-M. Cottalorda,
A. Djellouli, A. El Abed, C. Orestano, A.M.M. Grau, L. Ivesa,
A. Jaklin, H. Langar, E. Massuti-Pascual, A. Peirano, L. Tune-
si, J. de Vaugelas, N. Zavodnik and A, Zuljevic. 2001. The
introduced green alga Caulerpa taxifolia continues to spread
in the Mediterranean. Biol. Invasions 3: 201-210.

Miller, W.A., A.L. Chang, N. Cosentino-Manning and G.M. Ruiz.
2004. A new record and eradication of the northern Atlantic
alga Ascophyllum nodosum (Phaeophyceae) from San Fran-
cisco Bay, California, USA. J. Phycol. 40: 1028-1031.

Nichals, FH., J.K. Thompson and L.E. Schemel. 1994. Remark-
able invasion of San Francisco Bay (California, USA) by the
Asian clam Potamocorbula amurensis. |l. Displacement of a
former community. Mar. Ecol. Progr. Ser. 66: 95-101.

Norse, E.A. 1993. Global marine hiological diversity. A strategy
far building conservation into decision making. Island Press,
Washington, DC. pp. 383.

Nunes, PA.L.D. and J.C.J.M. van den Bergh. 2001. Economic
valuation of biodiversity: sense or nonsense? Ecol. Econ. 39:
203-222.

Nyberg, C.D. and |. Wallentinus. 2005. Can species traits be
used to predict marine macroalgal introductions? Biol. Inva-
sions 7: 265-279.

QOcchipinti Ambrogi, A. and D. Savini. 2003. Biological invasions
as a component of global change in stressed marine eco-
systems. Mar. Pollut. Bull. 46: 542-551,

Clcen, J.D. and N.L. Poff, 2004. Clarifying biotic homogeniza-
tion. Trends Ecol. Evel. 19: 282-283.

Olden, J.D., N.L. Poff, M.R. Douglas, M.E. Douglas and K.D.
Fausch. 2004. Ecological and evolutionary consequences of
biotic homogenization. Trends Ecol. Evol. 19: 18-24.

Parker, I.M., D. Simberloff, W.M. Lonsdale, K. Goodell, M. Wan-
ham, P.M. Kareiva, M.H. Williamson, B. von Holle, P.B. Moyle,
J.E. Byers and L. Goldwasser. 1999. Impact: toward a frame-
work for understanding the ecological effects of invaders.
Biol. Invasions 1: 3-19.

Paul, V.J. and W. Fenical. 1986. Chemical defense in tropical
green algae, order Caulerpales. Mar. Ecol. Progr. Ser. 34:
157-169.

Paula, E.J. and V.R. Eston. 1987. Are there other Sargassum
species potentially as invasive as S. muticum? Bot. Mar. 30:
405-410.

Pedrotti, M.L. and R. Lemée. 1999. Effect of microalgae treat-
ed with natural toxins on the nutrition and development of
filter-feeding sea-urchin larvae. Mar. Environ. Res. 48: 177~
192.

Pedrotti, M.L., B. Marchi and R. Lemée. 1996. Effects of Cau-
lerpa taxifolia secondary metabolites on the embryogenesis,
larval development and metamorphosis of the sea urchin
Paracentrotus lividus. Oceanol. Acta 19: 255-262.

Perrings, C., M. Williamson, E.B. Barbier, D. Delfino, S. Dalmaz-
zone, J. Shogren, P. Simmons and A. Watkinson. 2002. Bio-
logical invasion risks and the public good: an economic
perspective, Conservation Ecol. 6 (online) URL: http://www.
consecol.org/volé/iss1/arti/,

Pesando, D., R. Lemée, C. Ferrua, P. Amade and J.P. Girard.
1996. Effects of caulerpenyne, the major toxin from Caulerpa
taxifolia on mechanisms related to sea urchin egg cleavage.
Aquat. Toxicol. 35: 139-155.

Piazzi, L. and G. Ceccherelli. 2002. Effects of competition
between two introduced Caulerpa. Mar. Ecol. Progr. Ser. 225
189-195,

Piazzi, L. and F Cinelli. 2000. Effects de I'expansion des
Rhodophyceae introduites Acrothamnion preissii et Womers-
leyella setacea sur les communautés algales des rhizomes
de Posidonia oceanica de Méditerranée occidentale. Cryp-
togam. Algol. 21: 291-300.

Piazzi, L. and F. Cinelli. 2001. Distribution and dominance of two
introduced turf-forming macroalgae on the coast of Tuscany,
Italy, northwestern Mediterranean Sea in relation to different
habitats and sedimentation. Bot. Mar. 44: 509-520.

Piazzi, L. and F. Cinelli. 2003. Evaluation of benthic macreoalgal
invasion in a harbor area of the western Mediterranean Sea.
Eur. J. Phycol. 38. 223-231.

Piazzi, L., D. Balata, G. Ceccherelli and F. Cinelli. 2001a. Com-
parative study of the growth of the two-occurring introduced
green algae Caulerpa taxifolia and Caulerpa racemosa along
the Tuscan coast (ltaly, western Mediterranean). Cryptogam.
Algol. 22: 459-4686.

Piazzi, L., G. Ceccherelli and F. Cinelli. 2001b. Threat to macro-
algal diversity: effects of the introduced green alga Caulerpa
racemosa in the Mediterranean. Mar. Ecol. Progr. Ser. 210:
149-159.

Piazzi, L., D. Balata and F. Cinelli. 2002. Epiphytic macroalgal
assemblages of Posidonia oceanica rhizomes in the western
Mediterranean. Eur. J. Phycol. 37: 69-76.

Piazzi, L., D. Balata, E. Cecchi and F. Cinelli. 2003. Co-
occurence of Caulerpa taxifolia and C. racemosa in the Med-
iterranean Sea: interspecific interactions and influence on
native macroalgal assemblages. Cryptogam. Algol. 24: 233-
243,

Pickering, T.D., P. Skelton and R.J. Sulu. 2007. Intentional intro-
ductions of commercially harvested alien seaweeds. Bot.
Mar. 50: 338-350.

Pimentel, D., L. Lach, R. Zuniga and D. Morrison. 2000. Envi-
ronmental and economic costs of nonindigenous species in
the United States. Bioscience 50: 53-65.

Prince, J.S. and W.G. LeBlanc. 1992. Comparative feeding praf-
erence of Strongylocentrotus droebachiensis (Echincidea) for
the invasive seaweed Codium fragile ssp. tomentosoides



416 B. Schaffelke and C.L. Hewitt: Impacts of introduced seaweeds

(Chlorophyceae) and four other seaweeds. Mar. Biol. 113:
159-163.

Reise, K., 8. Gollasch and W.J. Wolff: 1999. Intraduced marine
species of the North Sea coasts. Helgol. Meeresunters. 52;
219-234. ;

Relini, G., A. Malinari, M. Relini and G. Torchia. 1998a. Confronto
tra la fauna epifitica di Caulerpa taxifolia e Cymodocea nodo-
sa. Biologia Marina Mediterranea 5: 185-195,

Relini, G., M. Relini and G. Torchia. 1998b. Fish and epiphytic
fauna on Caulerpa taxifolia and Cymodocea nodosa at Imper-
ia (Ligurian Sea). In: (C.F. Boudouresque, V. Gravez, A. Mei-
nesz and F. Palluy, eds) Third International Workshop on
Caulerpa taxifolia. GIS Posidonie Publications, France.
pp.185-195. }

Relini, G., M. Relini and G. Torchia. 1998c. Fish biodiversity in a
Caulerpa taxifolia meadow in the Ligurian Sea. ltal. J. Zool.
65 (Suppl): 465-470.

Relini, G., M. Relini and G. Torchia. 2000. The role of fishing gear
in the spreading of allochthonous species: the case of Cau-
lerpa taxifolia in the Ligurian Sea. ICES J. Mar. Sci. 57: 1421-
1427.

Reusch, T.B.H. and S.L. Williams. 1998. Variable responses of
native eelgrass Zostera marina to a non-indigenous bivalve
Musculista senhousia. Oecologia 113: 428-441.

Reusch, T.B.H. and S.L. Williams. 1999. Macrophyte canopy
structure and the success of an invasive marine bivalve.
Oikos 84: 398-416.

Ribera, M.A. and C.-F. Boudouresque. 1995. Introduced marine
plants, with special reference to macroalgae: mechanisms
and impact. Prog. Phycol. Res. 11: 187-268.

Ribera Siguan, M.A. 2002. Review of non-native marine plants
in the Mediterranean Sea. In: (E. Leppéakoski, S. Gollasch and
S. Olenin, eds) Invasive aquatic species of Europe. Distribu-
tion, impacts and management. Kluwer Academic Publish-
ers, Dordrecht. pp. 291-310.

Ribera Siguan, M.A. 2003. Pathways of biological invasions of
marine plants. In: (G.M. Ruiz, J.T. Carlton, eds) /nvasive spe-
cies: vectors and management strategies. Island Press,
Washington. pp. 183-226.

Ricci, N., C. Capovani and F. Dini. 1999. Behavioral modifica-
tions imposed to the ciliate protist Euplotes crassus by cau-
lerpenyne: the major toxic terpenoid of the green seaweed,
Caulerpa taxifolia. Eur. J. Protistol. 35: 290-303.

Ross, D.J., C.R. Johnson and C.L. Hewitt. 2003. Assessing the
ecological impacts of an introduced seastar: the importance
of multiple methads. Biol. Invasions 5: 3-21.

Ruiz, G.M. and C.L. Hewitt. 2002. Toward understanding pat-
terns of coastal marine invasions: a prospectus. /n: (E. Lep-
pakoski, S. Gollasch and S. Olenin, eds) Invasive aquatic
species of Europe. Distribution, impacts and management.
Kluwer Academic Publishers, Dordrecht. pp. 529-547.

Ruiz, G.M., P. Fofonoff and A.H. Hines. 1999. Non-indigenous
species as stressors in estuarine and marine communities:
assessing invasion impacts and interactions. Limnol. Ocea-
nogr. 44. 950-972.

Ruiz, G.M., PW. Fofonoff, J.T. Carlton, M.J. Wonham and A.H.
Hines. 2000. Invasion of coastal marine communities in North
America: apparent patterns, processes, and biases. Ann.
Rev. Ecol. Syst. 31: 481-531.

Russall, D.J. 1983. Ecology of the imported red sesawsed
Eucheuma striatum Schmitz on Coconut Island, Qahu,
Hawaii. Pac. Sci. 37: 87-108.

Russell, D.J. 1992. The ecological invasion of Hawaiian reefs by
two marine red algae, Acanthophora spicifera (Vahl) Boerg.
and Hypnea musciformis (Wulfen) J. Ag., and their associa-
tion with two native species, Laurencia nidifica J. Ag. and
Hypnea cervicornis J. Ag. ICES Marine Science Symposia
194: 110-125.

Schaffelke, B., D. Evers and A. Walhorn. 1995. Selective grazing
of the isopod Idotea baltica between Fucus evanescens and
F. vesiculosus from Kiel Fjord (Western Baltic). Mar. Biol. 124:
215-218.

Schaffelke, B., C.L. Hewitt and J.E. Smith. 2006. Introduced
macroalgae: growing concerm. J. Appl. Phycol. (oniine first;
DOl 10.1007/s10811-006-5074-2).

Scheibling, R.E. and S.X. Anthony. 2001. Feeding, growth and
reproduction of sea urchins  (Strongyiocentrofus droeba-
chiensis) on single and mixed diets of kelp {Laminaria spp.)
and the invasive alga Codium fragile ssp. tomentosoides.
Mar. Biol. 139; 139-146.

Schrider, H.C., FA. Badria, S.N. Ayyad, R. Batel, M. Wiens,
H.M.A. Hassanein, B. Kurelec and W.E.G. Mueller. 1998.
Inhibitory effects of extracts from the marine alga Caulerpa
taxifolia and of toxin from Caulerpa racemosa on multixeno-
bictic resistance in the marine sponge Geodia cydonium.
Environ. Toxicol, Phar. 5: 119-126.

Simberloff, D. and B. von Holle. 1999. Positive interactions of
nonindigenous species: invasional meltdown? Biol. Invasions
1: 21-32.

Sinner, J., B. Forrest and M. Taylor. 2000. A strategy for man-
aging the Asian kelp Undaria: final report. Report to Ministry
of Fisheries, New Zealand. Cawthron Report No. 578. Caw-
thron Institute, Nelson. pp. 136.

Smith, J.E., C.L. Hunter and C.M. Smith. 2002, Distribution and
reproductive characteristics of nonindigenous and invasive
marine algae in the Hawaiian Islands. Pac. Sci. 56; 299-315.

Smith, J.E., C.L. Hunter, E.J. Conklin, R. Most, T. Sauvage, C.
Squair and C.M. Smith. 2004. Ecology of the invasive red
alga Gracilaria salicornia (Rhodophyta) on O'ahu, Hawal'i.
Pac. Sci. 58: 325-343.

Smith, S.V,, W, Kimmerer, E. Laws, R. Brock and T. Walsh. 1981.
Kaneohe Bay sewage diversion experiment: perspectives on
ecosystem responses to nutritional perturbation. Pac. Sci.
35: 270-395.

Stachowicz, J.J., J.R. Terwin, R.B. Whitlatch and R.W. Osman.
2002. Linking climate change and biological invasions: ocean
warming facilitates nonindigenous species invasions. Proc.
Natl. Acad. Sci. USA 99: 15497-15500.

Steehr, PA., M.F. Pedersen, M.S. Thomsen, T. Wernberg and D.
Krause-Jensen. 2000. Invasion of Sargassum muticum in
Limfiorden (Denmark) and its possible impact on the indige-
nous macroalgal community. Mar. Ecol. Progr. Ser. 207:
79-88.

Stimson, J. and S.T. Larned. 2000. Nitrogen efflux from the sed-
iments of a subtropical bay and the potential contribution to
macroalgal nutrient requirements. J. Exp. Mar. Biol. Ecol.
252: 159-180.

Stimson, J., S.T. Larned and E. Conklin. 2001. Effects of herbi-
vory, nutrient levels, and introduced algae on the distribution
and abundance of the invasive macroalga Dictyosphaeria
cavernosa in Kaneche Bay, Hawaii. Coral Reefs 19: 343-357.

Stockwell, C.A., A.P. Hendry and M.T. Kinnison. 2003. Contem-
porary evolution meets conservation biclogy. Trends Ecol.
Evol. 18: 94-101.

Sulu, R., L. Kumar, C. Hay and T. Pickering. 2003. Kappaphycus
seaweed in the Pacific: review of introductions and field test-
ing proposed quarantine protocols. Secretariat of the Pacific
Community, Noumea. pp. 84.

Sumi, C.B.T. and R.E. Scheibling. 2005. Role of grazing by sea
urchins Strongylocentrotus droebachiensis in regulating the
invasive alga Codium fragile ssp. tomentosoides in Nova
Scotia. Mar. Ecol. Progr. Ser. 292: 203-212.

Thornber, C.S., B.P. Kinlan, M.H. Graham and J.J. Stachowicz.
2004. Population ecology of the invasive kelp Undaria pin-
natifida in California: environmental and biological controls
on demography. Mar. Ecol. Progr, Ser. 268: 69-80.

Thresher, R.E. 2000. Key threats from marine bicinvasions: a
review of current and future issues. In: (J. Pederson, ed.)
Marine Bicinvasions, Proceedings of the First Nationai Con-
ference, January 24-27, 1999. Massachussatts Institute of
Technology, Sea Grant College Program, Boston. pp. 24-36.

Tippets, K. 2002. The effects of Caulerpa taxifolia on invertebrate
abundance in Agua Hedionda Lagoon, California. Report for
University of California at Berkeley Environmental Sciences



B. Schaffelke and C.L. Hewitt: Impacts of introduced seaweeds 417

Senior Seminar, Berkeley, CA. Online URL: http://socrates.
berkeley.edu/%7Ees196/projects/2002final/Tippets.pdf (22/
02/2008). pp. 8. .

Trowbridge, C.D. 1995. Establishment of the green alga Codium
fragile ssp. tomentosoides on New Zealand rocky shores:
Current distribution and invertebrate grazers. J. Ecol. 83:
949-965.

Trowbridge, C.D. 1996. Introduced versus native subspecies of
Codium fragile: How distinctive is the invasive subspecies
tomentosocides? Mar. Biol. 126: 193-204.

Trowbridge, C.D. 1998. Ecology of the green macroalga Codium
fragile (Suringar) Hariot 1889: invasive and non-invasive sub-
species. Oceanogr. Mar. Biol.: An Ann. Rev. 36: 1-64.

Valentine, J.P. and C.R. Johnson. 2003. Establishment of the
introduced kelp Undaria pinnatifida in Tasmania depends on
disturbance to native algal assemblages. J. Exp. Mar. Biol.
Ecol. 295: 63-90.

Valentine, J.P. and C.R. Johnson. 2004. Establishment of the
introduced kelp Undaria pinnatifida following dieback of the
native macroalga Phyllospora comosa in Tasmania, Australia.
Mar. Fresh. Res. 55: 223-230.

Valentine, J.P. and C.R. Johnson. 2005a. Persistence of the
exotic kelp Undaria pinnatifida does not depend on sea
urchin grazing. Mar. Ecol. Progr. Ser. 285: 43-55.

Valentine, J.P. and C.R. Johnson. 2005b. Persistence of sea
urchin (Heliocidaris erythrogramma) barrens on the east
coast of Tasmania: inhibition of macroalgal recovery in the
absence of high densities of sea urchins. Bot. Mar. 48: 106-
1186,

Valentine, J.P, R.H. Magierowski and C.R. Johnson. 2007.
Mechanisms of invasion: establishment, spread and persist-
ence of introduced seaweed populations. Botf. Mar. 50:
351-360.

Van Beukering, P. and H.S.J. Cesar. 2004. Ecological economic
modeling of coral reefs: evaluating tourist overuse at Hanau-
ma Bay and algae blooms at the Kihei Coast, Hawai'i. Pac.
Sci. 58: 243-260. :

Verlaque, M. and P. Fritayre. 1994. Mediterranean algal com-
munities are changing in face of the invasive alga Caulerpa
taxifolia (Vahl) C. Agardh. Oceanol. Acta 17: 659-672.

Verlaque, M., C. Durand, J.M. Huisman, C.-F. Boudouresque and
Y. Le Parco. 2003. On the identity and origin of the Mediter-
ranean invasive Caulerpa racemosa (Caulerpales, Chlorophy-
ta). Eur. J. Phycol. 38: 325-339.

Viejo, R.M. 1997. The effects of colonization by Sargassum muti-
cum on tidepool macroalgal assemblages. J. Mar. Biol.
Assoc. UK 77: 325-340.

Vitousek, P.M., H.A. Mooney, J. Lubchenco and J.M. Melillo.

1997. Human dominition of Earth's ecosystems. Science
277: 494-499.

Vroom, P. and C.M. Smith. 2001. The challenge of siphonous
green algae. Am. Sci. 89: 525-531.

Walker, D.I. and G.A. Kendrick..1998. Threats to macroalgal
diversity: Marine habitat destruction and fragmentation, pol-
lution and introduced species. Bot. Mar. 41: 105-112.

Wallentinus, |. 2002. Introduced marine algae and vascular
plants in European aquatic environments. In: (E. Leppékoski,
S. Gollasch and S. Olenin, eds) Invasive aquatic species of
Europe. Distribution, impacts and management. Kluwer Aca-
demic Publishers, Dordrecht. pp. 27-52.

Wikstrém, S.A. and L. Kautsky. 2004. Invasion of a habitat-form-
ing seaweed: effects on associated biota. Biol. Invasions 6:
141-150.

Wikstrém, S.A., M.B. Steinarsdéttir, L. Kautsky and H. Pavia.
2006. Increased chemical resistance explains low herbivore
colonization of introduced seaweed. Oecologia 148: 593-
601.

Wilkinsen, D.M. 2004. The long history of the bictic homogeni-
zation concept. Trends Ecol. Evol. 19: 283-284.

Williams, S.L. 2002. The role of science in management of Cau-
lerpa taxifolia in the United States. In: (E. Williams, E.D. Gros-
holz, eds) International Caulerpa taxifolia Conference
Proceedings, January 31-February 1, 2002, San Diego, Cali-
fornia, USA. California Seagrant College Program, University
of California. La Jolla, California. Publication No. T-047
(CDROM). pp. 12.

Williams, S.L. and E.D. Grosholz. 2002. Preliminary reports from
the Caulerpa taxifolia invasion in southern California. Mar.
Ecol. Progr. Ser. 233: 307-310.

Williamson, M. 1999. Invasicns. Ecography 22: 5-12.

Wotton, D.M. and C.L. Hewitt, 2004. Marine biosecurity post-
border management: developing incursion response systems
for New Zealand. New Zeal. J. Mar. Frash. Res. 38: 553-559.

Wotton, D.M., C. O'Brien, M.D. Stuart and D.J. Fergus. 2004.
Eradication success Down Under: heat treatment of a sunken
trawler to kill the invasive seaweed Undaria pinnatifida. Mar.
Pollut. Bull. 49: 844-849.

Zemke-White, W.L. 2004. Assessment of the current knowledge
on the environmental impacts of seaweed farming in the
tropics. In: (.M. Phang, V.C. Chong, S.C. Ho, N.Hj. Mokhtar
and L.S.J. Ooi, eds) Marine science into the new millennium:
new perspectives and challenges. Proceedings of the Asia-
Pacific Marine Science and Technology Conference, 12-16
May 2002, Kuala Lumpur, Malaysia. pp. 465-476.

Received 22 December, 2005; accepted 22 November, 2006



