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Abstract

This systematic review analysed scientific publications to identify relevant research about the
impact of alien polychaete species around the world, using the PRISMA (Preferred Reporting
Items for Systematic reviews and Meta-Analysis) guide. The criterion for inclusion was studies
published in English, with the key terms (e.g. ‘impact’, ‘alien species’, ‘polychaetes’) in the title,
abstract and keywords. The literature search was conducted in Scopus and Web of Science
from April to December 2020. The search resulted in 150 papers that included information
about impact of alien polychaete species. Of these studies, 98% were published in the last
25 years, reporting on the impact of 40 species in 18 regions of the world. Sixty-one per
cent of the research was conducted in the Baltic Sea, South-west Atlantic and
Mediterranean Sea. The most frequent type of study was field surveys (46%) and the most
studied system was open coast areas (36%). The species with the highest number of publica-
tions about their impacts were Ficopomatus enigmaticus, Marenzelleria viridis, Sabella spallan-
zanii and Boccardia proboscidea. Based on evidence of their most severe documented impacts
in their introduced ranges, the impact mechanisms (IMos) of the alien polychaete species were
strongly related to their biology and lifestyles. We found that species that build conspicuous
reefs and tube-dwellers mainly showed physical and structural impact on ecosystems;
shell-borers, mainly parasitism and infauna species, showed mainly chemical, physical and
structural impacts on ecosystems. Some recommendations for the study of alien polychaete
species are discussed.

Introduction

Although it is technically more appropriate to refer to polychaetes as marine annelids
(Hutchings & Kupriyanova, 2018) we still use the term polychaetes due to its wide use in
the historical literature. Polychaetes form one of the most important components of benthic
communities, representing between 30 and 50% (but up to 70%) of the total abundance of
the benthos (Rosenberg et al., 1996; Witte et al., 2003; Murugesan et al., 2011; Kuk-Dzul
et al., 2012). Polychaetes also comprise around half of the diversity of annelids with about
100 families and around 12,000 valid species (Appeltans et al., 2012; Weigert & Bleidorn,
2016; Magalhdes et al, 2021). The majority of these families occur worldwide and are
found in nearly every marine habitat where they often dominate macrofaunal assemblages
(Hutchings, 1998).

Polychaetes display a diverse range of life histories and feeding guilds (Fauchald & Jumars,
1979; Jumars et al., 2015) allowing them to occupy almost all trophic levels and, coupled with
their distribution and abundance, they generally provide a whole suite of ecological functions
and ecosystem services where they occur in their native ranges (Cyrino et al., 2018). As such,
they are often regarded as ecosystem engineers (Fadhullah & Syakir, 2016), altering their sur-
rounding environments through their ability to act as bioturbators, sediment stabilizers or ref-
uge/substrate providers. Furthermore, some polychaetes are of practical use to humans as
bioindicators of a range of pollutants (Mauri et al., 2003; Giangrande et al., 2005; Catalano
et al., 2012; Maranho et al., 2014; Pires et al., 2016) as well as ecosystem health (Cardoso
et al., 2007).

The economic contributions of polychaetes are also substantial; in a global review of bait
worm fisheries, Watson et al. (2017) estimated that the ~121,000 tons of polychaetes collected
globally were valued at £5.9 billion. They found that the five most expensive marine species
sold on the global fisheries market (price kg™") are all polychaetes. Further economic impacts
are experienced when polychaetes act as pests, such as shell-boring spionids (Dipolydora spp.,
Polydora spp., Boccardia spp.) that have a long history of impacting shellfish aquaculture
industries worldwide by devaluing products destined for the half-shell market and requiring
burdensome treatments and interventions to manage infestations (Spencer et al., 2020).

Globally, opportunities have increased for the transport of polychaetes beyond their native
ranges to become aliens (synonyms: adventive, exotic, foreign, introduced, non-indigenous,
non-native or neocosmopolitan) (Richardson et al., 2011; Blackburn et al., 2014; Robinson
et al., 2016; Darling & Carlton, 2018). It has been estimated that there may be as many as
300 alien polychaete species in various regions of the world (Cinar, 2013). However, this
number needs to be revised, as some species previously considered to be ‘cosmopolitan’ are
confirmed as aliens (e.g. Bergamo et al, 2019), as cryptic invasions are uncovered
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(e.g. Elgetany et al., 2020), or as species previously thought to be
alien resolve into multiple indigenous species (Simon et al., 2019).
The deliberate distribution of polychaetes via the trade of bait
worms can inadvertently lead to their dispersal and establishment
when live unused bait is discarded, as occurred in Portugal with
the importation of Perinereis aibuhitensis from Korea (Fidalgo E
Costa et al., 2006). Furthermore, Mito & Uesugi (2004) showed
that out of the 620 million live animals imported into Japan in
2003, 90% were classified as worms for fishing bait, suggesting
a great scope for spread of worms via this vector. The global
trade of molluscs such as oysters, mussels and abalone is consid-
ered one of the most important vectors of alien species (Ruesink
et al., 2005) including shell-boring worms such as Boccardia pro-
boscidea (Simon et al., 2009; Simon & Sato-Okoshi, 2015). Worms
may also be spread unintentionally when fouling polychaetes such
as Ficopomatus enigmaticus, Hydroides elegans and Sabella spal-
lanzanii travel the world on ship hulls (Vitousek et al., 1997;
Kocak et al., 1999; Hayes et al., 2005). Furthermore, with the
increased speed of shipping, trans-oceanic shipping can now
take place in less time than the duration of larval stages of most
marine invertebrates. Thus, the huge volumes of ballast water car-
ried by these ships and dumped in or near ports have also led to
the establishment of invasive species (Carlton & Geller, 1993;
Cinar, 2013).

Once established in recipient regions, alien species may cause
significant changes to local species richness and abundance,
population genetic composition, behaviour patterns, trophic net-
works, ecosystem productivity or habitat structure through com-
petition, displacement or predation (Brooks et al, 2004;
Hendrix et al.,, 2008; Shine, 2010; Pysek et al., 2012; Ricciardi
et al., 2013). There has therefore been significant interest in evalu-
ating the impacts of alien species in different components of
recipient ecosystems (Blackburn et al., 2014; Bacher et al., 2018;
Pysek et al., 2020). Unfortunately, marine invasion science can
be biased towards certain taxonomic groups, study types, marine
systems and invasion stages. For example, South African marine
invasion science is biased towards conducting field surveys on
established species, especially Mytilus galloprovincialis, in the
rocky intertidal (Alexander et al., 2016), while impacts of the
movement of oysters have also been reviewed extensively (e.g.
Haupt et al., 2010).

Few studies have been conducted on the impacts of alien poly-
chaetes in their recipient regions (Schwindt et al., 2001; Holloway
& Keough, 2002a; Delefosse et al., 2012; Elias et al, 2015).
However, because many polychaetes provide ecosystem functions
in their natural distribution ranges, it is likely that they may have
significant impacts should the worms become established as
aliens. An ecological function such as bioturbation comprises a
series of processes that affects the physical and chemical proper-
ties of the sediment that may strongly influence bacterial commu-
nities involved in nutrient cycling (Biles et al., 2002), ultimately
modifying the benthic community structure. For example, biotur-
bators, such as the deposit-feeding lugworm family Arenicolidae,
have been known to exclude sympatric species such as the tube-
building polychaetes Polydora cornuta and Lanice conchilega
(Volkenborn et al., 2009). Tube-building polychaetes, conversely,
are sediment stabilizers which can aid in protecting the environ-
ment against erosion (Frey & Wheatcroft, 1989), and facilitate the
establishment of many other species not only by providing attach-
ment points for plants and bivalves but also by providing refugia
for smaller infaunal organisms, leading to higher species diver-
sities in areas where they are found (Bell & Coen, 1982; Ban &
Nelson, 1987). Finally, abundant soft-bottom polychaetes have
also been known to play a major role in the diets of demersal
fish (Yeung et al., 2013) and birds (Kalejta & Hockey, 1991).
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Understanding the impacts of alien polychaetes at species level
is crucial due to the great variations in morphology, feeding
modes and reproductive cycles of polychaetes as well as the ser-
vices that they provide and their abundance.

A review of the impacts that alien polychaetes are having
worldwide could help predict future alien establishments and
thereby facilitate management of new alien species. However,
impacts at species level are context dependent and impacts ascer-
tained for one species may not be indicative of the expected
impacts of closely related species or sometimes even for the
same species in a different ecosystem. Indeed, some species
behave differently outside their native distribution range as in
the case of B. proboscidea, a non-reef forming species native to
California that builds massive intertidal reefs in sewage-impacted
areas in the South-west Atlantic, causing a reduction in the diver-
sity of native species (Jaubet et al., 2011; Elias et al., 2015).
Furthermore, this species is a pest on abalone farms in South
Africa (Simon et al., 2010) but not in its native distribution. A
review of species impacts can therefore help alert managers to
unpredictable species such as B. proboscidea and even help
point to local gaps in knowledge by highlighting overlooked
study types or marine systems.

Information about the impact of alien polychaete species is
sparse or restricted to some geographic areas and species
(Cinar, 2013; Katsanevakis et al., 2014), and to date there has
been no integrative and systematic review of the status and gaps
of knowledge on this topic. The present systematic review ana-
lysed the advances in the research on the impacts of alien poly-
chaetes in marine ecosystems and identifies gaps in the present
knowledge that can be used to inform future research. This review
aims to answer the following specific questions:

(1) How many and which alien polychaete species have been
investigated globally to measure their impact?

(2) What are the trends in research into the impacts of alien poly-
chaetes in marine ecosystems?

(3) What kinds of impacts do alien polychaetes have?

(4) What are the different management strategies that have been
proposed or executed to manage different scenarios of
impacts in the environment?

Materials and methods

This systematic review was performed using the main principles
of the PRISMA (Preferred Reporting Items for Systematic reviews
and Meta-Analyses) approach, which recommends a series of pro-
cedures for systematic reviews and meta-analyses to make them
repeatable and prevent low-quality or methodologically biased
studies (Moher et al., 2009; Sierra-Correa & Cantera Kintz,
2015). The approach consists of four phases: (1) Identification
of publications through the systematic use of search engines; (2)
Screening publications based on titles, abstracts and keywords;
(3) Judging eligibility after a full review of remaining publications;
and (4) Inclusion of all publications remaining in the final subset
to extract the information (Figure 1).

Data collection and eligibility criteria

The bibliographic search focused on peer-reviewed publications in
English from reputable journals with research conducted in mar-
ine environments. We followed the recommendations of
Koricheva et al. (2013) and the search was conducted using
both the advanced systematic search engine in Elsevier’s Scopus
database (www.scopus.com) and ISI Web of Science (www.webof-
knowledge.com).
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The criteria for selection included any article, review or book
chapter published between 1950 and 31 December 2020, with
the following search terms in the title, abstract or keywords:

(1) ‘impact’, OR ‘impacts’ OR ‘effect’ OR ‘effects’
AND
(2) ‘alien species’, OR ‘invasive species’, OR ‘allochthonous spe-
cies’, OR ‘introduced species’ OR ‘non-indigenous species’
OR ‘non-native species’ OR ‘invasion’ OR ‘exotic’ OR ‘adven-
tive’ OR ‘foreign’
AND
(3) ‘polychaetes’ OR ‘polychaeta’ OR ‘marine worm’ OR ‘marine
worms’.

The following information was extracted from each selected
article:

(1) Year of publication.

(2) Marine system: aquaculture facility, coastal lagoon, estuary,
harbour, marina, open coast, or multiple if the study included
more than one type of marine system.
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Fig. 1. Flow diagram depicting the phases and actions
taken during the literature review where ‘n’ is the num-
ber of studies relating to action.

(3) Study type: Field survey, experiment in situ, field and labora-
tory experiment, laboratory experiment, review, theoretical
model and meta-analysis.

Family of polychaetes.

Species of polychaetes.

Impact of alien species, according to the classification of

Blackburn et al. (2014).

4
©)
(6)

A field survey refers to research conducted during a sampling survey
followed by analysis of samples in the laboratory; an experiment in
situ was conducted in the field followed by analysis of samples in the
laboratory; field and laboratory experiment is a combination of these
two study types in the same research; theoretical model refers to
studies that analysed data to design a mathematical model;
meta-analyses is any research that applied statistical analysis that
combined the results of multiple scientific studies; a review is any
research based on the revision of the literature of invasive taxa
that included one or more species of marine annelids.

All species names and authorities were verified and updated
according to the online World Polychaeta Database (Read &
Fauchald, 2021).
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The impacts of alien polychaete species were evaluated accord-
ing to the classification of alien species proposed by Blackburn
et al. (2014). This classification system is based on the magnitude
of the environmental impacts with regards to the impact mechan-
ism (IMo) used to code species in the International Union for
Conservation of Nature (IUCN) Global Invasive Database
(Table 1). This system uses five semi-quantitative scenarios for
each IMo, so impact values range from one to five, where one
is minimal impact and five the highest impact that could be docu-
mented in 13 impact mechanisms (Table 1). Thus, the classifica-
tion considers consequences not likelihoods, so species are
classified on the basis of the evidence of all their most severe
documented impacts in regions to which they have been intro-
duced (Blackburn et al., 2014).

Results
Papers included

The Identification phase produced 885 papers (Figure 1). Nine
additional papers relevant to the topic, which were independently
identified by the authors during the review process, were added to
bring the total to 894 papers. Duplicates accounted for 238 of
these records and after removal left 656 papers. During the
Screening phase, based on the revision of the title, abstract and
keywords, we removed a further 470 records which did not
include information relevant to the impact of alien marine poly-
chaetes, resulting in 186 papers remaining. Finally, in the
Eligibility phase, the full texts were evaluated, and 36 papers
were excluded for not including relevant information about any
impacts of alien polychaete species (Figure 1). Thus, 150 papers
remained to be included in this study. The bibliographic details
of all papers are available in Supplementary Material
(Supplementary Table S1).

Annual trend of papers published

The final subset of papers spanned the period from 1980 to 31
December 2020. Only six papers were published on the impacts
of alien polychaetes in the 17 years from 1980 to 1997.
Thereafter, research on the topic increased until averaging almost
six papers annually between 1998 and 2020, reaching a maximum
of 12 papers published in both 2018 and 2020 (Figure 2).

As time went by, there was a change in both the systems inves-
tigated and the types of studies conducted. In the initial period
between 1980 and 1997, the marine systems studied were limited
to coastal lagoons, estuaries and marinas, after which aquaculture
facilities, open coasts and marine harbour systems also featured
(Figure 3). Only from 2002 onwards were papers focusing on
multiple marine systems within a single paper published
(Figure 3). Over the complete timespan, 54 papers (36%) reported
on research conducted on open coasts (Figure 4) followed by 27
(18%) studies in coastal lagoons, 19 (13%) in estuaries, 18
(12%) in harbours and 16 (10%) in multiple systems (Figure 4).
The fewest studies were conducted in aquaculture facilities and
marinas which accounted for 9 (6%) and 7 (5%) studies,
respectively.

Study types in the period 1980-1997 were mainly field surveys
with results of only one field and laboratory experiment published
in that period (Davies et al., 1989) (Figure 5). From 1998
onwards, field surveys remained popular but several other study
types also rose in popularity (Figure 5). The breakdown of
study types over the complete period shows field surveys as the
most popular with 70 papers (46%), followed by in situ experi-
ments with 25 papers (17%), 23 review papers (15%), 18 labora-
tory experiments (12%) and 10 theoretical studies (7%) (Figure 6).
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Only three studies included both field and laboratory experiments
(2%) and only one meta-analysis (<1%) has been conducted.

Geographic distribution

Six papers were excluded (Rodriguez, 2006; Levin & Crooks, 2011;
Olenin & Minchin, 2011; Cinar, 2013; Anton et al, 2019;
Bruschetti, 2019) from the analysis of geographic distribution of
research. These papers were global reviews and one meta-analysis
not investigating any specific geographic region. The remaining
144 papers were spread among 18 regions around the world
(Figure 7). Half the papers were based on research conducted in
two regions: the Baltic (33%) and South-west Atlantic (17%).
Other  well-studied geographic  regions included the
Mediterranean, the US Pacific coast and Australia, contributing
just under 30% more of the papers. In contrast, less well-studied
regions included the Wadden Sea (7 papers, 5%), South Africa (5
papers, 3%), New Zealand (4 papers, 3%) and the English
Channel (3 papers, 2%). The remaining geographic regions repre-
sented were the Arabian Sea, Black Sea, Caspian Sea, Pacific coast
of Canada, Sea of Azov, South-eastern Pacific, Tropical Eastern
Pacific, U.S. Atlantic coast and Yellow Sea, each with a single
publication.

In 11 of the 18 geographic regions studied around the world,
more than one type of marine system has been studied
(Figure 8). In the Baltic Sea most of the systems were studied (6
systems), except aquaculture facilities, followed by Australia and
U.S. Pacific (5 each); Mediterranean and South Africa (4 each);
South-west Atlantic, English Channel and Wadden Sea (3 each)
and U.S. Atlantic coast, South-eastern Pacific and New Zealand
(2 each) (Figure 8). In the South-west Atlantic, the main marine
system studied was the coastal lagoon, followed by open coast and
multiple systems, respectively. In the Mediterranean Sea, the
papers focused mainly on harbours and open coasts, and fewer
on aquaculture facilities and multiple systems. Studies from the
Pacific coast of the USA mainly focused on aquaculture facilities
and estuaries and in lower number harbours, marinas and open
coast. In Australia, all marine systems were studied except aqua-
culture facilities and coastal lagoons.

The most common type of study was the field survey (con-
ducted in all regions), followed by experiments in situ (7 regions),
reviews (6 regions) and theoretical models (5 regions), whereas
laboratory experiments and studies that included field and labora-
tory experiments were conducted in the fewest regions (Figure 9).
The regions where all or most study types classified in the present
review were conducted were the Baltic Sea, South-west Atlantic
and the Pacific coast of the USA (Figure 9).

Number of species

The publications considered here provided information on
impacts of 40 alien polychaete species, belonging to 11 families
and 25 genera (Table 2, see Supplementary Table S1). In the pre-
sent review 9 species were labelled as cryptogenic [CG] (see
below) because their alien statuses are in question.

The families with most species are Spionidae, Serpulidae,
Sabellidae and Nereididae, together representing 83% of the total
number of alien species investigated (Figure 10). The remaining
17% were represented by the families Capitellidae, Ampharetidae,
Cirratulidae, Glyceridae, Maldanidae, Sternaspidae and Terebellidae.

The species investigated most intensely was the serpulid
Ficopomatus enigmaticus with studies conducted in the
South-west Atlantic, Atlantic and Pacific coast of the USA,
South Africa, Black Sea and English Channel (Table 2). The
second most studied species was the spionid Marenzelleria viridis,
with its impacts analysed in the Baltic and Wadden Seas. A
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Table 1. Impact criteria for assigning alien species to different categories, according to the five semi-quantitative scenarios proposed by Blackburn et al. (2014)

Impact class

Massive (MA) 5

Major (MR) 4

Moderate (MO) 3

Minor (MI) 2

Minimal (ML) 1

Categories
should adhere
to the following
general meaning

Causes at least local
extinction of species,
and irreversible
changes in community
composition; even if
the alien species is
removed the system
does not recover its
original state.

Causes changes in
community
composition, which are
reversible if the alien
species is removed.

Causes declines in
population densities,
but no changes in
community
composition.

Causes reductions in
individual fitness, but no
declines in native population
densities.

No effect on fitness of
individuals of native
species.

Competition (1)

Competition resulting
in replacement or local
extinction of one or
several native species;
changes in community
composition are
irreversible.

Competition resulting
in local or population
extinction of at least
one native species,
leading to changes in
community
composition, but
changes are reversible
when the alien species
is removed.

Competition resulting
in a decline of
population size of at
least one native
species, but no
changes in community
composition.

Competition affects fitness
(e.g. growth, reproduction,
defence,
immunocompetence) of
native individuals without
decline of their populations.

Negligible level of
competition with
native species;
reduction of fitness of
native individuals is not
detectable.

Predation (2)

Predators directly or
indirectly (e.g. via
mesopredator release)
resulting in
replacement or local
extinction of one or
several native species
(i.e. species vanish
from communities at
sites where they
occurred before the
alien arrived); changes
in community
composition are
irreversible.

Predators directly or
indirectly (e.g. via
mesopredator release)
resulting in local or
population extinction
of at least one native
species, leading to
changes in community
composition, but
changes are reversible
when the alien species
is removed.

Predators directly or
indirectly (e.g. via
mesopredator release)
resulting in a decline of
population size of at
least one native species
but no changes in
community
composition.

Predators directly or
indirectly (e.g. via
mesopredator release)
affecting fitness (e.g. growth,
reproduction) of native
individuals without decline of
their populations.

Negligible level of
predation on native
species.

Hybridization (3)

Hybridization between
the alien species and
native species is
common in the wild;
hybrids are fully
vigorous and fertile;
pure native species
cannot be recovered by
removing the alien,
resulting in
replacement or local
extinction of native
species by introgressive
hybridization (genomic
extinction).

Hybridization between
alien species and
native species is
common in the wild; F1
hybrids are vigorous
and fertile, however
offspring of F1 hybrids
are weak and sterile
(hybrid breakdown)
thus limited gene flow
between alien and
natives; individuals of
alien species and
hybrids discernible
from pure natives, pure
native populations can
be recovered by
removing the alien and
hybrids.

Hybridization between
alien species and
native species and
native species is
regularly observed in
the wild; hybrids are
vigorous, but sterile
(reduced hybrid
fertility), limited gene
flow between alien and
natives, local decline of
populations of pure
native species, but pure
native species, but pure
native species persists.

Hybridization between alien
and native species is
observed in the wild, but rare;
hybrids are weak and never
reach maturity (reduced
hybrid viability), no decline of
pure native populations.

No hybridization
between alien species
and native species
observed in the wild
(prezygotic barriers),
hybridization with a
native species might be
possible in captivity.

Transmission of
diseases to
native species

)

Transmission of
diseases to native
species resulting in
replacement or local
extinction of native
species (i.e. species
vanish from
communities at sites
where they occurred
before the alien
arrived); changes in
community
composition are
irreversible.

Transmission of
diseases to native
species resulting in
local or population
extinction of at least
one native species,
leading to changes in
community
composition, but
changes are reversible
when the alien species
is removed.

Transmission of
diseases to native
species resulting in a
decline of population
size of at least one
native species, but no
changes in community
composition.

Transmission of diseases to
native species affects fitness
(e.g. growth, reproduction,
defence,
immunocompetence) of
native individuals without
decline of their populations.

The alien species is not
a host of diseases
transmissible to native
species or very low
level of transmission of
diseases to native
species; reduction of
fitness of native
individuals is not
detectable.

Parasitism (5)

Parasites or pathogens
directly or indirectly
(e.g. apparent
competition) resulting

Parasites or pathogens
directly or indirectly
(e.g. apparent
competition) resulting

Parasites or pathogens
directly or indirectly
(e.g. apparent
competition) resulting

Parasites or pathogens
directly or indirectly (e.g.
apparent competition)
affecting fitness (e.g. growth,

Negligible level of
parasitism or disease
incidence (pathogens)
on native species,
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Impact class Massive (MA) 5 Major (MR) 4 Moderate (MO) 3 Minor (MI) 2 Minimal (ML) 1
in replacement or local in local or population in a decline of reproduction, defence, reduction of fitness of
extinction of one or extinction of at least population size of at immunocompetence) of native individuals is not
several native species one native species, least one native species  native individuals without detectable.
(i.e. species vanish leading to changes in but no changes in decline of their populations.
from communities at community community
sites where they composition, but composition.
occurred before the changes are reversible
alien arrived); changes  when the alien species
in community is removed.
composition are
irreversible.
Poisoning/ The alien species is The alien species is The alien species is The alien species is toxic/ The alien species is not
toxicity (6) toxic/allergenic by toxic/allergenic by toxic/allergenic by allergenic by ingestion, toxic/allergenic/

ingestion, inhalation,
or contact to wildlife or
allelopathic to plants,
resulting in
replacement or local
extinction of native
species; changes in
community
composition are
irreversible.

ingestion, inhalation,
or contact to wildlife or
allelopathic to plants,
resulting in local or
population extinction
of at least one native
species (i.e. species
vanish from
communities at sites
where they occurred
before the alien
arrived), leading to
changes in community
composition, but
changes are reversible
when the alien species
is removed.

ingestion, inhalation,
or contact to wildlife or
allelopathic to plants,
resulting in a decline of
population size of at
least one native
species, but no
changes in community
composition (native
species richness).

inhalation, or contact to
wildlife or allelopathic to
plants, affects fitness (e.g.
growth, reproduction,
defence,
immunocompetence) of
native individuals without
decline of their populations.

allelopathic, or if it is,
the level is very low,
reduction of fitness of
native individuals is not
detectable

Bio-fouling (7)

Bio-fouling resulting in
replacement or local
extinction of one or
several native species
(i.e. species vanish
from communities at
sites where they
occurred before the
alien arrived); changes
in community
composition are
irreversible.

Bio-fouling resulting in
local or population
extinction of at least
one native species,
leading to changes in
community
composition, but
changes are reversible
when the alien species
is removed.

Bio-fouling resulting in
a decline of population
size of at least one
native species, but no
changes in community
composition.

Bio-fouling affects fitness
(e.g. growth, reproduction,
defence,
immunocompetence) of
native individuals without
decline of their populations.

Negligible level of
bio-fouling on native
species; reduction of
fitness of native
individuals is not
detectable.

Grazing/
herbivory/
browsing (8)

Herbivory resulting in
replacement or local
extinction of one or
several native plant
species (i.e. species
vanish from
communities at sites
where they occurred
before the alien
arrived); changes in
community
composition are
irreversible.

Herbivory resulting in
local or population
extinction of at least
one native plant
species, leading to
changes in community
composition, but
changes are reversible
when the alien species
is removed.

Herbivory resulting in a
decline of population
size of at least one
native species, but no
changes in community
composition.

Herbivory affects fitness (e.g.
growth, reproduction,
defence,
immunocompetence) of
individual native plants
without decline of their
populations.

Negligible level of
herbivory on native
plant species,
reduction of fitness on
native plants is not
detectable.

Chemical,
physical, or
structural
impact on
ecosystem
(9,10,11)

Many changes in
chemical, physical,
and/or structural
biotope characteristics;
or changes in nutrient
and water cycling; or
disturbance regimes; or
changes in natural
succession, resulting in
replacement or local
extinction of native
species (i.e. species
vanish from
communities at sites
where they occurred
before the alien
arrived); changes
(abiotic and biotic) are
irreversible.

Changes in chemical,
physical, and/or
structural biotope
characteristics; or
changes in nutrient
cycling; or disturbance
regimes; or changes in
natural succession,
resulting in local
extinction of at least
one native species,
leading to changes in
community
composition, but
changes are reversible
when the alien species
is removed.

Changes in chemical,
physical, and/or
structural biotope
characteristics; or
changes in nutrient
cycling; or disturbance
regimes; or changes in
natural succession,
resulting in a decline of
population size of at
least one native
species, but no
changes in community
composition.

Changes in chemical,
physical, and/or structural
biotope characteristics; or
changes in nutrient cycling;
or disturbance regimes; or
changes in natural succession
detectable, affecting fitness
(e.g. growth, reproduction,
defence,
immunocompetence) of
native individuals without
decline of their populations.

No changes in
chemical, physical,
and/or structural
biotope characteristics;
or changes in nutrient
cycling; or disturbance
regimes; or changes in
natural succession
detectable, or changes
are small with no
reduction of fitness of
native individuals
detectable.

https://doi.org/10.1017/5S0025315422000315 Published online by Cambridge University Press

(Continued)


https://doi.org/10.1017/S0025315422000315

Journal of the Marine Biological Association of the United Kingdom

Table 1. (Continued.)

Impact class

Massive (MA) 5

Major (MR) 4

Moderate (MO) 3

Minor (MI) 2

Minimal (ML) 1

Interaction with
other alien
species (12)

Interaction of an alien
species with other
aliens (e.g. pollination,
seed dispersal, habitat
modification) facilities
replacement or local
extinction of one or
several native species
(i.e. species vanish
from communities at
sites where they
occurred before the
alien arrived), and
produces irreversible
changes in community
composition that
would not have
occurred in the
absence of the species.
These interactions may
be included in other
impact classes (e.g.
predation, apparent
composition) but

Interaction of an alien
species with other
aliens (e.g. pollination,
seed dispersal habitat
modification) facilitates
local or population
extinction of at least
one native species, and
produces changes in
community
composition that are
reversible but would
not have occurred in
the absence of the
species. These
interactions may be
included in other
impact classes (e.g.
predation, apparent
competition) but would
not have resulted in the
particular level of
impact without an
interaction with other

Interaction of an alien
species with other
aliens (e.g. pollination,
seed dispersal, habitat
modification) facilitates
a decline of population
size of at least one
native species, but no
changes in community
composition; changes
would not have
occurred in the
absence of the species.
These interactions may
be included in other
impact classes (e.g.
predation, apparent
competition) but would
not have resulted in the
particular level of
impact without an
interaction with other
alien species.

Interaction of an alien species
with other aliens (e.g.
pollination, seed dispersal)
affects fitness (e.g. growth,
reproduction, defense,
immunocompetence) of
native species, individuals
without decline of their
populations; changes would
not have occurred in the
absence of the species. These
interactions may be included
in other impact classes (e.g.
predation, apparent
competition) but would not
have resulted in the
particular level of impact
without an interaction with
other alien species.

Interaction of an alien
species with other
aliens (e.g. pollination,
seed dispersal) but
with minimal effects on
native species;
reduction of fitness of
native individuals is not
detectable.

would not have
resulted in the
particular level of
impact without an
interaction with other
alien species.

alien species.

The impact classes are according to the impact mechanisms (IMos) in the GISD (Global Invasive Species Database).

smaller number of papers also analysed the impact of
Marenzelleria arctia and Marenzelleria neglecta in the Baltic
Sea. Furthermore, several papers report the impact of
Marenzelleria as a complex of these three species (Marenzelleria
spp.) and additional studies referred to M. cf. arctia and M. cf. vir-
idis. Thus, if studies of impact are considered at genus level,
Marenzelleria would be the most studied genus in the world.
However, it is important to note that almost all studies on this
genus are concentrated in the Baltic Sea region while F. enigma-
ticus was studied in several geographic areas worldwide.

The species with the third highest number of publications was
the Mediterranean sabellid Sabella spallanzanii, for which all
studies were conducted in Australia and New Zealand. The spio-
nid Boccardia proboscidea was the fourth species with most of the
studies conducted in South-west Atlantic and South Africa.

Approximately 50% of the remaining 34 species studied glo-
bally have been investigated in at least one locality in the
Mediterranean Sea, while investigations of the rest were con-
ducted at various locations around the world, with only one
paper each.

Impact of alien polychaete species

Reviews and meta-analyses were excluded from the analysis of
impacts of alien polychaete species to avoid duplicating informa-
tion. Following the Blackburn et al. (2014) classification, we
applied the precautionary principle that cryptogenic species are
evaluated as if they are aliens, but their impact categorization is
modified by the [CG] label. This indicates that it is unclear if
the species registered at a location is native or alien, or if the
identification is questionable, as is the case for F. enigmaticus,
Hydproides dianthus, Hydroides operculata, Branchiomma boholense,
Branchiomma bairdi, Spirobranchus kraussii, Pseudopolydora
paucibranchiata and Allita succinea. Although there is no doubt
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about the presence of Polydora websteri in the studies analysed in
the present review (Martinelli et al., 2020; Spencer et al., 2020;
Waser et al., 2020), its presence must be corroborated in other
regions. The species studied in the publications analysed in this
review could be assigned to 8 of the 12 impact mechanisms
(IMo) defined by Blackburn et al. (2014) (Table 1; Figure 11):
competition (1), transmission of diseases to native species (4), para-
sitism (5), biofouling (7), chemical (9), physical (10), structural (11)
and interaction with other alien species (12). In general, most of the
species studied in the publications analysed here were classified as
having chemical, physical or structural impacts (IMo 11,10 and 9)
in the ecosystem in the recipient region (Figure 11). Furthermore,
74% of the impacts could be classified as major or massive.

In the case of the spionid species that typically are part of the
infauna (Marenzelleria species, Streblospio gynobranchiata,
Streblospio benedicti, P. paucibranchiata, Polydora cornuta and
Boccardia tricuspa) it was found that they mainly registered
IMos in chemical, physical and structural categories with some
cases of competition. Species that are shell borers (P. websteri,
Polydora rickettsi, Polydora hoplura and Boccardia pseudonatrix)
were classified with IMos of competition, parasitism and inter-
action with other alien species. The only species that registered
a score in competition and parasitism as well in physical and
structural impact in the ecosystem was B. proboscidea
(Figure 11). In the case of Serpulidae species (reef builders),
these registered mainly IMos in physical and structural impact
on the ecosystem, additionally F. enigmaticus registered impact
in transmission of diseases and interaction with other alien spe-
cies, being the serpulid with most IMos. The IMo of biofouling
was only registered in Hydroides elegans, Hydroides dirampha
and Neodexiospira brasiliensis.

For the species of Sabellidae (tube dwellers) S. spallanzanii
registered the most IMos: biofouling, chemical, physical and
structural impact; Desdemona ornata and B. bairdi displayed
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physical and/or structural impacts; B. boholense registered a com-
petitive impact mechanism and Terebrasabella heterouncinata was
the only sabellid registering a parasitism IMo.

The remaining species (representatives of infauna) were
assigned to Imos of structural impact on ecosystem, except for
Perinereis linea assigned to IMo of transmission of diseases to
native species and Clymenella torquata to IMo of interaction
with other alien species.

Discussion

Before the 1980s, many researchers accepted that globally wide-
spread species, or cosmopolitanism, was common among poly-
chaetes (Hutchings & Kupriyanova, 2018). However, recent
taxonomic revisions have shown that most species that are truly
widespread, including polychaetes, have been spread by anthropo-
genic means (Darling & Carlton, 2018). It is therefore not surpris-
ing that the appearance and gradual increase in investigations into
the impact of alien species coincided with this change in mind-set
regarding ‘cosmopolitan’ vs alien species. Consequently, for this
review, only papers published from 1980 onwards could be
found that investigated impacts of alien polychaete species.
Nevertheless, studies investigating the impacts of alien polychaete
are scarce.

Development of alien impact research

When we analysed the development of research in the three most
studied alien polychaete species, the first records of impacts were
documented in the 1980s for the serpulid Ficopomatus enigmati-
cus on the Atlantic coast of the USA (Hoagland & Turner, 1980)
and the spionid Marenzelleria viridis (Essink & Kleef, 1988) in the
Wadden Sea, while the first record for the sabellid Sabella spallan-
zanii was in the 1990s (Cohen et al., 2000) in Australia.

The detection of F. enigmaticus on the Atlantic coast of the
USA was possible due to the implementation of an extended
study that monitored marine boring and fouling organisms in
the vicinity of Barnegat Bay, New Jersey since 1971 (Hoagland
& Turner, 1980). Although the impact of this species has been
assessed in several regions of the world, approximately a third
of these studies (mainly experiments in situ and field surveys)
have been conducted in the Mar Chiquita coastal lagoon of the
South-west Atlantic (Supplementary Table S1). It is important
to indicate that in this lagoon, F. enigmaticus was first reported
in the early 1970s (Orensanz & Estivariz, 1971), but papers inves-
tigating its impact only started being published 30 years later.

Studies on the impacts of M. viridis began with more field sur-
veys and reviews, although publications of laboratory experiments,
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impacts of alien marine polychaetes between 1980 and
2020 according to the marine system studied. The first num-
ber indicates the number of studies and the second is the
percentage of the total number of studies it represents.

to evaluate the impact of this species mainly in the Baltic Sea
region, started in 2003 (Kotta & Olafsson, 2003).

With regards to S. spallanzanii, there is evidence that this spe-
cies has been present in Australia since at least 1965 (Hutchings,
1999), however, we only found papers on the impact of this
species in Australia (mainly experiments in situ) starting in the
late 1990s (Cohen et al, 2000). Meanwhile, in New Zealand,
S. spallanzanii was detected by a national surveillance programme
in 2008 (Read et al., 2011) but papers related to the impact of this
species included a theoretical model, two experiments in situ and
one field survey, in the period 2018-2020 (Supplementary
Table S1).

The number of publications, types of research and timing of
the research seem to be related to the implementation of monitor-
ing programmes of estuaries and coastal areas and groups of
research in some regions of the world. For example, the
National Danish Aquatic Monitoring and Assessment
Programme has been operating since the late 1980s in areas of
the Wadden Sea, North Sea and Baltic Sea (Svendsen et al.,
2005). The Baltic Sea, in particular, has an over 50-year-long trad-
ition of monitoring soft-bottom macrofaunal communities, pro-
viding a unique time series to study changes over time (Nygéard
et al., 2020). This tradition was reinforced with the Helsinki
Commission (HELCOM) Baltic Sea Action Plan, adopted in
2007 by the coastal countries of the Baltic Sea (Denmark,
Estonia, Finland, Germany, Latvia, Lithuania, Poland, Russia,
Sweden as well as the European Community) which is structured
around a set of ecological objectives used to define indicators and
targets that include a regional monitoring implementation
(Backer et al, 2010). In the South-west Atlantic, the presence
and continuous activity of research groups has focused on benthic
communities in institutions such as Universidad Nacional de Mar
del Plata in Argentina. Here, researchers Rodolfo Elias, Maria
Cielo Bazterrica, Maria L. Jaubet, Griselda V. Garaffo and
Carlos Martin Bruschetti determined that in the last 50 years,
changes in the community structure were induced by sewage dis-
charge and introduction of non-indigenous species (Llanos et al.,
2019; Martinez et al., 2020). In Australia research groups lead by
the polychaete taxonomists Pat Hutchings, Elena Kupriyanova
and Christopher J. Glasby are active at national museums of the
country, while in New Zealand the research by Geoffrey Read at
the National Institute of Water and Atmospheric Research is
active in the taxonomy of polychaetes. In these last two countries
the polychaete taxonomists collaborate with institutions and are
involved in programmes in biosecurity such as the Center for
Introduced Marine Pests (CRIMP) established by Australia in
the early 1990s and the Biosecurity Act of 1993 in New
Zealand which provides for targeted surveillance in harbours,
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ports, marinas and high-value natural environments (Atalah
et al., 2019).

Contrastingly, we found little information about the impact of
alien polychaete species in the rest of coastal Europe except for the
Mediterranean and Baltic Sea. This could be because the
European Water Framework Directive (WFD) did not refer expli-
citly to alien species; this omission was rectified for the marine
environment in the enactment of the Marine Strategy
Framework Directive (MSFD). Unfortunately, countries in
Europe are inconsistent in their use of historical dates to deter-
mine when a species is considered alien and few countries moni-
tor alien species specifically for the WFD (Lehtiniemi et al., 2015;
Boon et al., 2020). However, there are efforts to create lists of alien
marine species which include polychaetes in Europe
(Katsanevakis et al., 2014) and specifically in the Mediterranean

18; 12%

23;15%

Fig. 6. Total worldwide number of studies investigating
impacts of alien marine polychaetes between 1980 and
2020 according to the study type. The first number indicates
the number of studies and the second is the percentage of

the total number of studies it represents. 25:17%
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(Streftaris & Zenetos, 2006; Zenetos, 2010; Gerovasileiou et al.,
2016; Zenetos et al., 2017), where the alien status of several species
is questionable. With respect to the creation of lists of alien mar-
ine species, Marchini et al. (2015) point out the importance of
‘best practices’ to standardize lists of marine alien species to
avoid uncertainty in the species’ taxonomic identification or the
occurrence of the species in a specific area that will consequently
determine its status as an alien. The implementation of monitor-
ing programmes and ‘best practices’ in the development and elab-
oration of lists of marine alien species in different regions of the
world will undoubtedly help in the development of the study field
regarding impacts of alien polychaete species.

In general, except for papers that focus on F. enigmaticus,
M. viridis and S. spallanzanii, most of the remaining papers
about the impact of alien polychaete species have been field
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surveys. The least frequently conducted study types were field
and laboratory experiments and meta-analyses, probably
because conducting the former is logistically complicated,
while too few data about impacts are available to conduct mean-
ingful meta-analyses. However, the paucity of these study types
are linked, because experiments are key in the generation of
quantitative data to determine whether or not alien species are
causing statistically significant alterations in an environment
(Olenin & Minchin, 2011).

The least studied systems are marinas and aquaculture facil-
ities, even though they are focal points of entry for alien species
(Peters et al., 2014; Simon & Sato-Okoshi, 2015). But as artificial
environments, evaluating impact there is likely more complex.
Furthermore, although the presence of shell-boring polychaete
species on mariculture farms has been well documented
(Sato-Okoshi et al, 2008; Simon & Sato-Okoshi, 2015;
Spencer et al., 2020), problems with regards to the reliable iden-
tification of these species (if they are even identified to species
level) has hindered the process of associating these impacts to
alien or indigenous species (as discussed in more detail
below). This, in turn, could have led many such studies from
aquaculture facilities being overlooked by this review due to
our search terms focusing on alien-orientated keywords.
However, mariculture studies have rarely investigated the
impacts of focal species outside studied mariculture farms
(e.g. Culver & Kuris, 2000; Kuris, 2002) or have only identified
to genus (Stenton-Dozey et al., 1999), probably including indi-
genous and alien species.

Impact of alien species

As mentioned previously, there is a lag between first detection of
alien species and the first studies on impact. According to
Blackburn et al. (2015) the process whereby a species becomes
an alien can be divided into the sequential stages of transport,
introduction, establishment and spread. In the species analysed
in this review, most of the IMos were classified as ‘massive’,
which seems to reflect that alien polychaete species are probably
only studied once significant impacts in the ecosystem have
been noticed during establishment and spread stages in the
ecosystem. The impacts of species reviewed here are strongly
related to their biology and lifestyles and depends on whether
the species build conspicuous reefs, are tube-dwellers, shell-borers
or are part of the infauna.
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Tube/reef building species

The serpulid F. enigmaticus is a calcareous tube builder that is
6-12mm long (Fauvel, 1923), and is considered an ecosystem
engineer, as it may directly or indirectly control the availability
of resources to other organisms by changing the physical state
of biotic or abiotic materials (Jones et al., 1994). This species, par-
ticularly in Mar Chiquita Lagoon in Argentina, builds intertidal
calcareous reefs that grow up to 7m in diameter and 0.5m in
height (Obenat & Pezzani, 1994) that have been expanding
along this lagoon since 1975 until it covered 80% of this ecosys-
tem (Schwindt & Iribarne, 2000). These reefs have influenced
many physical effects including the transport of sediments and
flow of water (Schwindt et al., 2004). The ongoing investigation
of these reefs has made it possible to determine the cascading
effects of this species and its influence in several ecological aspects
such as changes in the community structure of native benthic
communities (Schwindt et al., 2001) and the effects of suspension
feeding and biodeposition (Bruschetti et al., 2011). The suspen-
sion feeding activity of F. enigmaticus affects the composition of
phytoplankton (Pan & Marcoval, 2014) and zooplankton
(Bruschetti et al., 2016) and could be seen as a positive impact
in some areas where it is introduced, because it contributes to
maintaining water quality in polluted systems (Davies et al.,
1989). Other positive aspects observed have been the increase of
feeding and resting areas for migratory and local birds
(Bruschetti et al., 2009), and the interaction with native macroal-
gae (Polysiphonia subtilissima) in a mutually beneficial relation-
ship in the establishment of both species (Bazterrica et al., 2014).

However, other aspects that are considered as negatives is that
F. enigmaticus could be an intermediary in the transmission of
parasites (Etchegoin et al, 2012), and facilitates the spread of
other alien species (Bazterrica et al, 2020). Another negative
aspect of serpulid alien species F. enigmaticus is the dense encrus-
tations on artificial substrates such as concrete marine facilities,
buoys and shipping hulls that potentially complicate maritime
navigation and marine recreational activities (Davies et al.,
1989; Bezuidenhout & Robinson, 2020).

Importantly, this species is not always an extensive reef builder
in all introduced sites. For example, in South Africa, it only forms
small aggregations in some localities (Davies et al, 1989;
McQuaid & Griffiths, 2014; Bezuidenhout & Robinson, 2020),
likely due to the low temperatures (<20°C) in winter (Miranda
et al., 2016). Furthermore, F. enigmaticus is most successful in
higher temperatures usually associated with low oxygen
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conditions in which it may have an advantage over native species
that are less tolerant of such conditions (Jewett et al, 2005). In
New Jersey F. enigmaticus overcame the low winter temperatures
by settling in thermal effluent from a nuclear plant (Hoagland &
Turner, 1980). This is an important consideration for climate
change conditions because this species could become more

widespread in areas where previously environmental conditions
were not suitable for tropical and subtropical species.

The impact of alien serpulid species that have the potential to
form extensive reefs may also depend on the availability of artifi-
cial structures. For example, the impact of Ficopomatus uschakovi
introduced in the Tropical Pacific (Mexico) is considered
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Table 2. List of alien polychaetes species studied in the 150 published studies covered in this review

15

Possible origin of

Area where the impact was

Possible vector

Family Species introduction documented of introduction Reference
Ampharetidae  Hobsonia florida ? US Pacific coast ? 139
(Hartman, 1951)*
Capitellidae Notomastus aberans ? Mediterranean Sea Shipping 25
Day, 1957*
Notomastus Lessepsian Mediterranean Sea Shipping 73
mossambicus
(Thomassin, 1970)*
Cirratulidae Kirkegaardia ? Mediterranean Sea Shipping 25
dorsobranchialis
(Kirkegaard, 1959)*
Glyceridae Glycinde bonhourei Lessepsian Mediterranean Sea Shipping 73
Gravier, 1904
Maldanidae Clymenella torquata Atlantic and Gulf Pacific coast, Canada Aquaculture 70
(Leidy, 1855)* coasts of North
America
Nereididae [CG] Alitta succinea ? Baltic Sea ? 92
(Leuckart, 1847)!
Leonnates indicus ? Mediterranean Sea ? 14
Kinberg, 1865*
Perinereis linea NW Pacific, South Mediterranean Sea Live-fishing bait 62
(Treadwell, 1936)* Korea
Pseudonereis anomala Indo-Pacific Mediterranean Sea Shipping 25, 66, 96, 99
Gravier, 1899*
Sabellidae [CG] Branchiomma Caribbean Mediterranean Sea ? 55, 61
bairdi (Mclntosh, 1885)3
[CG] Branchiomma ? Mediterranean Sea ? 27
boholense (Grube,
1878)*
Desdemona ornata ? Black Sea ? 93
Banse, 1957"
Sabella spallanzanii Mediterranean Australia, New Zealand Shipping, 7,9, 13, 19, 24, 33, 59, 66, 104,
(Gmelin, 1791)*° ballast water 109, 115, 127, 128, 138, 141
Terebrasabella South Africa US Pacific coast Aquaculture 66, 106, 126, 131, 137, 144
heterouncinata Fitzhugh
and Rouse, 1999°
Serpulidae [CG] Ficopomatus Australia South-west Atlantic, South Africa, Shipping, 3,6, 11, 19, 21, 22, 23, 40, 41, 51,
enigmaticus (Fauvel, US Atlantic and Pacific coast, fouling 52, 53, 58, 66, 67, 74, 76, 78, 84,
1923)% Mediterranean Sea, Black Sea, 85, 87, 89, 91, 93, 98, 101, 115,
English Channel, Baltic Sea, 117, 119, 123, 124, 130, 132, 135,
136, 147, 150
Ficopomatus uschakovi Indo-West Pacific Tropical Eastern Pacific NA 71
(Pillai, 1960)* and Gulf of Guinea
[CG] Hydroides dianthus ? Mediterranean Aquaculture 21, 28, 84, 99
(Verrill, 1873)*
Hydroides dirampha ? Mediterranean Shipping 15
Mérch, 1863*
Hydroides elegans ? Mediterranean, Australia Shipping, 15, 66, 84, 97, 99
(Haswell, 1883) [nomen fouling
protectum]®
[CG] Hydroides Indian Ocean Mediterranean Shipping 84, 113, 116
operculata (Treadwell,
1929)3
Neodexiospira ? English Channel ? 145
brasiliensis (Grube,
1872)*
Protula tubularia Sri Lanka Arabian Sea Shipping, 88
(Montagu, 1803)* ballast water
[CG] Spirobranchus Indian Ocean Mediterranean Shipping 66, 84, 113, 116

kraussii (Baird, 1864)*
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Table 2. (Continued.)
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Family Species Possible origin of Area where the impact was Possible vector Reference
introduction documented of introduction
Spionidae Boccardia pseudonatrix Tasmania? Australia Aquaculture 66, 103

Day, 1961 (as B. knoxi)?

Boccardia proboscidea
Hartman, 1940**

West coast North
America

Southwest Atlantic, South Africa

Shipping,
ballast water,
aquaculture

12, 19, 20, 21, 26, 42, 45, 47, 63,
75, 112

Boccardia tricuspa
(Hartman, 1939)*

Southeastern Pacific

?

Marenzelleria arctia
(Chamberlin, 1920)*°

North America

Baltic Sea

Shipping,
ballast water

18, 19, 29, 30, 44, 48, 56, 57, 60, 81

Marenzelleria neglecta
Sikorski & Bick, 20042

North America

Baltic Sea, Sea of Azov

Shipping,
ballast water

17, 29, 30, 36, 60, 76, 80, 90, 94,
108, 110, 111

Marenzelleria viridis
(Verrill, 1873)*

North America

Baltic Sea, Wadden Sea

Shipping,
ballast water

5, 29, 30, 34, 54, 60, 65, 66, 72, 82,
83, 85, 92, 122, 125, 129, 132, 133,
140, 142, 143, 146, 148

Polydora cornuta Bosc,
18027

Atlantic Ocean

Black Sea, Mediterranean Sea

Shipping,
ballast water

66, 84, 93, 99, 114, 116, 118

Polydora hoplura Japan? Australia, South Africa, Aquaculture 66, 103, 112, 120
Claparéde, 1868* South-eastern Pacific
Polydora rickettsi NA South-eastern Pacific NA 8
Woodwick, 1961*
[CG] Polydora websteri Asia Wadden Sea, US Pacific coast Aquaculture 1,2,4
Hartman in Loosanoff &
Engle, 1943°
Pseudopolydora kempi NA US Pacific coast NA 139
(Southern, 1921)*
[CG] Pseudopolydora Japan Mediterranean, US Pacific coast Shipping, 66, 84, 100, 121
paucibranchiata (Okuda, ballast water
1937)*
Streblospio benedicti Australia US Pacific coast Shipping, 87, 149
Webster, 1879 fouling
Streblospio Atlantic Ocean Black Sea, Caspian Sea, Shipping, 16, 66, 84, 93, 99, 114, 116, 118
gynobranchiata Rice & Mediterranean, ballast water
Levin, 1998°
Polydora spp.* ? Australia ? 107
Marenzelleria spp.*® North America Baltic Sea Shipping, 10, 19, 31, 32, 35, 37, 38, 39, 43,
ballast water 46, 49, 50, 64, 69, 77, 79, 86, 95,
105
Marenzelleria cf. arctia® ? Baltic Sea ? 68
Marenzelleria cf. viridis* North America Baltic Sea ? 134
Sternaspidae Sternaspis scutata ? English Channel ? 102
(Ranzani, 1817)*
Terebellidae Pista unibranchia Day, ? Mediterranean Sea Shipping 25

1963*

[CG], Cryptogenic species.
The superscript number indicates the number of publications that included information about the impact of the species. Species with more than 10 papers are indicated in bold.
The references are indicated with the numbers that appear in the supplementary material, Table S1.

minimal, probably because of the absence of artificial hard sub-
strates in the lagoon where it was introduced (Bastida-Zavala &
Garcia-Madrigal, 2012). By contrast, Hydroides dianthus formed
reefs over hard artificial substrata in an artificial coastal lake in
China; here the serpulid reefs provided a habitat for the settle-
ment and proliferation of the native jellyfish Aurelia coerulea in
the lake (Dong et al., 2018). The presence of serpulids over arti-
ficial substrates has been observed in structures of aquaculture
facilities in the Mediterranean where Hydroides elegans and
Hydroides dirampha were part of the community of hard substrata
around a fish farm (Mangano et al., 2019). In hard artificial sub-
strates in the Mumbai harbour in India, the serpulid Protula
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tubularia was reported as a dominant alien species (Gaonkar
et al., 2010).

The use of natural hard substrates by alien serpulids has also
been documented in the Mediterranean, where H. elegans and
H. dianthus build mass calcareous structures associating with
beds of Mytilus galloprovincialis providing new microenviron-
ments (Cinar et al, 2008). In other cases, aggregations of
Hydroides operculata and ‘Spirobranchus kraussii’ (its taxonomic
status is discussed below) have been observed both in natural
and artificial hard substrates in the Mediterranean, where they
cause changes in the benthic community structure and represent
a potential additional impact for shipping activities (Cinar, 2006).
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Ampharetidae, 1, 2%

Spionidae, 14, 35%

Serpulidae, 9, 23%
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Cirratulidae, 1, 2%
Glyceridae, 1, 2%

Maldanidae, 1, 2%

Sternaspidae, 1, 3%
Terebellidae, 1, 3%

Capitellidae, 2, 5%

Nereididae, 4, 10%

Sabellidae, 5, 13%

Fig. 10. Total number of alien marine polychaetes species, by family, for which impacts were reported in the reviewed studies published between 1980 to 2020.

Alien serpulids are also not limited to using hard substrates. In
the English Channel Neodexiospira brasiliensis was reported as
biofouling native eelgrass Zostera marina and the native algae
Fucus serratus as well as the alien algae Sargassum muticum
(Critchley et al., 1997).

Serpulids are not the only polychaetes that form reefs. Another
important intertidal reef-building species is the spionid Boccardia
proboscidea that clearly displays how context dependent environ-
mental impacts can be. In its native range it occupies a wide eco-
logical niche, burrowing into muddy and sandy sediments as well
as into soft rock and crevices among encrusting algae (Hartman,
1940; Woodwick, 1963; Gibson et al., 1999). But as an alien, this
tube-dweller builds reefs in intertidal areas previously enriched by
organic matter coming from sewage discharges in Mar del Plata
(Argentina) (Jaubet et al., 2011). This species differs from F. enig-
maticus as the reefs, that may be 1 to 5m? in diameter and up to
30 cm in height, are formed from sandy tubes and can take differ-
ent forms that can evolve into a continuous platform, as is typical
in impacted environments (Garaffo et al., 2012). However, unlike
F. enigmaticus, these reefs cannot be seen as biodiversity hotspots,
as the presence of this species demonstrates great environmental
deterioration (Garaffo et al., 2012). Some of the negative impacts
of B. proboscidea includes that its spread resulted in the eventual
smothering of the native mussel Brachiodontes rodriguezii and a
reduction in the diversity in the epilithic intertidal community
in the sewage impacted sites in Mar del Plata (Jaubet et al,
2013; Elias et al., 2015).

The success of B. proboscidea is associated with its opportun-
istic and poecilogonous nature (r-strategy), which allows it to pro-
duce both planktotrophic and adelphophagic larvae (Simon &
Sato-Okoshi, 2015). Furthermore, they thrive under conditions
of organic enrichment either from sources of sewage effluent
(Jaubet et al., 2018) or from high accumulation of nutrients com-
ing from abalone farms where B. proboscidea is a secondary bor-
ing species that has infested cultured abalone shells (Simon et al,
2006). Due to these characteristics, this spionid has been classified
as tolerant to moderate and high levels of organic contamination
and could be used as an environmental indicator (Saracho Bottero
et al., 2020).
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All this background is important for environmental managers
to consider, as the establishment, progression and outcome of an
invasion may be dependent on what a specific species’ reaction is
to a novel environment.

Another group of tube-building polychaetes that are widely
investigated are the sabellids. These polychaetes can form dense
three-dimensional colonies, allowing them to function as ecosys-
tem engineers. But unlike the serpulids, their tubes are made of
hardened secreted mucus and are usually covered with algae deb-
ris and shell fragments and the colonies occur in the subtidal
(Arias et al., 2013a, 2013b; Douglas et al., 2020).

The filter-feeding S. spallanzanii (80-400 mm in length) is one
of the largest species in the family Sabellidae with a leathery tube
and spiral feeding fan that can reach 10-15 cm in diameter which
markedly modifies local water currents and rates of sediment
deposition (Hutchings, 1999; O’Brien et al., 2006). However, the
magnitude of the impact is not clear-cut. Cohen et al. (2000) sug-
gested that in Australia, S. spallanzanii established in high num-
bers in subtidal habitats that were most likely unoccupied by
native species, while Ross et al. (2007) suggested that the effects
of the species on soft sediment assemblages could be negligible.
However, experiments in situ showed that this sabellid strongly
influences recruitment of other sessile taxa (e.g. barnacles,
bryozoans and sponges) (Holloway & Keough, 20024, 2002b) or
the post-colonization process of other macrofauna (O’Brien
et al., 2006). In fact, most of the studies conducted in Australia
and New Zealand showed that this species causes changes in
the composition of macrofauna and nutrient cycling with regards
to the process of denitrification and bacterial communities (Ross
et al., 2013; Atalah et al., 2019; Tait et al., 2020). It has even been
suggested that the presence of S. spallanzanii increased the local
biodiversity, although this increase probably also included other
alien species (Douglas et al., 2020). Thus S. spallanzanii induces
the same cascade effects observed for F. enigmaticus, but in a dif-
ferent ecological niche.

Similar impacts have been observed in the Mediterranean with
other alien sabellids. Branchiomma bairdi is particularly abundant
in degraded areas such as harbours and marinas, where their
tubes influence and modify the habitat (Arias et al, 2013a,
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Family 1, 4 , 5 7T , 9 , 10 , 11 , 12
Ampharetidae H. florida - | Y : , Y | — - Massive
Capitellidae i N. aberans - I I T T T I \ —
L mc bicus - I I I I T  E——
glirr:tu_l:’dae K. dorsobranchialis I T T T T I E— B major
ycerigae G. bonhourei I I I [ I  E— —
Maldanidae C. torquata - T T T T T T - — Moderate
- [CG] A. succinea - I I I [ I  — —
Nereididae L. indicus -} T T T I T o — 2 Minor
P. linea I Z I I I I I T
i | ES P. anomala I I i I T T —1
Sternaspidae [ S. scutata - I T I | — R E— 1] Minimal
[CG] F. enigmaticus - T i T T S - - S S - S— E— T—
F. uschakovi - I I I I — I T
[CG] ﬂ g{anth!;'s = I I I I T - T—
N . dirampha - T T =a— T T T
Serpulidae H. efeggns . I I =g I S —
[CG] H. operculata I T i i e —
N. brasiliensis I I 1 I I I I
[cG Pé tubularia - I T T I T =
. kr ji -1 T T T 1 s . i G s I
[CG] B. bairdi I I I I IS |
[CG] B. boholense - I I I I I I
Sabellidae D. ornata | I I I [ I ==—
S. spallanzanii - T I o — F— . {m— —" - — i I
| T. heterouncinata {—— 1 [ [ I I I
B. pseudonatrix 1 1 IS I I T T
B.proboscidea N I 0 | 2O |
B. tricuspa - T T T T 1 T T—=% —1
M. arctia — 11 I I e T e e i I
M. cf. viridis I T I S S s i B (]
M. cf. arctia - 1 I I 1 .
Marenzelleria spp. - i | I I I . S— — — — —
M. neglecta T I I ) i ] s i I
M. viridis —|— T I S e — |
Spionidae P. cornuta - I I I T T —s——1
P. hoplura 1 e I T I T
P. rickettsi T I I I I I T T 1
[CG]P.websteri 1 1T I 1 I T I
P. kempi - I T I 1 T - T
[CG] P. paucibranchiata - I I I I Z —= T —T
S. benedecti - T T I T = =
) | S. gynobranchiata T I I T T —s—1
Terebellidae P. unibranchia - T T T I T I 1 T
1 I 4 T 5 I T 1 9 I 10 I 1 1 T 12

Impact Mechanism (IMo)

Fig. 11. Scores of the impact mechanism (IMo) of alien polychaete species studied worldwide between 1980 and 2020 according to the Blackburn et al. (2014)
system of classification. IMos: 1= Competition; 4 = Transmission of diseases to native species; 5= Parasitism; 7 = Bio-fouling; 9= Chemical impact on ecosystem;
10 = Physical impact on ecosystem; 11 = Structural impact on ecosystem; 12 Interaction with other alien species. Scale 5=Massive; 4 =Major; 3 =Moderate;

2=Minor; 1=Minimal.

2013b). However, a positive aspect of this sabellid in the
Mediterranean is its efficiency in removing bacteria which may
counteract the effects of microbial pollution, thus playing a poten-
tial role for in situ bioremediation (Stabili et al., 2014).

Tube dwellers have also been implicated in having a negative
impact on economically important molluscs. For example, experi-
ments conducted in situ in the Mediterranean suggest that the
sabellid Branchiomma boholense dominate the use of substrates
over the mussel M. galloprovincialis (Lezzi & Giangrande,
2018). Also, aggregations of the North-west Atlantic bamboo mal-
danid Clymenella torquata, an intertidal tube-dwelling ecosystem
engineer widely distributed in British Columbia (Canada) and
established in Samish Bay (Washington), create a spongy porous
substrate that has proved detrimental to local commercial oyster
farms (who typically grow oysters on the bottom of mudflats),
causing the oysters to sink into the sediment and suffocate
(Mach et al., 2012).

Shell-boring species

As previously mentioned, impacts of shell borers in farmed mol-
luscs are usually due to species of the Spionidae family that live in
burrows within the shells of cultured molluscs, reducing the hosts’
shell integrity, growth, survivorship and market value (Spencer
et al., 2020). Which species become problematic depend on
their ability to reach mollusc farms and flourish under different
culture conditions, enabling some species to become pests
(Simon & Sato-Okoshi, 2015). Once established on farms, alien
worms may spread even further when they escape from the
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farms and infest indigenous molluscs and disperse as larvae
(Moreno et al., 2006; Williams et al., 2016). This release of
alien boring species from mollusc farms to the natural ecosystem
may have negative impacts on the native fauna (Radashevsky &
Olivares, 2005). For example, in Australia it was found that the
boring activity of the alien species B. proboscidea, Boccardia pseu-
donatrix and Polydora hoplura caused major damage in both cul-
tivated and native molluscs especially when compared with the
boring activity of native polydorid species in native mollusc spe-
cies (Sato-Okoshi et al., 2008). Furthermore, the alien boring spe-
cies Boccardia tricuspa and Polydora ricketsii coexisted with native
boring species (Dipolyodra huelma and Dodecaceria opulens) on
both cultivated and natural mollusc populations in Chile (Neill
et al., 2020). Such alien species pose a great risk to commercial
oyster farms. For example, in the Wadden Sea the alien
Polydora websteri infested oyster reefs of the alien Pacific oysters
Crassostrea (Magallana) gigas that are located close to commercial
oyster farms, representing a potential economic problem to the
oyster farms (Waser et al., 2020), following what occurred in
the Pacific west coast of the USA, where P. websteri was
introduced recently and has considerably impacted commercial
oyster farms of C. gigas (Martinelli et al., 2020).

The eradication of an alien boring polychaete species in aqua-
culture facilities is a complex process. The only documented case
of successful eradication of an alien polychaete species is of the
shell-boring sabellid Terebrasabella heterouncinata, introduced
to the coasts of California as an epizoic contaminant on South
African abalone imported in the 1980s (Culver & Kuris, 2000).


https://doi.org/10.1017/S0025315422000315

Journal of the Marine Biological Association of the United Kingdom

This pest caused extensive shell deformities and greatly retarded
body growth of abalone in mariculture farms in the introduced
area (Leighton, 1998). The successful control of this species
began with the correct taxonomic identification, conducted by
Fitzhugh & Rouse (1999) as at the moment of the infestation nei-
ther genus nor species had been described. To mitigate the impact
of this species during 2002-2006 all the native gastropods (poten-
tial hosts) were removed from close to the aquaculture facilities to
avoid the dispersal of T. heterouncinata. This, together with ther-
mal and fresh water treatments in the mariculture farms to elim-
inate the pest on the abalone, meant that T. heterouncinata was no
longer detected in subsequent monitoring in the area (Leighton,
1998; Culver & Kuris, 2000; Moore et al., 2007). Thus, the control
and management of alien polychaete shell-boring species begins
with a correct taxonomic identification and continues with
quick actions before the alien species reach the stage of establish-
ment and spread.

Infaunal species

The impacts of alien spionids are not limited to reef-builders or
shell-borers, but also includes infaunal species occupying soft-
bottom sediments. In the Baltic Sea the alien M. viridis is not
as conspicuous as the aforementioned species as it is part of the
infauna where it is a burrowing deposit feeder, although it may
also filter-feed (Dauer et al., 1981). The reason for the notoriety
of this species was not its size (reach a length up to 10 cm), but
its high abundance of 2600 to almost 20,000 individuals m™
and the greater depth to which it burrows (20-40 cm) relative
to native fauna (Essink & Kleef, 1988; Zmudzinski, 1996). The
bioturbation caused by the burrowing activity of M. viridis in
the sediment could potentially affect redox conditions, modify
diagenetic reaction pathways and change the microbial commu-
nity structure (Kristensen et al, 2011; Quintana et al, 2011).
Although some authors suggest that this species occupied an
empty niche (Essink et al., 1998), a study conducted by Kotta &
Olafsson (2003) suggests that M. viridis could compete for food
with the native amphipod Monoporeia affinis.

Although M. viridis is morphologically similar to its alien
sibling species Marenzelleria arctia and Marenzelleria neglecta
in the Baltic Sea, Renz & Forster (2013) observed in laboratory
experiments that these three species have shown important
ecological differences in their bioturbation of the sediment and
therefore the authors did not recommend a functional grouping
of these sibling species. This is once again an important indication
that even in apparently closely related species there are important
ecological differences.

Infaunal alien polychaetes have also been implicated in studies
on marine pollution and benthic community composition. In the
Mediterranean, alien polychaetes such as Desdemona ornata,
F. enigmaticus, Polydora cornuta and Streblospio gynobranchiata
have contributed up to almost 50% of the polychaete community
in polluted areas (Cinar et al., 2009). Similarly, changes in benthic
community structure near polluted sources indicated the presence
of alien polychaetes Glycinde bonhourei and Notomastus mossam-
bicus (Cinar et al., 2012). Furthermore, in an integrative study that
included an analysis of biodiversity and its relation with chemical
and plastic pollution, alien polychaete species Kirkegaardia dorso-
branchialis, Notomastus aberans, Pista unibranchia, Pseudonereis
anomala and B. bairdi were found in polluted areas
(D’Alessandro et al., 2018). Contrastingly, on the coast of
California the presence of the alien species Pseudopolydora pauci-
branchiata did not appear to have a negative impact on the ben-
thic community but was rather associated with high diversity,
probably due to the biogenic structures built by this species that
enhances the abundance of other macrofauna (Ranasinghe
et al., 2005).
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Taxonomic problems

The 40 polychaete species reviewed here represent only about 13%
of species globally reported as probably being alien (Cinar, 2013).
Thus, a small proportion of known alien polychaetes have had
their impacts investigated, but this is likely an underestimation.
There is, for example, no doubt that impacts of alien species
were investigated before the 1980s, but these studies and species
would not have been included in this review if the species inves-
tigated were not identified as alien, or not identified to species
level. This is especially relevant to shell-boring pests of maricul-
ture. For example, the impact of an alien Polydora species on
oysters in Australia was first reported in the late 19th century
when Whitelegge (1890) investigated oyster disease — the species
was identified as Polydora ciliata, which was originally described
on the south coast of England (Johnston, 1838). The identification
as P. ciliata is doubtful, and Blake & Kudenov (1978) suggested
that all records of P. ciliata in Australia are probably P. websteri,
also an alien in Australia. Ogburn et al. (2007) proposed that a
Polydora species (possibly the one investigated by Whitelegge
(1890)) brought to Australia on oysters imported from New
Zealand, may have contributed to the disappearance of oyster
reefs from estuaries in Eastern Australia. Impacts of more alien spe-
cies have therefore probably been conducted before 1980, as
reported here. By contrast, the taxonomy of many species pur-
ported to be alien are also in need of revision. For example, after
thorough revision of the literature and specimens, Langeneck
et al. (2020) found that of 86 polychaete species previously reported
as alien along the Italian coast, only 25 (30%) could be confirmed
as alien, while 3 were cryptogenic, 40 questionable and 18 were
native or had been misidentified. Thus, estimates of alien poly-
chaetes in many regions may have been exaggerated.

Impacts of species which are alien but erroneously investigated
as indigenous (e.g. Rice et al., 2018), or not classified as alien (e.g.
Schleyer, 1991), would not have been reviewed here. For example,
M. viridis was initially recorded as Marenzelleria wireni in the
early 1980s during routine monitoring in the Wadden and
Baltic Seas (Essink & Kleef, 1988; Zmudzinski, 1996; Thomsen
et al., 2009) but a revision by specialists indicated that it actually
was M. viridis (Essink & Kleef, 1988). Similarly, B. proboscidea
was not always considered an alien in Mar del Plata, Argentina
and was reported as Boccardia polybranchia in the early 2000s
(e.g. Elias et al., 2003, 2006). A revision conducted in 2009 by
taxonomic specialists determined that the correct identification
was B. proboscidea (Jaubet et al., 2011) so the previously pub-
lished papers about the polychaetes in this area did not consider
it as an alien. It is even possible that the Boccardia species iden-
tified in the earlier papers (Elias et al., 2000; Orensanz et al., 2002;
Vallarino et al., 2002; Adami et al., 2004; Martin & Bastida, 2008)
were all of B. proboscidea.

With regards to the species labelled as CG, although F. enigma-
ticus is one of the most widespread alien polychaetes around the
world, its true origin is still unclear (Dittmann et al., 2009) and
recent molecular studies revealed that it is a species complex
(Styan et al., 2017; Yee et al., 2019). In the case of H. dianthus,
a higher haplotype diversity in the Mediterranean seems to
contradict the currently accepted native range of H. dianthus
sensu stricto in the USA, while a molecular analysis is necessary
to corroborate the status of H. operculata as alien in the
Mediterranean because it is a complex of at least three cryptic spe-
cies (Sun et al., 2017). For the sabellids B. bairdi and B. boholense,
molecular and morphological evidence suggested important con-
siderations in the identification of these species as alien in the
Mediterranean (Del Pasqua et al., 2018).

The impact of °S. kraussii’ was investigated as an alien species
in the Mediterranean Sea (Cinar, 2006). However, morphological
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and molecular analysis conducted by Simon et al. (2019)
confirmed that this species is restricted to southern African
coasts and belongs to a globally distributed complex of morpho-
logically similar species. Similarly, the impact of P. paucibranchiata
was reported on the Pacific coast of the USA (Ranasinghe et al,
2005) and in the Mediterranean Sea (Dagli & Cinar, 2008), but a
recent taxonomic revision concluded that this species must be con-
sidered a complex of four pseudocryptic species (Radashevsky
et al., 2020). In the case of P. websteri, this species was confirmed
recently by molecular and morphological analyses as an alien in the
Wadden Sea, west coast of the USA and South Africa (Martinelli
et al., 2020; Waser et al., 2020; Rodewald et al., 2021; Spencer
et al, 2020). However, the native range of this species is now
being questioned. It was originally described from the east coast
of the USA (Hartman in Loosanoff & Engle 1943), but recent gen-
etic evidence suggests an Asian origin (Rice et al., 2018). However,
there are reports of P. websteri in South America (Netto & Gallucci,
2003; Breves-Ramos et al., 2005; Sabry & Magalhdes, 2005; Diez
et al, 2011; Keppel et al, 2019), Canada (Bergman et al., 1982;
Bower et al, 1992; Clements et al, 2017), Red Sea (Elnaby,
2019), South Africa (Schleyer, 1991), New Zealand (Handley,
1995) and Australia (Nell, 2001) that need to be confirmed by a
molecular and morphological systematic review, as do reports of
P. cf. websteri in some regions of South America (Oscar Diaz &
Linero-Arana, 2009; Barros et al., 2017). It is evident that the iden-
tification and distribution of P. websteri still needs a careful revision
around the world. Finally, Allita succinea is reported from the
Baltic Sea but its status as alien is uncertain (Thomsen et al., 2009).

In summary, it is clear that taxonomic investigations are key to
clarify species’ status as indigenous, alien or cryptogenic
(Hutchings & Lavesque, 2020; Langeneck et al., 2020; Malan
et al., 2020), and will play a vital role in advancing the research
on impacts of alien polychaete species.

Management strategies

Once the taxonomic status of an alien polychaete species is con-
firmed, the next challenge is the evaluation of its impact. It was
clear that the scales and contexts of impact evaluations were het-
erogeneous across the studies considered here and this could
introduce bias in the assignment of impact mechanisms. The clas-
sification proposed by Blackburn et al. (2014) is applicable at dif-
ferent levels of ecological complexity and different spatial and
temporal scales. The impact mechanisms assigned in the present
review were based on the best available evidence and are by no
means definitive or complete. Impact categories are subject to
change as more impact studies are undertaken and completed,
especially in under-studied studied species. However, despite
these limitations, the available data suggest that most species
have a major to massive impact on the ecosystems they occupy.
This indicates the importance of the study, prevention and man-
agement of polychaete alien species. Although, it may also indi-
cate that species are only detected and studied once impacts
have become obvious and massive.

The first strategy to detect and determine the impact of alien
polychaete species is implementing a long series of marine ecosys-
tem monitoring (Hoagland & Turner, 1980; Nichols &
Thompson, 1985; Essink & Kleef, 1988). The selection of moni-
toring sites should prioritize entry points for introductions of
alien species, such as ballast water discharge areas, docks, marinas
and aquaculture sites with imported stocks, as well as nature con-
servation sites (Olenin & Minchin, 2011). Some monitoring pro-
grammes sample sediment (Nichols & Thompson, 1985) or use
growth panels, made of wood or artificial substrates such as
PVC, submerged in water and/or sediment to analyse the settle-
ment times and cumulative growth of boring and fouling

https://doi.org/10.1017/5S0025315422000315 Published online by Cambridge University Press

A. Alvarez-Aguilar et al.

organisms (Hoagland & Turner, 1980; Holloway & Keough,
20024, 2002b; Mangano et al., 2019). When alien species are acci-
dentally introduced by aquaculture facilities the application of
programmes like the one applied to the sabellid T. heterouncinata
can lead to extirpation of well-established local pests (Culver &
Kuris, 2000). Before the application of such programmes, evalu-
ation using theoretical models such as the one conducted by
Soliman & Inglis (2018) to predict the spread and economic
impact of S. spallanzanii as a biofouler of aquaculture species,
are useful to justify the level of biosecurity intervention. When
an alien species such as F. enigmaticus is introduced in an estuar-
ine system, a routine monitoring and strategic removal pro-
gramme could limit its spread and negative impacts
(Bezuidenhout & Robinson, 2020). However, if an alien poly-
chaete species is established in an open marine ecosystem, there
is usually no way to extirpate or control the spread of populations
as seen in the case of M. viridis in the Baltic Sea. Leppékoski et al.
(2002) mentioned that in addition to the monitoring of alien spe-
cies and studying their biology and ecology, no actions have been
undertaken to address the problem in the Baltic Sea. Hence, the
prevention of further introductions of alien species should be a
priority for any marine biosecurity strategy.

Any national action programme aimed at preventing alien
polychaete introductions needs to be supported by international
collaboration and regulation, as the primary introduction of
alien marine polychaete species have been via aquaculture and
shipping activities (Jensen & Knudsen, 2005; Davidson et al.,
2010). For example, antifouling paints containing copper on com-
mercial and recreational vessels help to prevent the introduction
of alien species. However, the use of these paints is controversial
as their accumulation in embayments could simultaneously affect
the recruitment of indigenous species or facilitate the transport
and establishment of copper-tolerant alien species into disturbed
estuarine habitats (Dafforn et al., 2008). For these reasons, an effi-
cient control of the aquaculture industry and the development of
new antifouling agents or techniques are key in preventing new
introductions of alien species (Thomsen et al., 2009). Finally
the application of molecular barcoding and automatic image ana-
lysis could be helpful for early detection if followed by an imme-
diate and more detailed taxonomic study of the unusual species
(Olenin & Minchin, 2011).

Conclusions

Impacts of alien polychaete species are greatly under-studied
and the research field needs to be developed. In the 150 studies
included in our systematic review, some aspects of the impacts of
40 alien polychaete species were studied. It identified eight
mechanisms of impacts which were mainly massive in magni-
tude for the alien polychaete species documented. The impact
mechanisms (IMos) of alien polychaete species were strongly
related to their biology and lifestyles; we found that the species
that build conspicuous reefs and tubes mainly showed physical
and structural impact on ecosystems and that shell-borers,
mainly parasitism and infaunal species, showed mainly chem-
ical, physical and structural impacts on ecosystems. We consider
it a priority to produce correct taxonomic identifications using
morphological and molecular tools to achieve reliable identifica-
tions to confidently determine the alien status of a species.
Clearly, evaluating the impacts of an alien polychaete species,
even a conspicuous one, is complex and subject to many vari-
ables. For this reason, the study of the impacts of alien poly-
chaete species must be conducted in an interdisciplinary
manner to integrate different ecological aspects of the species
to find the best integrative adaptive solutions for the manage-
ment of such alien species.
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