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Foreword

Q: Why are some environments more vulnerable to invasion than others?

A: Environments? In the first volume of this series you asked which species traits
coincide with good invaders ... now environments!

Q: Sure, if traits are not terribly powerful predictors alone, I thought that
perhaps species traits and kinds of systems might somehow covary. What do
you think?

A: Well that depends.

Q: Depends on what?

A: That depends too.

Freshwater environments are islands of sorts. Lakes, rivers, streams and wet-
lands are uniquely bounded and discrete at one readily apparent scale of
observation, the basin or channel boundary. It comes as no surprise, then,
that ecological thought has been so strongly influenced by research conducted
within the confines of systems so easily circumscribed. Yet, aquatic and terres-
trial habitats are inexorably coupled such that this boundary, while substantial
at some scales or levels of organization, vanishes at others. This fact is well
illustrated by the cascading or indirect effects induced by non-native species that
readily traverse the interface between land and water.

Biological invasions represent the latest threat to the integrity of freshwater
ecosystems worldwide, systems that are already impacted in massive fashion by
human activity. Based on the number of documented and potential extinctions,
the freshwater fauna of North America are experiencing an extinction rate that
is five times that of the terrestrial environment.! While unrelenting habitat modi-
fication and resource exploitation directly accounts for many of these species
losses, exotic species have surely played a role in what is an unprecedented

! Ricciardi, A. and J.B. Rasmussen. 1998. Extinction rates of North American Fresh-
water Fauna. Conserv. Biol. 13: 1220-1222.
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XXiv Foreword

episode of extinction in real time. Humans, however, are not safe in their role as
the dominant purveyors of extinction. Ecosystem modification is often accom-
panied by increased susceptibility to invasion, and once established, exotic
species are fully capable of changing all the rules driving system organization.
This is a broad-based volume, crafted with the widest possible brush strokes.
Francesca Gherardi set out to create a volume that not only addressed the
phenomenon of biological invasions in freshwater systems, but that also reflects
the very breadth of contemporary approaches employed to understand the
threats posed by the global movement of species. Here, the reader will find
specificity and generality, application as well as theory, along with the socio-
political implications and response to a global crisis. In a very real sense, this
volume represents everything invasions.
James Drake
Series Editor



Preface

Nowadays we live in a very explosive world, and while we may not know where or
when the next outburst will be, we might hope to find ways of stopping it or at any
rate damping down its force.

Charles Elton 1958

In the past few decades, it has become clear to scientists and policy-makers that
the human-mediated introduction of species — meaning the deliberate or acci-
dental introduction into the wild of microbes, fungi, plants, and animals,
including genetically modified organisms (GMOs) outside their natural range
of distribution — is the main driver of biodiversity change (Sala et al. 2000).
Acting often in concert with other anthropogenic alterations to the environ-
ment, such as changes in land use, climate, nitrogen deposition, and atmos-
pheric CO,, the effects on global biodiversity are expected to increase quickly
with time in both extent and intensity.

Changes in the natural distribution of species should not, in general, be
viewed as abnormal events (Lodge 1993). They are commonplace in nature,
often occurring over the course of geological times in association with climate
change (Graumlich and Davis 1993). But only rare events, usually associated
with unusual climatic conditions such as storms, may induce the dispersal of
species to habitats previously beyond their natural dispersal capabilities (MacI-
saac et al. 2001). Human actions are more frequent and powerful. Such actions
have greatly increased the temporal rate at which species disperse and the
distances they traverse, accomplishing in a few decades something that could
have never been accomplished by the means of natural events alone (Lodge
1993).

Since their earliest migrations, humans have contributed to the spread of
organisms, always carrying them and their propagules over long distances. But
the frequency of human-induced introductions of species and the consequent
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XXVi Preface

risks associated with them have augmented exponentially in the recent past in
concert with the fast growth of the human population and with the rapid
escalation of our potentials to alter the environment. Large numbers of people
are today traveling faster and farther, and more and more goods and materials
are being traded among nations and continents (Pimentel et al. 2002), creating
a “New Pangaea’’ (Mooney 1998 cited by Rosenzweig 2001). All these factors
combined have produced burgeoning rates of non-indigenous species (NIS) in
every ecosystem that has been monitored. Over 480,000 NIS have been intro-
duced into the varied ecosystems on earth (Pimentel et al. 2002) and have come
to dominate about 3% of the ice-free surface over the last 500 years (Mack
1985). Their prevalence is exacerbated by climatic changes that in their turn
favor the natural spread and proliferation of NIS (Dukes and Mooney 1999,
Carlton 2000, Cowx 2002). The combined effect of the spread of cosmopolitan
species and the extinction or range contraction of regional and endemic indi-
genous organisms often results in the “mingling” of the taxonomic composition
of once disparate biota (Olden et al. 2004). This phenomenon is inevitably
leading to the “homogenization” (McKinney and Lockwood 1999) or “McDo-
naldization” of the biosphere (Lovei 1997) that will characterize, it has been
said, the forthcoming “Homogocene’ era (Orians 1994 cited by Rosenzweig
2001).

Indeed, several introduced species have been beneficial to humans; species
such as corn, wheat, rice, plantation forests, domestic chicken, cattle, and
others provide now more than 98% of the world’s food supply (Ewel et al.
1999, Pimentel et al. 2002). Many cause minimal environmental impact, as
predicted by the oft-cited “‘tens rule” (Williamson and Fitter 1996). So, the
fraction of the introduced species that cause problems is small, but their impact
could be very serious. These species have the potential of becoming numerically
and ecologically prominent; they spread from the point of introduction and are
often able to dominate indigenous populations and communities (Kolar and
Lodge 2001); they may profoundly and adversely affect indigenous species,
ecosystem processes, economic interests, and public health (e.g. Ricciardi et al.
1998). In sum, they may turn out to be invasive. Their effects that justify alarm
include biodiversity loss at the level of species, large reduction in the lower
(genetic) and higher (generic) levels of biodiversity, changes in ecosystem
functions, alteration of the ecosystem services provided to humans, aesthetic
modifications of landscapes, direct costs to industries, damage to crops and
forests, and the spread of human diseases, such as HIV and West Nile virus
(Mack et al. 2000). Also, deliberate introductions made to solve local or regional
problems may be responsible for serious ecological and economic consequences,
the so-called Frankenstein Effect (Moyle et al. 1986). The costs they inflict form
a hidden but onerous “tax’’ on many goods and services and the damages they
cause are often irrevocable: biological invaders act as biological pollutants that,
unlike chemicals, reproduce and spread autonomously, over great distances,
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and can adapt to changing conditions. Their impacts may be continuously
increasing over time, even when their introduction ceases.

Since the 1980s, studies of NIS have expanded greatly, resulting in a flood of
scientific publications and in the foundation of two invasion-focused journals,
Diversity and Distribution (Blackwell Publishing) in 1998 and Biological Invasions
(Kluwer-Springer) in 1999, this growth reflecting the rise in popularity that the
discipline of invasion biology has gained as an appealing area of research
among ecologists. The overall number of published articles appears, however,
to be significantly biased towards terrestrial invaders; invasive events occurring
in freshwater systems have been most often neglected or analyzed in a few
regional contexts or for a small number of paradigmatic species.

In this book, the identity, distribution, and impact of freshwater NIS will be
examined, as well as the dynamics of their invasion. Rather than providing a
broad and comprehensive review of the issue, Biological Invaders in Inland Waters
focuses on old and new invaders and also raises questions and opens perspec-
tives that will be of stimulus for further research. Inland waters will be taken
here as meaning rivers, lakes, and reservoirs. Coastal lagoons, saline lakes,
estuaries, and low salinity seas such as the Baltic, will be mentioned when
appropriate.

The ultimate, ambitious purpose of the book is to help define a more general
framework for our knowledge of invasions in fresh waters. Such a framework
will be indispensable to the planning of a science-based management program.
Inspiration for this effort came from the International Workshop, “Biological
Invasions in Inland Waters” (INWAT), held in Florence (Italy) between 5 and 7
May 2005 and made possible by support from Ente Cassa di Risparmio di
Firenze, the Italian Ministry of University and Scientific Research (MIUR), the
University of Florence, the Provinces of Arezzo, Firenze, Grosseto, Pisa, and
Pistoia, and the International Association of Astacology. The INWAT Workshop
was a necessary addendum of the final meeting (Florence, 2—-5 May 2005) of the
European network CRAYNET (“‘European crayfish as keystone species — linking
science, management and economics with sustainable environmental quality”’,
coordinator Catherine Souty-Grosset) (Fifth EU Framework).

This volume benefited greatly from the collaboration — and patience — of the
authors and the numerous reviewers. Heartfelt thanks are directed to Jim Drake,
who was the first supporter of the project, to Geoff Sanders for his careful
linguistic revision, to Claudia Angiolini for her editorial help, and to Suzzanne
Mekking and Martine van Bezooijen at Springer for their ability to transform a
dream in a printed volume.

F.G.
Florence, Italy
November 2006
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Introduction

We must make no mistake: we are seeing one of the great historical convulsions in the
world’s fauna and flora.
Charles Elton (1958)



Chapter one

Biological invasions in

inland waters: an overview

Francesca Gherardi

INTRODUCTION

The value of inland waters to humankind is obviously infinite and the induced
changes in the goods and services they provide have a strong impact on
human welfare. Lakes/rivers and wetlands currently contribute 20% to the
estimated annual global value of the entire biosphere amounting to US$33
trillion per year (Costanza et al. 1997). These elevated numbers may justify
the present general concern about the increasing degradation of freshwater
systems, associated with the rapid extinction rate of their biodiversity — in
some cases even matching that of tropical forests (Ricciardi and Rasmussen
1999).

Together with other anthropogenic sources of disturbance, such as the
impoundment of rivers (e.g. dams and weirs, water removal), water quality
deterioration (e.g. pollution, eutrophication, acidification), habitat degrada-
tion and fragmentation (e.g. channelization and land use change), and over-
exploitation, the introduction of non-indigenous species (NIS) into fresh waters
is today regarded as the main driver of biodiversity change (Millennium Eco-
system Assessment 2005). The effects of such a driver has been estimated to
be greater in freshwater than in terrestrial ecosystems (Sala et al. 2000).
This is particularly apparent in lakes where biological invaders have
been recognized as one of the greatest causes of species extinctions (Lodge
2001).
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THE VULNERABILITY OF INLAND WATERS TO INVASIONS

Inland waters have been the theatres of spectacular biological invasions. Well-
known cases are the introduction of the Nile perch Lates niloticus (Linnaeus) into
Lake Victoria followed by the elimination of about 200 species of haplochromine
cichlids (Craig 1992), the alteration of the Laurentian Great Lakes communities
and ecosystems by sea lamprey Petromyzon marinus Linnaeus, zebra mussel
Dreissena polymorpha (Pallas), and other invaders (Maclsaac et al. 2001), and the
complete domination of lowland rivers in the western USA by non-indigenous
fish and invertebrates (Moyle and Light 1996a). In several freshwater systems,
other less celebrated dramas are however ongoing with the intervention of
several, previously unsuspected actors, such as Lepomis gibbosus (Linnaeus)
(Chapter 15) and Carassius auratus (Linnaeus) (Chapter 13) among fish, Diker-
ogammarus villosus (Sowinsky) (Chapters 12 and 27), Gmelinoides fasciatus (Steb-
bing) (Chapter 26), and Pontogammarus robustoides (Sars) (Chapter 25) among
crustaceans, and Rana catesbeiana Shaw among amphibians (Chapters 7 and
38). This confirms that invasions by NIS are pervasive and highly diffused
phenomena in fresh waters but also that our predictive ability may be weak.
Meanwhile, other apparently harmless NIS are spreading (see potamid crabs in
southern France, Chapter 3).

The reasons that freshwater systems are vulnerable to NIS are several,
including the higher intrinsic dispersal ability of freshwater species compared
with terrestrial organisms (Beisel 2001). Lakes and some streams are compa-
rable to islands in that their geographic isolation has led to local adaptation
with the evolution of many endemisms and sometimes to a low biodiversity
(Lodge 1993). The extensive introduction of organisms in inland waters, either
inadvertent (e.g. via ship ballast, artificial/natural canals, or estuarine saline-
bridges, Chapters 17, 21, and 22; as parasites of other introduced species, such
as the oomycete Aphanomyces astaci, Chapter 6) or deliberate (e.g. stocking of
fish and crayfish, Chapters 20 and 31; intentional releases of pets or farm
organisms, Chapters 8 and 9), is a direct consequence of the intensity with
which humans utilize these systems for recreation, food sources, and commerce
(Rahel 2000, Ricciardi 2001). Human-mediated dispersal of crustacean zoo-
plankton, for instance, might exceed the natural rate by up to 50,000-fold
(Hebert and Cristescu 2002). And the frequency of species invasions in fresh-
water systems is likely to continue to grow commensurate with enhanced global
commerce and human exploitation of these communities.

Finally, freshwater systems are subject, especially at higher latitudes, to
altered seasonal temperature regimes due to global climatic warming and,
especially in developed countries, to strong human disturbance. In fact, many
NIS are migrating to new areas where the climate has warmed, such as some
introduced warm-water fish [e.g. Micropterus salmoides (Lacepéde), Lepomis
macrochirus Rafinesque, and Lepomis cyanellus (Rafinesque)] that are spreading
in North America into higher latitudes and altitudes (Eaton and Scheller 1996,
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Chapter 35). Disturbed ecosystems and communities attract biological invasions
more than pristine systems; disturbance results in the resharing of space and
energy resources that are available to indigenous and non-indigenous species
and may open new vacant niches for the most adaptable and tolerant invaders
(Ross et al. 2001).

The vulnerability of inland waters to biological invasions is a cause of the
complete domination of vast waterscapes in certain regions by NIS, such as
water hyacinth [Eichornia crassipes (Martius) Solms] in many tropical lakes and
rivers (Chapter 10) and the red swamp crayfish [Procambarus clarkii (Girard)]
in several waterbodies of southern Europe (Gherardi 2006, Chapter 2). Xeno-
diversity may be extraordinarily high in, for instance, large rivers of developed
countries that usually host dozens to hundreds of NIS (Mills et al. 1996,
Chapter 12). The Hudson River, for instance, contains more than 100 species
of non-indigenous fish, vascular plants, and large invertebrates, a considerable
fraction of which are ecologically important — such as Eurasian watermilfoil
(Myriophyllum spicatum Linnaeus), purple loosestrife (Lythrum salicaria Lin-
naeus), zebra mussel (D. polymorpha), Atlantic rangia (Rangia cuneata Gray),
and common carp (Cyprinus carpio Linnaeus) (Strayer et al. 2005). Some taxa
are particularly affected by species introductions: the New Zealand fish fauna
contains 30 NIS (53% of the total) (Vitousek et al. 1997); isolated islands often
have more non-indigenous than indigenous fish species (Hawaii: 19 vs. 6),
but also continental areas have relatively large numbers of non-indigenous
fish species (California: 42 vs. 76, Brazil: 76 vs. 517; references in Vitousek
et al. 1996); at least 76 fish species belonging to 21 families have been intro-
duced into European fresh waters (Lehtonen 2002), of which 51 have become
established.

Species originating from diverse biogeographical areas now coexist in several
basins; in the Rhine, indigenous crustaceans [Gammarus pulex (Linnaeus)] occur
with North American species [Gammarus tigrinus Sexton and Orconectes limosus
(Rafinesque)], Mediterranean species (the freshwater shrimp Atyaephyra desmar-
esti Millet), and Ponto-Caspian species [Gammarus roeseli Gervais and Dikero-
gammarus villosus (Sowinsky)] (Beisel 2001). Biotic homogenization is
constantly increasing; freshwater fish similarity among the States of the USA
amounts today to 7% (Rahel 2000) and some of them, such as Arizona and
Montana, which previously had no fish species in common, now share more
than 30 species. National borders are obviously irrelevant and they provide no
barrier to the natural dispersal of NIS: the Nile perch released in Tanzania
spread to other countries bordering Lake Victoria (Welcomme 1988) and
P. clarkii introduced into Spain invaded Portugal via the common hydrographic
basins (Gherardi 2006).

Some freshwater systems function as ‘“hotspots’” where NIS accumulate.
The Great Lakes system contains over 145 non-indigenous invertebrates,
pathogens, algae, fish, and plants, with approximately 75% originated from
Eurasia of which 57% are native to the Ponto-Caspian region (Mills et al. 1993,
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Ricciardi and Rasmussen 1998, Maclsaac et al. 2001). These species include
a wide array of taxa, such as mussels [D. polymorpha, Dreissena bugensis
(Andrusov)], amphipods (Echinogammarus ischnus Stebbing), cladocerans
[Cercopagis pengoi (Ostroumov)], harpacticoid copepods [Nitocra incerta (Richard)
and Schizopera borutzkyi (Monchenko)], and fish [Neogobius malanostomus
(Pallas)], Proterorhinus marmoratus (Pallas), Gymnocephalus cernuus (Linnaeus)].
It has been ascertained that Ponto-Caspian species reach the Great Lakes in
ballast along five shipping “‘corridors” (Maclsaac et al. 2001). Four of these
corridors require the first transfer of species via rivers and canals to ports in the
North and Baltic seas that, in their turn, function as “hubs’’, acting as the donor
for other ships that transport these species in secondary invasions to ports in
North America and, potentially, in East Asia, San Francisco Bay, and Australia
(e.g. Cohen and Carlton 1998, Ruiz et al. 2000).

Finally, many freshwater invaders are moved among biogeographic regions
within continents and are transported among continents in association with
economic activity and trade globalization that benefit millions worldwide (Lodge
and Shrader-Frechette 2003). The inevitable tension between two often com-
peting goals — increasing economic activity and protecting the environment
from invasive species — make it difficult to justify the need for decision-makers to
contain the spread of these species and to mitigate the environmental risks they
pose. For instance, a number of issues has been raised in favor of the outcomes
of introducing crayfish (Gherardi 2006, Chapter 28). First, in the absence of
indigenous species, invasive crayfish were claimed to occupy vacant niches,
constituting the unique large macro-consumer within polluted or eutrophicated
waters, where the native fauna has already been severely decimated (Gherardi
et al. 2000). The second claim is that they constitute abundant prey for rare or
threatened birds and mammals, like several Ardaeidae and the otter (e.g.
Barbaresi and Gherardi 2000, Rodriguez et al. 2005). Third, from a socioeco-
nomic perspective, introduced crayfish have contributed to: (1) the restoration
of traditional habits, e.g. by crayfishing in Sweden and Finland (Kirjavainen and
Sipponen 2004); (2) economic benefits for local crayfishermen, e.g. the Spanish
netsmen; (3) diversification of agriculture to include astaciculture, e.g. by
crayfish farmers in Britain and in Spain; and (4) increased trade between
countries inside Europe as well as between European and extra-European
countries (Ackefors 1999).

THE CURRENT STATE OF RESEARCH

Studies on the identity, distribution, and impact of freshwater NIS and on the
dynamics of their invasion have increased exponentially since the 1990s,
resulting in a flood of publications particularly abundant in the last decade
(Fig. 1). This pattern of growth in the literature is a reflection of the rise in
popularity that invasion biology has gained as an appealing area of research
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Fig. 1  Cumulative number of publications dealing with non-indigenous species (total
number = 502). Papers were identified via keywords from Biosis analyzed between 1967
and December 2005.

among ecologists (Kolar and Lodge 2001). The overall number of published
articles is, however, significantly biased towards terrestrial invaders (Fig. 2).
This is not surprising: terrestrial systems are the most visible and accessible
habitats for humans and, as such, have received the preponderance of ecolo-
gical attention.

The majority of studies of freshwater invaders has been conducted in North
America, and mostly in the Great Lakes (Fig. 3A), and centered on animals
(74%) more than on plants (20%), whereas a small fraction (6%) analyzed both
kingdoms simultaneously. Of all the animal taxa, fish, particularly salmonids,
have received the greatest scientific attention (Fig. 3B), as the result of their
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Fig. 2  Frequency distribution of research articles published in the journal Biological
Invasions (Springer) since 1999 distinguished among habitats (total number = 354).
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Fig. 3  Frequency distributions of research articles published in the journal Biological
Invasions (Springer) since 1999 dealing with inland waters distinguished among contin-
ents (A) and animal taxa (B) (total number = 69).

perceived ecological role in aquatic food webs and their economic importance to
humans. In the other taxa, dreissenids among mollusks and crayfish among
crustaceans had been most often studied. Only recently has been the taxonomic
coverage of freshwater invaders broadened. New privileged study animals have
been Eleotridae and Poeciliidae among fish (e.g. Bedarf et al. 2001, Laha and
Mattingly 2006, Pusey et al. 2006); the Asian clam [Corbicula fluminea (Mul-
ler)], the golden mussel [Limnoperna fortunei (Dunker)], and the golden apple
snail [Pomacea canaliculata (Lamarck)] among mollusks (e.g. Darrigran 2002,
Carlsson and Lacoursiére 2005, Boltovskoy et al. 2006, Oliveira et al. 2006,
Yusa et al. 2006); and the spiny waterflea (Bythotrephes longimanus Leydig) and
cladocerans among crustaceans (e.g. Celik et al. 2002, Shurin and Havel 2002,
Branstrator et al. 2006).

ARE GENERALIZATIONS POSSIBLE?

A consequence of the concentrated interest on terrestrial biomes and of the
limited geographic and taxonomic breadth in fresh waters is that traditional
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invasion paradigms have been mostly derived from terrestrial studies and
have been rarely tested in aquatic organisms (Beisel 2001). However, a
number of generalizations about freshwater invasion is emerging today. They
derive from two main approaches (Moyle and Light 1996b): the first analyzes
case studies of invaders and their distribution (e.g. P. clarkii, Chapter 4; mol-
lusks, Chapter 5; amphibians and reptiles, Chapter 7; plants, Chapter 11),
whereas the second approach aims to extend recent developments in ecological
theory to freshwater invaders (e.g. Chapters 19 and 23), in which the focus has
been mainly directed to the interaction between the invader and the target
community and to the biological characteristics of both the invading species
and the ecosystem being invaded. Based on the examples provided by the
recent literature, a list of 15 general statements characterizing some of
the known events of biological invasion in inland waters can be drawn, as
follows.

(1) The establishment and spread success of freshwater NIS often
exceeds the 10% value predicted by the ‘‘tens rule”
(Williamson 1996).

This is seen in the results obtained by Jeschke and Strayer (2005), who analyzed
the introductions of vertebrates between Europe and North America (USA
and Canada). Using corrected data for unrecorded introductions, the authors
showed that, of the 220 and 713 fish species native to Europe and North America
respectively, 11% and 6% have been introduced into Europe and North America,
respectively, and 36% and 49% have become established after slightly longer
than a decade, while 56% and 63% of the established fish had spread and become
invasive. On a more global scale, Ruesink (2005) used a database of 1,424
intentional international transfers of freshwater fish and found that up to 64%
of the introduced fish became established and 22% of the established cases had
exerted a documented impact (i.e. changes in food availability, habitat structure,
nutrient dynamics, or top-down trophodynamics).

(2) Propagule pressure is often a major predictor of the
establishment of freshwater organisms.

Recent findings showed that the large number of propagules present in an
inoculating population, such as the thousands of zebra and quagga mussels
carried in the ballast of cargo ships, and the frequencies of sequential inocula-
tions, such as multiple introductions of “desired’”” species, are positively corre-
lated with invasion success (Lonsdale 1999, Kolar and Lodge 2001, Mack et al.
2000, Ricciardi 2001). For instance, as showed by Ruesink (2005), introduced
fish species were more likely to establish when humans intended their estab-
lishment (76%) rather than when fish were cultivated or used with no explicit
desire for naturalization (57%).
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(3) The often elevated propagule pressures may explain the
several instances in which introduced populations appear to be immune from
bottlenecks — usually depleting genetic variation (the ‘‘genetic paradox”’).

Aquatic organisms introduced in large numbers via ballast or subject to mul-
tiple introductions can carry a large fraction of the genetic variability of their
source populations or bring genetic races from different parts of their native
range (Stepien et al. 2002). Hence, many colonizers arrive with a high phenotypic
and genetic diversity. This adds to other features that may favor their adapt-
ability to the recipient areas, such as the fast acquisition of genetic variability
after their arrival that results from such sources as hybridization with closely
related organisms, epistasis (i.e. an interaction in which one gene influences the
expression of another), or the potential for chromosomal restructuring by
inversion, translocation, or duplication (Cox 2004).

(4) Failures of NIS to establish derive most often from their inability to
meet the “environmental resistance’’ on the part of the recipient
community — the different regimes of temperature, current,
water chemistry, or abiotic resources.

Several examples from different taxa support this statement. Moyle and Light
(19964a), for instance, showed that freshwater fish invading North American
basins are likely to become established when abiotic conditions are appropriate,
regardless of the biota already present. The narrow thermal tolerance of
C. fluminea may explain its absence from most of the Great Lakes system
(Ricciardi 2001), whereas salinity of that system was too low to allow for the
successful reproduction of the Chinese mitten crab Eriocheir sinensis (Milne
Edwards), notwithstanding the frequent introductions of this latter species
over the past decades in ship ballast (MacIsaac 1999). The general harshness
of the environment may reduce the ability of non-indigenous fish to invade. An
example is Eagle Lake, California, which is a highly alkaline (pH: 8-9) terminal
lake containing only four indigenous fish species (Moyle and Light 1996b). Any
attempt to introduce fish failed in the long term, including the introduction in
the early 20th century of the largemouth bass, M. salmoides.

(5) As a consequence of (4), success in the establishment of freshwater
invaders may depend on a close match between their physiological
requirements and the environmental characteristics of the
system being invaded.

Species from nearby areas are more likely to be successful invaders than those
from more distant locations, as found for fish species in North America that are
most likely to be successful if they are adapted to the local, highly seasonal,
hydrological regime of the recipient environment (Moyle and Light 1996b). For
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instance, two species of Cyprinidae introduced into the Pecos River, Texas, USA
from nearby areas became established because the artificial flow regime of the
recipient river closely resembled that of their native streams (Bestgen et al.
1989). Convergent salinity conditions in donor and recipient ecosystems played
a key role in the success of invaders in the Great Lakes (Maclsaac et al. 2001).
An additional prerequisite for successful invasion that allows a species to
survive transportation (e.g. in ballast; Bailey et al. 2004) and to become estab-
lished in a recipient area is its euryoeciousness, i.e. its ability to tolerate wide
environmental conditions (Ricciardi and Rasmussen 1998). For instance, the
range of salinity in which a species can live and reproduce provides a reliable
basis for discrimination between invasive and non-invasive North American
and East European gammarid amphipods (Devin and Beisel 2007). In general,
areas with a wide salinity gradient, like the Baltic Sea, may offer a range of
hospitable conditions for invaders, functioning as hot spots of xenodiversity
(Leppékoski et al. 2002). Finally, the increased ionic content of large European
rivers as the result of pollution has allowed salt tolerant species to spread in new
river basins in recent decades (Ketelaars et al. 1999).

(6) Demographic factors (sexual precocity, fecundity, and
number of generations per year; Lodge 1993, Chapter 12), biological
plasticity (Chapters 14 and 16), and/or the ability to overcome the biotic
resistance posed by the recipient community (the complex of native
predators, parasites, pathogens, and competitors, and previously
introduced species) may be neither essential nor sufficient for freshwater
species to become invasive.

Usually, r-selected crayfish (e.g. P. clarkii) rather than K-selected species [(e.g.
Austropotamobius pallipes (Lereboullet)] have a high probability of spreading. But
fecundity and number of generations per year often are not sufficient to explain
why the amphipod G. pulex has invaded the streams in Northern Ireland where
it outcompetes G. duebeni Liljeborg (Devin and Beisel 2007). Often, the magni-
tude of an invader’s impact may be predicted by its ‘‘taxonomic distinctiveness”
within the recipient community (Ricciardi and Atkinson 2004). Indeed, the lack
of evolutionary experience with the invader — meaning the absence of competi-
tors, predators, or parasites and the inability to respond to them with an
appropriate behavior — may predispose communities to be altered by invasions
(e.g. Diamond and Case 1986). For instance, eliminations of indigenous species
by D. polymorpha have rarely been reported from the invaded European lakes
whose native fauna was previously exposed to Dreissena during the Pleistocene
era (Ricciardi et al. 1998). Similarly, the introduced tilapiine species, Oreochro-
mis niloticus (Linnaeus), is one of the few fish species to persist in Lake Victoria in
large numbers in face of the Nile perch invasion as the result of its past
evolutionary experience with similar predators (Moyle and Light 1996b). Some-
times, the interaction between two species that do not share an evolutionary
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history leads to the positive outcome for one of the two in a form of “evolu-
tionary release’” (Schlaepfer et al. 2005). For instance, indigenous prey (e.g.
anuran tadpoles and metamorphs) may be unable to recognize introduced
predators (e.g. the introduced R. catesbeiana in the western USA; Rosen and
Schwalbe 2002) and their style of preying. As a result, the naive predators are
released from the difficulties of finding a prey (Kiesecker and Blaustein 1997);
they may dispose of a high availability of food during the establishment phase
of their invasion, which is a precondition of their fast spread. The phenomenon
of evolutionary release might explain the paradox of why invasive species
sometimes enjoy a competitive advantage over locally adapted species, although
there would be a priority effect for residents (e.g. Shea and Chesson 2002,
Schlaepfer et al. 2005). Also a reduced attack from natural enemies (predators
and parasites) encountered outside their natural range gives some species the
ability to spread and to become invasive, as predicted by the “enemy release
hypothesis” (ERH) (e.g. Torchin et al. 2003). However, generalizations about
the role of the naiveté of introduced species and of their potential lack of enemies
in the recipient community may not be possible in freshwater systems. Several
examples, in fact, provide contrasting evidence. The sea lamprey, P. marinus,
eliminated large fish from Lake Michigan even if some of these species [e.g. the
lake trout Salvelinus namaycush (Walbaum)] coexisted with the lamprey in other
lakes where the species have been together for thousands of years (Moyle
1986). In addition, the ERH has been verified in relatively few organisms
and subject to limited criticism (Colautti et al. 2004), being only one of the
several hypotheses that can explain the abundance and/or the impact of a
given invader (Enemy Inversion Hypothesis, climatic variables, selection for
“invasive’’ genotypes, human disturbance, etc.).

(7) In fresh waters, species-rich communities may be as vulnerable
to invasion as less speciose, less biologically
“sophisticated’’ communities.

This statement contrasts with one of the most well-established generalizations
in the invasion literature since Elton (1958), i.e. that communities with high
diversity and complexity are the least susceptible to invasion because of the
strength of the community interactions (e.g. Lodge 1993, Levine and D’ Antonio
1999, Kennedy et al. 2002, Shea and Chesson 2002). Numerous examples at
both the global and local levels demonstrate that often the opposite occurs in
freshwater systems (Moyle 1986, Ross et al. 2001). Jeschke and Strayer (2005),
for instance, showed that there is no clear difference in the probability of fish
species becoming established and spreading once introduced from Europe to
North America and vice versa, suggesting that, at the global level, the biota of
North America do not offer more resistance to invaders, notwithstanding that it
is less disturbed by humans and species-richer than Europe. At a local level,
Lake Victoria, which once contained the richest endemic fish communities on
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the planet, was devastated by a single invader, the Nile perch L. niloticus,
because it encountered neither predation nor competition from indigenous
fish (Goldschmidt et al. 1993). Mississipi River, once the most speciose of all
temperate rivers, has been invaded by several non-indigenous fish, including
common carp C. carpio, goldfish C. auratus, grass carp Ctenopharyngodon idella
(Valenciennes), striped bass Morone saxatilis (Walbaum), rainbow smelt
Osmerus mordax (Mitchill), rainbow trout Oncorhyncus mykiss Walbaum, and
white catfish Ictalurus catus (Linnaeus) (Burr and Page 1986). Similarly,
the zebra mussel has become established at high densities throughout the
Mississippi River basin, which contains the world’s richest endemic assemblage
of freshwater mussels (Ricciardi et al. 1998).

The above examples, however, contrast with the results obtained by employ-
ing disturbance treatments in pond zooplankton communities (Smith and
Shurin 2006). Shurin (2000) found that reducing the abundance of indig-
enous species allowed four times as many invaders to establish and to obtain
16 times greater total abundance, therefore showing that in some instances
local interactions may be strong enough to exclude a large fraction of potential
invaders.

(8) Often, freshwater NIS, instead of interfering with one another, facilitate
each other’s establishment and/or continued existence, and therefore
increase the likelihood and the magnitude of their ecological impact,

as predicted by the phenomenon of “invasional meltdown” (Simberloff
and Von Holle 1999, Simberloff 2006).

Invasive species may facilitate further invasions by direct effects — providing
benefits to another invader — and indirect effects — reducing an invader’s
enemies or enhancing its prey (Ricciardi 2001). Strong experimental evidence
was provided by Adams et al. (2003), who showed that introduced fish facili-
tated invasion by the bullfrog (R. catesbeiana) in western North America by
preying on native macroinvertebrates (such as dragonfly nymphs) that other-
wise precluded establishment or severely limited the numbers of frogs. In the
Great Lakes, mutualistic, commensal, and asymmetric exploitative interactions
facilitated the survival and population growth of many invaders (Ricciardi
2001). Dreissena polymorpha facilitated colonization by several invertebrate
NIS (Ricciardi et al. 1998) because it increased the surface area and spatial
heterogeneity, creating settling sites, providing refuge, and trapping sediment
and biodeposits. Additionally, Dreissena generates filtration currents that
are exploited by other invertebrates (Stewart and Haynes 1994) and it is
a food source for several introduced fish, i.e. white bass [Morone chrysops
(Rafinesque)] and round goby [Neogobius melanostomus (Pallas)] (French
1993). Its invasion also increased the spread of Eurasian watermilfoil
(MaclIsaac 1996). The reduction of piscivores by the parasite sea lamprey was
an indirect effect that paved the way for invasion by the planktivore alewife
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[Alosa pseudoharengus (Wilson)] followed by Oncorhynchus spp. (Moyle 1986).
Finally, sequential invasions by Ponto-Caspian species completed the life cycle
of parasitic organisms, such as the trematode Bucephalus polymorphus (Baer)
of western Europe origin. The introduction of the first intermediate host
(the zebra mussel) of the trematode and its definitive host [the pikeperch
Stizostedion lucioperca (Linnaeus)] allowed it to spread, causing high mortality
in its secondary intermediate hosts, the indigenous cyprinids (Combes and
Le Brun 1990).

(9) There is still a poor state of knowledge of whether
invasive species are the ‘“drivers’ of the extinction of indigenous
populations or species, or merely the ‘“passengers’ along for the

environmental ride (MacDougall and Turkington 2005).

Local and global extinctions frequently overlap invasions in space and time. For
instance, the loss of genetically distinct populations of unionids in North
America has been accelerated by a factor of 10 after the invasion of zebra
mussels (Ricciardi et al. 1998). Of the 40 fish species known to have become
extinct since 1890 in North America, 27 were negatively affected by the
introduction of NIS (Wilcove and Bean 1994). However, the dominance of
NIS might be an indirect consequence of habitat modifications that by them-
selves lead to both indigenous species loss and NIS invasion (Gurevitch and
Padilla 2004, Didham et al. 2005). For instance, the unionid declines began
before the introduction in the mid-1980s of zebra mussels and were caused by
several stressors, such as habitat destruction and deterioration resulting from
water diversion, erosion, an increase in eutrophication (which causes periods
of anoxia), pesticides, loss of host fish for parasitic unionid larvae, historic
harvesting for the button industry and harvesting for the pearl industry
(reviewed in Gurevitch and Padilla 2004). In some instances, successful fresh-
water invaders have been integrated without eliminations of species from the
communities being invaded. In Lake Malawi, East Africa, 12 species of bottom-
feeding haplochromine cichlids from one part of the lake were introduced into
another part of the lake in which they were absent without any apparent
changes in the abundance of the local species (Trendall 1988). After the
completion of the Panama Canal in 1914 and the consequent creation of a
freshwater corridor between the Rio Chagres on the Caribbean slope and
the Rio Grande on the Pacific slope of the Isthmus of Panama, the freshwater
fish assemblages of previously isolated drainage basins were enabled to inter-
change. However, no cases of local extinctions were recorded but species
richness increased by 10% in the Rio Chagres and 22% in the Rio Grande
(Smith et al. 2004). And there are documented cases (see statement 15)
of indigenous species that, given enough time, learn or evolve the ability to
escape the “evolutionary trap”’ caused by an invasive species (Schlaepfer et al.
2005).
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(10) Among the diverse ways that introduced species threaten the
existence of indigenous species (e.g. predation, parasitism,
vectoring of pathogens, and competition; Mack et al. 2000),
the most underestimated is hybridization with
indigenous species (Olden et al. 2004).

Hybridization is thought to alter the integrity of the endemic gene pools of
unionids, crayfish, and fish; it produces hybrid swarms that eliminate indig-
enous taxa often in a very short time frame (Perry et al. 2002). Examples are
several, especially in fish. Within a 4-year period following its introduction, the
non-indigenous pupfish, Cyprinodon variegates Lacépede, was involved in a
large-scale introgressive hybridization event with the endemic Cyprinodon peco-
sensis Echelle and Echelle in New Mexico, USA (Echelle and Connor 1989).
Similarly, anadromous populations of wild brown trout (Salmo trutta Linnaeus)
were highly introgressed by stocking with hatchery fish and eventually reduced
their fitness (Hansen 2002).

(11) Introduced species have effects at multiple ecological levels in
freshwater systems (Simon and Townsend 2003, Chapter 24), but a few
studies, mostly focused on salmonids (Simon and Townsend 2003),
have analyzed this multifaceted impact
(Parker et al. 1999).

At the level of individual organisms, invaders may alter the behavior of native
species, influencing habitat use and foraging. At the population and community
levels, they may induce changes in the abundance or distribution of other
species and affect both direct and indirect interactions among populations,
respectively. Finally, at the ecosystem level, invaders may change the pathways
and magnitude of movements of energy and nutrients.

(12) A first strong danger posed by freshwater invaders to native biota
arises if they are either macro-enemies (predators or grazers) or
micro-enemies (pathogens or parasites) (Williamson 1996).

Specifically, the NIS posed on the top of the food web or those that are gener-
alized predators (Williamson 1996) are likely to produce marked effects on
ecosystem processes (see the case of P. clarkii; Chapters 29 and 30) because
their impact can “cascade’ through the entire food web, altering both ecosystem
processes and the behavior of the indigenous species (Townsend 1996). This is
especially true in aquatic systems, in which trophic cascades appear to be more
common than in terrestrial biomes (Strong 1992). For instance, in California
the most successful fish invaders have been piscivores and omnivores (Moyle
and Light 1996a), while detritivorous fish seemed to have little effect on
indigenous fish assemblages (Power 1990).
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(13) A second strong danger posed by freshwater invaders to
native biota is their role of ‘“‘ecosystem engineers’’, i.e. species
that “directly or indirectly control the availability of resources
to other organisms by causing physical state changes in biotic

or abiotic materials”’ (Jones et al. 1994).

Engineering organisms may cause physical modifications to the environment
and influence the maintenance or creation of habitats. Their ecological effects
on other species occur because of physical state changes caused, either directly
or indirectly, by the engineer, and because, as engineers, they affect the control
and use of resources by other species. Zebra mussels have all the properties of
ecosystem engineers. They change the characteristics of biotic and abiotic
environments by their presence and activities, especially their feeding and
filtering. These changes are system-wide, affecting species composition, species
interactions, community structure, and ecosystem properties (Karatayev et al.
2002, Chapters 32 and 33).

(14) In freshwater systems, as in other biomes, invaders may be subject to
evolutionary changes that influence several life history
characteristics (Cox 2004).

Once established, NIS are freed from the constraints of the gene flow from their
parent population and from the biotic pressures of former enemies, they are
subject to altered selection pressures, and they impose strong new evolutionary
pressures on the indigenous species. Substantial evolution may take place over
relatively short timescales (Carroll and Dingle 1996). For instance, following its
introduction to Pacific rivers in North America, the American shad, Alosa
sapidissima (Wilson), evolved geographic changes in its life history patterns in
less than a century (summarized in Dingle 1980). In its native rivers in eastern
North America, fecundity and the yearly number of spawns vary as a function
of latitude, with reduced clutch size and increased repeat spawning more
prevalent in northern versus southern rivers. Fish from Pacific rivers are
32-77% (vs. 20—40% from Atlantic rivers) repeat spawners; their age at maturity
varies from 3.3 to 3.8 years for males (vs. 4 years) and from 4 to 4.5 years for
females (vs. 4.6 years), and their mean lifetime fecundities range from 321,000 to
500,000 eggs (vs. 300,000-350,000). These variations are a function of latitude
and water temperature, reflecting rapid post-invasion evolution under selection
by local environmental conditions. The western mosquitofish [Gambusia affinis
(Baird and Girard)] native to North America has shown rapid genetic changes in
several locations into which it has been introduced (references in Cox 2004); a
period of about 70 generations was sufficient to induce adaptive changes in
the life history of the populations introduced into Hawaii, whereas, in the
populations introduced into thermal springs in Nevada, changes in body fat
content and size at maturity required about 110-165 generations.
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(15) In freshwater systems there is growing evidence for adaptive evolutionary
responses by indigenous species to NIS and for the influence of
such responses on the community dynamics (Lambrinos 2004).

Declines in native populations may be ephemeral if indigenous species are
genetically variable in their susceptibility to NIS and can evolve in response to
invasion. Alternatively, lack of the ability to evolve in the face of strong selection
from invaders can cause extinction (see statement 9). For instance, in 70 years
Rana aurora Baird and Girard has acquired the ability to recognize the chemical
cues emitted by its new predator, the introduced bullfrog R. catesbeiana, and
behaves accordingly, by reducing their foraging activity and increasing their
refuge use, whereas frogs from uninvaded ponds do not change their behavior
when presented with bullfrogs (Kiesecker and Blaustein 1997). Evolutionary
adaptation may also involve habitat and resource use, leading to the phenom-
enon of character displacement (i.e. increased difference in quantitative char-
acters of two or more species in areas of syntopy compared to areas of allopatry)
(Strauss et al. 2006). In the Great Lakes, the bloater [Coregonus hoyi (Milner)] is
one of the indigenous fish that survived competition with the introduced alewife
for zooplankton. Following the explosion of the alewife populations in the
1960s, the bloater shifted its diet from small zooplankton to larger benthic prey
(Crowder and Binkowski 1983, Crowder and Crawford 1984). In less than
20 years, this shift was accompanied by an adaptive change of its feeding
apparatus that showed a decrease by about 15% in the number of gill rakers
(Crowder 1984). Similarly, in North American lakes where bluegill sunfish
(L. macrochirus) have been absent, the pumpkinseed (L. gibbosus) exhibits pelagic
and littoral ecotypes as adaptations to the diet of zooplankton (for pelagic forms)
and of benthic arthropods and mollusks (for littoral forms). In the lakes where
bluegills have been introduced, the pumpkinseed populations exhibited exclu-
sively littoral ecotypes, thus restricting its feeding activity to littoral areas in
response to the competition with the dominant newcomer (Robinson et al. 2000).

CONCLUSIONS

In recent years, a rising awareness of the economic and ecologic costs caused by
invasions in fresh waters has encouraged more proactive research and this has
increased our understanding of invasive processes in aquatic systems. Notwith-
standing some obvious limitations derived from the relatively small taxonomic
coverage of invasion studies and the prevailing focus on certain systems, some
general issues regarding freshwater invaders can be raised. First and foremost,
predicting the likelihood of the success of a freshwater invader or predicting the
invasibility of an aquatic system depends on a detailed understanding of the
characteristics of the invader and of the system that is being invaded (Moyle and
Light 1996b). But both are likely to be idiosyncratic and complex at the local
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level, which makes it difficult to apply some generalized theories of invasion
biology. As observed by Simberloff (2006), this is part of the larger problem that
“ecology is fundamentally an idiographic science” (p. 917): we will need a large
catalogue of case studies in order to generate the level of understanding required
to deal with many of the environmental problems (Simberloff 2004).

The “tens rule” does not hold for invasion processes in fresh waters. Intro-
duction is a critical step, so the most effective means of minimizing the adverse
impact of freshwater invaders is to prevent species transport in the first
place. Once introduced, several species have a high potential to establish, and,
once established, eradication is often impossible and mitigation and control
are difficult and expensive, if possible at all (Chapters 34, 36, 37, and 38).
The successful establishment of a species is positively related to propagule
pressure (Chapter 18). A consequence is that the probability of establishment
might be lessened by reducing both the number of individuals accidentally
released via commerce-related activities and the frequency of such releases.
The importance of propagule pressure also alerts us about the need to construct
effective legislative barriers against the introduction of “desirable’ species that
might turn out to be ‘“Frankensteins’ (Moyle et al. 1986).

The most likely “monsters” in fresh waters are those species whose physio-
logical requirements closely match with the environmental characteristics of
the recipient system or those species able to tolerate a wide range of environ-
mental conditions. With some exceptions, the biotic resistance exerted by the
recipient community, including its richness in species and complexity, seems to
be less effective in countering the establishment of freshwater invaders, while an
r-selected strategy is only in some cases a prerequisite for a species to become
invasive. Similarly, the naiveté of introduced species and the assumed lack of
enemies in the recipient community cannot explain per se freshwater invasions.
Most freshwater communities are not saturated with species (Cornell and
Lawton 1992), but instead are capable of supporting greater numbers of them
if the pool of potential colonists and the rate of colonization from the pool is
increased (Gido and Brown 1999). Introduced species, in fact, often facilitate
each other’s establishment and/or their continued existence, therefore increas-
ing the likelihood and the magnitude of the global ecological impact inflicted by
biological invasions.

NIS exert multiform effects on the recipient community, most often acting
simultaneously at multiple ecological levels. They may pose threats to indig-
enous species, populations, and genes, and may induce changes to individuals,
populations, communities, and ecosystems. The most dangerous species are
parasites but also predators or omnivores that may produce trophic cascades
in the recipient community, and ecosystem engineers that may cause physical
modifications of the environment and may influence the maintenance or cre-
ation of habitats. All these recognized impacts of invaders represent, however,
only the “tip” of an ecological and evolutionary iceberg (Palumbi 2001). In
inland waters, as in the other biomes, the introduction of species may interact
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with habitat destruction and degradation, overexploitation of plants and ani-
mals, and global climate change to create an “‘evolutionary revolution” (Cox
2004). And empirical data and theories are urgently needed to enable predic-
tion, understanding, and management of the acute and chronic effects of species
invasions (Strayer et al. 2006).
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Distribution of invaders

Since the Age of Exploration began, there has been a drastic breaching of biogeographic
barriers that previously had isolated the continental biota for millions of years. We are
now developing a whole new cosmopolitan assemblage of organisms across the surface
of the Earth with large consequences not only for the functioning of ecosystems but
also for the future evolutionary trajectory of life.

Harold Mooney and Elsa Cleland (2001)



Chapter two

Invasive crustaceans in

European inland waters

David M. Holdich and Manfred Pockl

INTRODUCTION

At least 52,000 species of crustaceans have been described, although many
more probably exist (Martin and Davis 2001). They are amongst the most
prolific macroinvertebrates in the aquatic environment, both in terms of
numbers and species diversity, but they do not usually cause public concern
unless they are large and become invasive, e.g. the red king crab, Paralithodes
camtschaticus Samouelle, in Norway, the Chinese mitten crab, Eriocheir sinensis,
in Germany and the UK, and the red swamp crayfish, Procambarus clarkii, in
African lakes (Chapter 4).

The Global Invasive Species Database (http://www.issg.org/database) lists
three crustaceans in its world’s worst 100 invasive non-indigenous species
(NIS), i.e. the green crab, Carcinus maenas Linnaeus; the fishhook waterflea,
Cercopagis pengoi; and the Chinese mitten crab, E. sinensis. However, in the
‘Global Strategy on Invasive Alien Species’ (McNeely et al. 2001) crustaceans
are not dealt with, save for a brief mention of non-indigenous crayfish escaping
from a London fish market.

Many aquatic crustaceans produce planktonic larvae or resistant propagules
(Panov et al. 2004) and consequently can be moved great distances, either
naturally or by human-mediated means, e.g. they are the commonest faunal
component in ballast water of ships (Panov et al. 2004). Some attach them-
selves to solid surfaces or construct tubes on such surfaces, which may then
become mobile, e.g. ships’ hulls and oil platforms, whilst others burrow into
softer materials such as wood — these habits can result in the crustacean being
transported outside its home range, and even transcontinentally. Others have
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been translocated for economic reasons such as aquaculture and to enhance
fish production, and for the pet and restaurant trades, and have subsequently
become established in the wild. The majority of crustacean introductions have
been recorded for the marine and estuarine environments, and these have been
well documented (e.g. Carlton 1996, Ruiz et al. 1997, Rodriguez and Suarez
2001); in general less attention has been paid to introductions into inland
waters (Welcomme 1988, Gherardi and Holdich 1999, Leppéakoski et al.
2002b), with the exception of fish (Welcomme 1991, Lehtonen 2002).

Despite the large number of crustacean species present in the aquatic environ-
ment, relatively few have become established outside their natural range due to
accidental or deliberate introductions into European waters. Most of those that
have become established occur in the marine and estuarine environments, but a
growing number of species are becoming established in inland waters, mainly
amphipods from the Ponto—Caspian basin and North America, and crayfish
from North America. In this review, details are given of invasive crustaceans
that have become established in European inland waters in recent times.
Although all groups are dealt with, particular attention is given to
the amphipods and decapods as they are currently having the most impact.
In total, three species of Branchiopoda, four species of Copepoda, one species
of Branchiura, and 46 species of Malacostraca (5 Mysida, 21 Amphipoda,
4 Tsopoda, and 15 Decapoda [two Caridea (prawns), six Brachyura (crabs),
and nine Astacida (crayfish)]) are listed in Tables 1-3. In the majority of cases
it is difficult to assess whether or not an invasive species is having a high impact,
but when this is known then it is highlighted in the tables.

In this review, inland waters will be taken as meaning rivers, lakes, and
reservoirs. Coastal lagoons, saline lakes, estuaries, and low salinity seas, such as
the Baltic, will be mentioned as appropriate. Although the Baltic is, to quote
Leppékoski et al. (2002a), “‘a sea of invaders’’, particularly for invasive crusta-
ceans, it has been well covered elsewhere, e.g. Jazdzewski and Konopacka
(2002), Leppékoski et al. (2002a, b, ¢) and Telesh and Ojavear (2002). How-
ever, the following facts are of interest. The Ponto—Caspian branchiopod, Evadne
anonyx Sars, is widespread in the Baltic but cannot tolerate freshwater (V. E.
Panov 2006, personal communication) so is unlikely to invade inland waters.
The North American copepod, Acartia tonsa Dana, is widespread in Europe,
particularly in the Baltic, but does not appear to have entered inland waters.
The New Zealand barnacle, Elminius modestus Darwin, is also widespread in
coastal waters, but does not occur in inland waters.

The classification of Crustacea used in this review is mainly based on that of
Martin and Davis (2001). However, the higher taxonomic categories other than
family have not been given a name, e.g. class, infraorder, order, etc., as in many
cases there still seems to be disagreement over the correct terminology. For
example, some workers refer to the Cladocera as a suborder (Martin and Davis
2001), whilst others call them a superorder (V. E. Panov 2006, personal com-
munication). Many workers still use the term Mysidacea, whilst Martin and
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Davis (2001) call them the Mysida. Martin and Davis (2001) discussed the
conflicting views about the terminology used for crayfish and admit that the one
they have used is misleading, i.e. Superfamilies Astacoidea and Parastacoidea in
the Infraorder Astacidea, as the crayfish are now considered to be monophyletic
(Crandall et al. 2000, Scholtz 2002) and yet the two superfamilies are given
equal rank with the three other superfamilies in the infraorder. K. Crandall
(2006, personal communication) is of the opinion that the crayfish should not
be elevated to their own infraorder, e.g. the Astacida, as suggested by Scholtz
and Richter (1995) (see also Scholtz 2002 and Taylor 2002), until more studies
are carried out, and that the original classification of H. H. Hobbs Jr (see, e.g.
Hobbs Jr 1988) should be retained for the time being. However, in this review
the classification used by Taylor in Holdich (2002a) is used, i.e. the crayfish are
in the Infraorder Astacida with two superfamilies as noted above. Ahyong
(2006) in a recent analysis of homarid phylogeny also places the crayfish in
the Astacida.

INVASIVE CRUSTACEANS — ORIGINS, SPREAD, AND IMPACT
Background

The invasion of European inland waters by crustaceans has been mainly on
three fronts: introductions (a) from North America, Australia, and Asia; (b) from
one European region to another; and (c) from the Ponto—Caspian Basin by three
routes. These are: (1) northern invasion corridor — Volga—Baltic inland water-
way; (2) central invasion corridor — Dnieper—Vistula—Oder—Elbe—Rhine; and (3)
southern invasion corridor — the Danube River connection with the Rhine basin
(Fig. 1). Many of the species using these invasion corridors have become
established in the low salinity Baltic Sea and its associated gulfs, but have
moved by natural diffusion or aided by ships through these freshwater corridors
to get there.

Invasive crustaceans have either been introduced intentionally or uninten-
tionally, or in some cases have made their own way from one region to another
via canals and rivers, and during floods. Van der Velde et al. (2000) and
Bernaurer and Jansen (2006) note that the River Rhine has many invasive
crustaceans (e.g. mysids, amphipods, isopods, and decapods) that have migrated
there via the Main—Danube Canal from the River Danube, which itself contains
a number of Ponto—Caspian species. Anthropomorphic effects in the R. Rhine
has raised salt and temperature levels, thus making conditions favourable for
species that originally lived in estuarine or brackish water. However, Kelleher
et al. (2000b) point out that water quality in the lower R. Rhine has in fact
improved since the restoration plan initiated after the Sandoz chemical spill in
1986, and whilst this is making conditions favourable for the return of some
indigenous species, it is also attracting increasing numbers of NIS. Similarly, the
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ability of many freshwater crustacean species, including crayfish (Firkins and
Holdich 1993, Holdich et al. 1997), to tolerate elevated temperature and salt
levels increases their chances of becoming established in new areas. Jazdzewski
and Konopacka (2002) suggest that the recent massive invasion of Ponto—
Caspian species into central and western Europe may be due to the increasing
ionic content of large European rivers, caused by agricultural and industrial
inputs.

Intentional introductions include those for aquaculture (e.g. crayfish),
human food (e.g. crabs and crayfish), fish food (e.g. mysids, amphipods, cray-
fish), pet trade (e.g. crayfish), management (e.g. crayfish for weed clearance),
and stock enhancement (e.g. crayfish). Unintentional introductions have
occurred via ballast water (e.g. branchiopods, copepods, isopods, amphipods,
mysids, decapods), stocking of fish (e.g. branchiurans, decapods), attachment to
mobile surfaces such as ships’ hulls (e.g. tube-dwelling amphipods), entangle-
ment in nets (e.g. decapods), floating weed and fouled mobile surfaces (a possible
route for many species), fish bait (e.g. decapods), dumping of pets or excess stock
(e.g. decapods), and perhaps even via predators such as birds, including water-
fowl (Niethammer 1950, Segerstrale 1954). Anglers often use invasive crayfish
species as bait and this can result in what is known as ‘bait-bucket’ introduc-
tions, which is a particular problem in North America, where the invasive rusty
crayfish, Orconectes rusticus, has been spread northwards into Canada by this
means, displacing indigenous crayfish species along the way (Lodge et al.
2000a, b). In Europe recreational anglers sometimes introduce crayfish such
as the North American spiny-cheek crayfish, Orconectes limosus, in the belief
that it will increase fish production (Holdich and Black 2007). This may be the
case, but after a time the presence of large numbers of crayfish can have a
detrimental impact on the fishing activity itself as well as on the freshwater
environment (see below). Examples of those making their own way can be
found in most of the invasive crustacean groups, but because they are relatively
large, perhaps most noticeable are the decapods (e.g. the Chinese mitten crab,
E. sinensis, and the narrow-clawed crayfish, Astacus leptodactylus).

Many other accidental introductions must also have occurred, but they have
either not become established, or not had any noticeable impact. In some cases
the introduction becomes established, but remains very localized, even though it
may have been present for decades, as in the case of the North American isopod,
Asellus communis, which only occurs in one isolated lake in England (Gledhill
et al. 1993, Harding and Collis 2006). The situation is very fluid, with new
records for non-indigenous invasive species being discovered on a frequent
basis. For example, the Ponto—Caspian mysid, Hemimysis anomala, which has
been introduced into a number of European countries as fish food, has suddenly
appeared in central England (Holdich et al. 2006). Also, populations of the
North American crayfish, Orconectes virilis, have been found recently in the
Netherlands, and populations of O. rusticus have appeared in one region of
France (Souty-Grosset et al. 2006).
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Some crustaceans introduced via the various routes mentioned above have
done equally well or better in their new environments, once they have become
established. In some cases there have been positive effects through aquaculture,
stock enhancement, and recreational activities (e.g. crayfish, see Ackefors 1999,
Westman 2002), and this has encouraged secondary introductions (e.g. the
North American red swamp crayfish, P. clarkii, and signal crayfish, Pacifastacus
leniusculus). In others there have been negative effects through competition with
indigenous species (e.g. branchiopods, copepods, mysids, amphipods, crayfish),
transmission of disease (e.g. crayfish plague), and physical damage to the fresh-
water environment and its biota (e.g. crabs and crayfish, see Holdich 1999).

The majority of crustacean groups have invasive representatives in European
inland waters, although amphipods provide the greatest number. In terms of pub-
lications, the majority are on amphipods and branchiopods (]. T. A. Dick 2006,
personal communication), although invasive brachyuran crabs and crayfish have
attracted a lot of attention in recent years (Gherardi and Holdich 1999, Gollasch
1999, Herborg et al. 2003). In their review of the anthropogenic dispersal of
decapod crustaceans in the aquatic environment, Rodriguez and Suarez (2001)
list 58 marine species that have been dispersed from their natural distribution
areas, with 51 of these occurring in European waters. They list an additional
eight freshwater and estuarine non-crayfish decapod species, only two of which
(E. sinensis and Rhithropanopeus harrisii) have become established in European
waters. They also list 20 crayfish species, including six that have become estab-
lished in Europe, although this number has now increased (Souty-Grosset et al.
2006).

Taxonomic survey
Ampbhipoda (Table 1)

During the last few decades, numerous previously unrecorded amphipod species
have been observed in European inland waters, but there is not enough space in
this book to give all the immigration details for each of these species. Therefore
only those that have had major effects in their new territories, by displacing
indigenous species and/or changing the aquatic community including food web
interactions, are dealt with below.

Amphipods have been introduced deliberately to boost secondary produc-
tivity and hence yields for the fishing industry. Leppikoski et al. (2002a, b)
state that more than 30 amphipod species from the Caspian complex have been
introduced for this purpose. Especially in the former Soviet Union, new reser-
voirs, lakes, and any kind of waterbody were inoculated with species that
promised high reproductive capacity. Canals that connected previously sepa-
rated catchments offered an opportunity to invade new territories by passive
and active anthropogenic vectors like navigation and transport in ballast water
tanks. Some amphipods can leave the water and migrate at least a short
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distance over land (e.g. Gammarus duebeni Lilljeborg, Gledhill et al. 1993), like
invasive North American crayfish in Europe. Nevertheless, the occurrence of
amphipod species in many isolated waterbodies had been a mystery until
Niethammer (1950) and Segerstrale (1954) proved the role of waterfowl in
the transport of gammarids and other freshwater invertebrates. The latter
showed experimentally that Gammarus lacustris Sars could become attached to
the plumage and feathers of a mallard and remained in this position even after
the wing has been taken out of the water. The attachment is mainly effected by
pereopods 3-7, the last, claw-like segment of which is hooked into the plumage.
The curved position, typical of the amphipod when out of water, prevents rapid
desiccation of the gills. Thus, it may be possible for amphipods to be carried huge
distances over land by this means and reach isolated bodies of water.

Most of the non-indigenous amphipod species in Continental Europe originate
from the Ponto—Caspian basin. However, two well-established species in western
Europe, Gammarus tigrinus and Crangonyx pseudogracilis, originated from the
USA. A third species complex, the Mexican freshwater shrimp, Hyalella azteca,
from the USA, Mexico, Central America, and the Caribbean, is sold intensively in
the aquarium trade: it is kept by many aquarists and in garden ponds (ProReckert
2001), and it is just a matter of time before it establishes self-sustaining popula-
tions in the wild. In Lake Ladoga, Lake Onega, Lake Peipsi, and the Neva estuary
(Russia), Gmelinoides fasciatus from the Siberian Lake Baikal established dense
populations as a result of introduction trials that had been very common in Soviet
Fisheries management programmes. Gammarus roeseli that originates from the
Balkan Peninsula and Asia Minor invaded larger rivers of the lower parts of
central Europe, its western border being the eastern parts of France. Echinogam-
marus berilloni originated from the Iberian Peninsula and has invaded France,
Belgium, the Netherlands, Luxembourg, and parts of Germany.

Although Gammarus pulex is indigenous to Europe, it has a very wide geo-
graphical range, stretching from eastern Siberia and China westwards to the
British Isles, although it is absent from Norway (Pinkster 1972) and parts of
Scotland (Gledhill et al. 1993). It has been introduced into some waters in
Northern Ireland (where it is not indigenous) and more widely in Britain,
supposedly to stock angling waters to enhance fish production (Strange and
Glass 1979). It has also recently been introduced to the Irish Republic
(McLoughlin et al. 2000). At several sites on the western seaboard of Britain,
the indigenous Gammarus duebeni celticus Stock and Pinkster was supposed to
have been displaced by competition with incoming G. pulex (Hynes 1954), but
Sutcliffe (1967) found no evidence to support this. In Germany, fishery man-
agers favoured the spreading of G. pulex (Haempel 1908) and Gammarus fos-
sarum Koch (which had been regarded as a subspecies of G. pulex by many
workers at these times) in any suitable body of water. Lough Neagh in Northern
Ireland has been invaded by three non-indigenous amphipods: G. tigrinus and
C. pseudogracilis from North America, and G. pulex from Europe, which have
come into contact with the sole indigenous species, G. duebeni celticus, that is still
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present. Various studies have shown that G. pulex in Ireland is capable of
replacing G. duebeni by competitive exclusion (Dick et al. 1990a, b, 1993, Dick
1996, MacNeil et al. 1999, McLoughlin et al. 2000, J. D. Reynolds 2006, personal
communication). Gammarus duebeni is also common in parts of NW France, but is
now extinct in Normandy due to interactions with the expanding G. pulex (Piscart
et al. 2006). In Brittany, a recent study has revealed a decline of the endangered
G. d. celticus since 1970 due to changes in environment and interference from
indigenous G. pulex, which is expanding its range (Piscart et al. 2007).

Since its discovery in the London area in the 1930s, C. pseudogracilis has
become widespread in most of England and Wales, and has spread northwards
into Scotland (Gledhill et al. 1993). Similarly, since C. pseudogracilis was
recorded from a pond in Dublin (Holmes 1975), it has become widespread in
both Northern Ireland and the Irish Republic (Dick et al. 1999). It was discov-
ered in the Netherlands in 1979 (Platvoet et al. 1989). It is likely that it will
spread further in continental Europe — it was discovered in the R. Rhine in 1992
(Bernaurer and Jansen 2006). Notes on the ecology of this species are given in
Gledhill et al. (1993). The species inhabits any kind of waterbody, from fresh to
brackish and clean to organically enriched.

Gammarus tigrinus, which originates from the Atlantic seaboard of North
America, was introduced by unknown means into Britain, perhaps early in
the 20th century (Sexton 1939), where it thrived in areas where the water was
salty due to mining pollution. In 1957, specimens from Wyken Slough near
Coventry were deliberately introduced into the Rivers Weser and Werra (also
the Elbe, Ems, and Schlei) in Germany where indigenous gammarids have
disappeared due to pollution (Bulnheim 1985). Gammarus tigrinus thrives in
polluted, slightly saline waters and is a source of food for fish. By 1964 it
had become common in the IJselmeer and northern parts of the Netherlands
(Pinkster et al. 1977). It is now widespread throughout the lowlands of western
Europe and has become one of the dominant macroinvertebrates in many
catchments, where it has outcompeted indigenous species (Fries and Tesch
1965). It is also known from coastal lagoons in the southern Baltic (Leppékoski
et al. 2002a). Its distribution in Britain is summarized by Gledhill et al. (1993),
and its spread through the Netherlands is documented by Pinkster et al. (1977,
1980, 1992), Pinkster and Platvoet (1983), and Platvoet et al. (1989). During
rapid colonization in the 1960s and 1970s, G. tigrinus displaced the indigenous
G. pulex from many freshwater habitats, and the indigenous G. duebeni and
Gammarus zaddachi Sexton from brackish water habitats. When the salt-
enriched River Erewash was breached near a series of water-filled gravel pits
in the English Midlands in the 1980s to allow further gravel extraction,
G. tigrinus quickly colonized the gravel pits and became the dominant macro-
invertebrate amongst the marginal vegetation for a number of years. However,
due to a decline in the coal mining industry in the area, the river became less
saline and so did the gravel pits, resulting in a dramatic (although not complete)
decline in the NIS (D. M. Holdich 1995, personal observation).
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Fig. 2  The tube-dwelling Ponto—Caspian amphipod, Chelicorophium curvispinum, from
the Morava River, the border stream of Austria and Slovakia, between Zwerndorf and
Baumgarten, Lower Austria. (Photo: W. Graf and A. Schmidt-Kloiber)

The tube-dwelling amphipod Chelicorophium curvispinum (Fig. 2) originates
from large rivers discharging into the Black and Caspian seas, e.g. Volga,
Dnieper, Dniester, Danube, etc., and clearly dispersed through the central
corridor into the Baltic and North Sea drainage systems. The earliest report
(1912) of the corophiid outside its natural range was from the Spree—Havel
system near Berlin where it was described as Corophium devium (Wundsch
1912). It was also found in the Mittelland Canal and Dortmund-Ems Canal in
1956 and 1977, respectively (Van den Brink et al. 1989). Chelicorophium
curvispinum was first recorded in Britain in the early 1930s by Crawford
(1935) from the River Avon at Tewkesbury, and from then onwards it was
reported widely as occurring in the interconnected canals and rivers of the
English Midlands, as well as in other river systems, e.g. the R. Stour in
SE England (Buckley et al. 2004). It was most likely introduced to Britain by
ships sailing from ports of the Elbe estuary (Harris 1991). It is now present in
Ireland in the R. Shannon and R. Erne systems (Lucy et al. 2004). In the
Austrian Danube it has been known at least from the 1960s as far as the
German border at Passau (Vornatscher 1965). The Main—Danube Canal
where it was found in 1993 has been colonized by C. curvispinum from two
directions, i.e. from the rivers Rhine (1987) and Main (1988) and from the
Upper Danube (1959). The adults range in length from 2.5 to 7.0 mm. They
filter suspended particles from the water column for the construction of tubes on
solid substrates in which they live, giving them some shelter against predation.
Soon after being recorded in the middle and lower Rhine in 1987 (Van den
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Brink et al. 1989, Scholl 1990a), its numbers have increased explosively, and
densities of well above 100,000 m~2 (maximum approximately 750,000 m~2)
have been recorded, which is much higher than numbers recorded in other
rivers. The overgrowth of stones by the tubes of these animals can bind mud
with a dry weight of up to 1.044 g m~2 and thus completely change the habitat
(Van der Velde et al. 1998), causing direct environmental impacts over a
distance of 200-500 km in the Rhine (Van den Brink and Van der Velde
1991) due to: (a) competition for space; (b) competition for food; and (c)
changes in food web interactions. Larva of the zebra mussel Dreissena polymorpha
Pallas, also a successful invader from the Ponto—Caspian basin, need bare
hard substrates on which to settle, which may not be available because of
the tube-building activities on such surfaces by the corophiid invader. Other
filter feeders, such as the invading D. polymorpha and the indigenous species
such as Hydropsyche contubernalis McLachlan (a caseless caddisfly larvae),
chironomid larvae, and zooplankton species may be outcompeted. Eel and
perch were found to shift their diet because of the invasion by C. curvispinum,
which provided a new source of food (Kelleher et al. 1998). Dutch workers
have found that C. curvispinum breeds from April to September, producing
three generations a year — one more than related corophiid species (Rajagopal
et al. 1998).

Specimens of Chelicorophium robustum were sampled in the R. Main in 2003 in
the States of Bavaria and Hessen, being the first records of this species in Germany
(Bernerth and Stein 2003, Berthold and Kaiser 2004). It was also recorded in the
R. Rhine in 2004 (Bernaurer and Jansen 2006). Compared with C. curvispinum,
the newly recorded species is easily detected by the large body size of adult
specimens, i.e. 9 mm. A further spread in European inland waters is expected.

Migration patterns of Corophium sowinskyi are unclear because it is difficult to
distinguish it from C. curvispinum. The species originates from the Danube,
Dnieper, Volga, Don, and Dniester rivers (Mordukhai-Boltovskoi 1979). Records
of this species in the Czech Republic indicate that the southern corridor could
become the most obvious route for its range extension.

Dikerogammarus haemobaphes, originating from the Ponto—Caspian basin,
was reported in the early 1960s from the Austrian Danube near Vienna by
Vornatscher (1965) and in 1992 for the Bavarian stretch of the Danube
(Tittizer 1996). During the 1980s it was the most abundant species in stony
sediments (Pockl 1988, 2002). It was probably the first amphipod species to
invade the R. Rhine system via the southern corridor (Schleuter et al. 1994).
For the first time in the Baltic Sea basin, the species was recorded in Poland in
1997, and its range expansion was reported by Jazdzewski and Konopacka
(2000). Its life history is presently being studied in the Vistula River where it
is multivoltine, with three generations per year and high fecundity (Bacela and
Konopacka 2005b).

Specimens of Dikerogammarus villosus (Fig. 3), which can reach a male
maximum length of almost 30 mm, were not found in the Austrian Danube



Invasive freshwater crustaceans in Europe 43

Fig. 3  The Ponto—Caspian amphipod, Dikerogammarus villosus, from the Austrian
Danube at Linz, Upper Austria. Although this species dominates the community by
number and biomass, other amphipod species do occur. (Photo: W. Graf)

before 1989 (Nesemann et al. 1995), and examples for different colour variants
in live animals are given in that paper. It was demonstrated, however, that the
different colour types cannot be differentiated at the allozyme level (Mtiller et al.
2002). The species was not found in the Bavarian Danube before 1992. It used
the southern corridor and was sampled from the lower Rhine in the Netherlands
(Bij de Vaate and Klink 1995). Dikerogammarus villosus is reported to be a
successful invader by competition and predation: D. haemobaphes is rarely
found in the Rhine system since the arrival of D. villosus, which has successfully
invaded via the Rhone system (Miiller and Schramm 2001) and the large rivers
in northern Germany (Grabow et al. 1998), as well as the Moselle and other
French hydrosystems (Devin et al. 2001). Dikerogammarus haemobaphes on the
other hand is actively expanding in Poland (JazdZewski and Konopacka 2000).
In the Netherlands, Dick and Platvoet (2000) have found that D. villosus is
having a marked impact on the indigenous G. duebeni, as well as the
non-indigenous G. tigrinus, and they predict that it will further reduce amphi-
pod diversity in a range of freshwater habitats in Europe. Dikerogammarus
villosus also occurs in several lakes, e.g. Traunsee and R. Traun, Austria
(0. Moog 2003, personal communication), Lake Constance, Germany (K. O.
Rothhaupt 2003, personal communication), Lake Garda, Italy (Casellato et al.
2005), where it is partially replacing the indigenous Echinogammarus stammeri
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(Karaman). Dikerogammarus villosus preys heavily on other amphipod species,
which it is thought to replace, as well as on Asellus aquaticus Linnaeus, insect
larvae, and fish eggs (Chapter 27), and even small fish are reported to be attacked
(Dick et al. 2002, La Piana et al. 2005). However, Platvoet (2005) also showed
that the species is able to nourish itself by a wide range of feeding methods, such
as shredding, grazing, collecting micro- and macro-algae, coprophagy, and
carnivory, and that the feeding habits are dependent on water temperature
and the micro-distribution of food organism. Dikerogammarus villosus is appar-
ently less predatory when a population is well established in comparison to the
phase when it is rapidly increasing its individual numbers in a new habitat
(Van Riel et al. 2005). The life history and population dynamics of D. villosus
have been studied intensively by one of us (M. Pockl) in the Austrian Danube
during 2002-2004, where the variability in life history and reproductive output
with a mean fecundity of 43 eggs and a maximum of almost 200 were found to be
unique in freshwater amphipods (Pockl 2007). The reputation given in the
literature of D. villosus as a ‘‘killing machine’” was not confirmed by these studies.
Oxygen consumption, temperature, and salinity tolerance of the invasive amphi-
pod D. villosus have been studied in the laboratory by Bruijs et al. (2001), who
found that the species has wide capacities for adaptation and could possibly
survive ballast water exchange and thus develop large populations in temperate
areas on a global scale.

Miiller and Schramm (2001) reported that a third riverine Dikerogammarus
sp., D. bispinosus, has colonized the middle and upper R. Danube (Austrian
stretch at Linz from 1998). Their genetic analyses demonstrate the clear species
status of this taxon, which formerly had been described as a subspecies of
D. villosus by Martynov (1925) from the lower Dnieper. The lack of hybrid
genotypes indicates a reproductive isolation among D. haemobaphes, D. villosus,
and D. bispinosus in a syntopic population from the Hungarian Danube near
Szob (Miiller et al. 2002). The dispersal behaviour of D. bispinosus may be
species-specific as with D. haemobaphes and D. villosus.

Echinogammarus ischnus belongs to the group of Ponto—Caspian amphipods
that have advanced farthest north-westwards, reaching the systems of the
North and Baltic seas. In 1928, it was recorded for the first time from the
Vistula below Warsaw (Jarocki and Demianowicz 1931), and has probably
passed through the Rivers Dnieper, Pripet, the Pripet-Bug Canal, and the
R. Bug. Using a similar pathway, the Neman—Pripet canal, E. ischnus had
reached the lower R. Neman by about 1960 (Gasjunas 1965, 1968 in
Jazdzewski 1980). Herhaus (1978) discovered the species in the Dortmund—
Ems canal. The well-developed canal systems joining the Vistula, Oder, Elbe,
and Weser rivers seem to have been its most probable route (Jazdzewski
1980). Between 1979 and 1981 specimens of E. ischnus were sampled in the
Mittellandkanal (Herbst 1982). In the late 1980s the species was observed
from the Rhine-Herne Canal and the Weser—Dattel Canal (Scholl 1990b). At
about the same time, E. ischnus was also found in the Mecklenburgian and
Pommeranian lakes (Jazdzewski and Konopacka 1990, Kohn and Waterstraat
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1990), indicating that in western Europe it is colonizing habitats that
are comparable to those of its natural Ponto—Caspian distribution area, where
it occurs in several inshore Black Sea lakes (Jazdzewski 1980). From the
lower Rhine in Germany, a density of 100 m~? of hard substrate has been
reported (Scholl 1990b), and in 1991 and 1992 specimens were recorded from
the lower Rhine delta in the Netherlands (Van den Brink et al. 1993). The
development of a dense population of E. ischnus in the Rhine may have been
hindered by G. tigrinus, as well as the mass abundance of C. curvispinum and
D. villosus. In the Austrian stretch of the Danube, E. ischnus had not been
reported to occur in the 1960s (Vornatscher 1965), but during the 1980s
dense populations were encountered on stony substrate (Pockl 1988). Via the
Bavarian Danube (1989) the species migrated to the Main—-Danube Canal
(1995) (Van der Velde et al. 1998). Kohn and Waterstraat (1990) suggested
that E. ischnus is closely associated with clumps of D. polymorpha in Lake
Kummerow, Germany.

Echinogammarus berilloni originates from Mediterranean rivers, and adult
males can reach a body length of 22 mm. When true estuarine species are
absent (e.g. G. zaddachi, Gammarus chevreuxi Sexton), as in north-western Spain,
it is able to penetrate into estuarine regions. According to Pinkster (1993), itisa
typical species of middle courses of streams and rivers, and has never been found
in the upper reaches. It is an active migrant, which has made use of canals to
reach a large area of western Europe. Presently, it is found in the Rhine from
Diisseldorf to Basel where it occurs in low densities, and in the Mosel (Moselle), a
tributary of the Rhine. Meyer et al. (2004) reported that in temporary waters of
a karstic system in western Germany, Gammarus species dominated, but in
permanent downstream sections E. berilloni almost completely replaces G. pulex
and G. fossarum. The occurrence of E. berilloni in the estuarine parts of some
river systems in north-western Spain indicates that the species can stand high
salinities as well as considerable changes in salinity. It also can withstand a
high amount of organic pollution and high temperatures, and has been sampled
in some parts of Spain at temperatures of up to 31°C (Pinkster 1993).

Outside its original natural distribution area in the Ponto—Caspian basin,
Echinogammarus trichiatus was recorded for the first time in 1996 in the
Bavarian Danube (Weinzierl et al. 1997), and three years later at a distance of
120 km from the first record in the Upper Danube. In 2000 and 2001, the species
was sampled in the Upper and Lower Rhine, respectively (Podraza et al. 2001),
which means that it must have spread through the Main—Danube Canal, using the
southern invasive corridor. In 1998, E. trichiatus was also found in the Austrian
Danube (H. Nesemann 1999, personal communication), which is later than the
German record. Distribution with the stream flow is obviously easy, but the
distribution of this species is still largely unknown and may be scattered.

Echinogammarus warpachowskyi originates from the brackish parts of the
Caspian Sea and the deltas and estuaries of many Ponto—Caspian rivers. Some
40 years ago the species became one of the main objects of Soviet acclimatiza-
tion enterprises. It was introduced into reservoirs and lakes in the Ukraine, and
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in Lithuania in the Neman River drainage area (Kaunnasskoe Reservoir). It
penetrated into artificial reservoirs in the Dnieper River and into the Kuronian
Lagoon (Jazdzewski 1980). This small species (adult males reaching a max-
imum of 6.5 mm) is very tolerant to both varying salinity and temperature
conditions and has spread over large parts of eastern Europe.

Since 1994, the stout and small Obesogammarus obesus from the Ponto—
Caspian basin, which swims in an upright position (it is not laterally compressed
like most gammarids), is known to occur in the Austria Danube, and has in
some parts developed high densities (M. Pockl 1994, personal observation),
occupying a position after C. curvispinum, D. villosus, and E. ischnus in abun-
dance. In 1995 it was recorded from the Bavarian Danube (Weinzierl et al.
1996), and an estimated density of 3,300 m~2 was reported. The invasion of
the R. Rhine is expected to occur via the Main—Danube Canal in the near future.
In October 2004, the species was recorded in the R. Rhine near Koblenz,
Germany. The sampling site was located approximately 0.5 km away from
the main river, quite close to a sports boat marina. Additional records from the
same location in 2005 and 2006 indicate that this species may have become
established in the central section of the R. Rhine (Nehring 2006). It can be
speculated that O. obesus will extend its range within the European river and
canal system in the near future.

Obesogammarus crassus was intentionally introduced in the 1960s into the
Kaunas Reservoir (Lithuania), in the Neman River, and in several aquatic
habitats along the Baltic coast of the former Soviet Union (Jazdzewski 1980).
From the Neman River, the species colonized the Kuronian Lagoon. Recently,
O. crassus was observed from the Vistula Lagoon (Jazdzewski et al. 2002).
Westward dispersal has been the result of offshore transportation (in ballast
water) via the Baltic Sea, indicating the northern dispersal route. However, part
of the central corridor is considered to be a potential second corridor.

The first record of Pontogammarus robustoides in Germany dates from 1994
when it was found in the Peene (Rudolph 1997). From there it may have used the
Hohenstaaten—Friedrichthaler Wasserstralle, the R. Oder, the Oder—-Havel Canal,
the Havel Canal, and the R. Elbe to reach the Mittellandkanal where it was
sampled at Wolfsburg in 1998 (Martens et al. 1999, Tittizer et al. 2000). Like
the other Ponto—Caspian species, C. curvispinum, E. ischnus, and P. robustoides
probably also used the central corridor to penetrate westwards, and clearly not
the southern one via the R. Danube. The average body length of mature speci-
mens was 11.15 mm, ranging from 4.5 to 21.0 mm, and the smallest ovigerous
females were 8.5 mm long. The mean brood size for all gravid females was 64.5
and varied from 11 to 185, and the egg number was exponentially correlated to
female body length. These traits in life history determine the success of
P. robustoides as a potential invader (Bacela and Konopacka 2005a).

Before the 1960s, the distribution area of the Baikalian amphipod, G. fascia-
tus, was limited to basins of Siberian Rivers (Angara, Lena, Yenisay, Irtysch,
Pyasina, Tunguska, Selenga, Barguzin). In the former Soviet Union it was
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considered to be a suitable species for intentional introduction to enhance fish
production in lakes and reservoirs, because of its high environmental plasticity
and general high abundances within its native range. During the 1960s and
1970s, hundreds of millions of G. fasciatus specimens were introduced into 22
lakes and reservoirs outside its native range in Siberia and European Russia
(Panov and Berezina 2002). In European Russia, G. fasciatus was introduced
intentionally into Gorkovskoe Reservoir in the R. Volga basin, several Karelian
Isthmus lakes located close to the western shore of Lake Ladoga, and Lake
IImenin in the Lake Ladoga basin. Gammarus fasciatus invaded the western
and northern shores of Lake Ladoga, some 18,400km? in area, in the late
1980s (Panov 1996) and by the 1990s it had successfully colonized the whole
littoral zone of this largest European lake. In the 1990s, from Lake Ladoga via
the R. Neva, G. fasciatus penetrated into the Neva estuary, the largest estuary
in the Baltic Sea (3,600 km?). In 1996, the species was found in the Neva Bay
and by 2001 it had established successfully in the coastal zone of the estuary
(Berezina and Panov 2003). In 2001, G. fasciatus established self-sustaining
populations along the western shore of Lake Onega. Berezina (Chapter 26)
discusses the changes in the littoral communities of large lakes caused by intro-
duction of G. fasciatus. In Lake Peipsi, G. fasciatus was introduced accidentally at
the beginning of the 1970s during several attempts to enrich the native popula-
tion of G. lacustris G.O. Sars by addition of specimens of this species from Siberian
populations. These introductions were “contaminated”’ because the material
released (several million specimens) contained a mixture of G. fasciatus (1-2%
in density) and G. lacustris. The accidentally introduced G. fasciatus survived and
were first observed in Lake Peipsiin 1972. By 1990 it had become established in
the whole littoral zone of this lake (Berezina 2004). Two decades ago, the indig-
enous amphipod species G. lacustris was common in Lakes Ladoga and Onega as
well as the freshwater parts of the Neva estuary. After invasion by the Baikalian
amphipod, the indigenous G. lacustris has disappeared from many habitats.
Moreover, the density of the freshwater isopod, Asellus aquaticus, was found to
be dependent on the density of the Baikalian amphipod, decreasing significantly

at localities with more than 500 G. fasciatus m~2.

Astacida (crayfish) (Table 2)

Approximately 600 species of freshwater crayfish belonging to three families
(Astacidae, Cambaridae, and Parastacidae) have been described and new
species are being described on a regular basis, particularly from the Americas
and Australasia (Taylor 2002, Fetzner 2005). However, there are only five
indigenous crayfish species in Europe, all belonging to the Astacidae (Holdich
2002b, 2003, Souty-Grosset et al. 2006). After the last glaciation some 10,000
years ago, these crayfish species gradually colonized Europe by natural diffu-
sion, either from glacial refugia or from the Ponto—Caspian basin. Subsequently,
at least four of the five species have been translocated by man, or have migrated
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via man-made structures such as canals, to an extent that often makes it
difficult to determine their origins. However, molecular genetic studies are
being used to gradually unravel their origins, and what some countries consider
to be their indigenous species appear to have been probably introduced. For
example, the white-clawed crayfish, Austropotamobius pallipes (Lereboullet) sensu
lato, in England and Ireland has been introduced on several separate occasions
from France (Grandjean et al. 1997, Gouin et al. 2003), and the same species
was introduced into Spain from Italy (Machino and Holdich 2006). When these
events occurred, however, is not known, though probably in the last 1,000
years. Similarly, the noble crayfish, Astacus astacus (Linnaeus), which is now a
treasured gastronomic icon, was introduced into Sweden and Norway in the
Middle Ages (Machino and Holdich 2006).

When these species were introduced into the fresh waters of new areas and
became established they must have been invasive and had an impact on the pre-
existing biota. This is often a fact that is overlooked and is particularly relevant
to such a keystone species as a crayfish, which can have a considerable impact
when introduced into a waterbody that has not experienced it before. A case in
point is A. leptodactylus sensu lato, which is indigenous to the Ponto—Caspian
basin, but which has spread naturally via rivers and canals into northern and
eastern Europe, and has been introduced into western Europe for commercial
purposes. This crayfish is highly fecund and can grow to a very large size (up to
500 g wet weight) and reach very high densities. As a consequence of this, it
can become the dominant animal in a waterbody, displacing other crayfish
species if they are present (Souty-Grosset et al. 2006). As with other European
crayfish it does not carry crayfish plague, but is susceptible to it (see below).

From the middle of the 19th century, a disease now commonly known as
crayfish plague entered the waters of the Po Valley in Italy and gradually spread
throughout Europe, killing off many populations of indigenous crayfish (Holdich
1999, 2003). The ranges of indigenous crayfish such as A. astacus and
A. pallipes in western Europe were particularly affected and are still being
compromised today (Souty-Grosset et al. 2006). Crayfish plague is indigenous
to North America, and all those North American crayfish that have been
studied are carriers of the oomycete causing it.

As crayfish were a valuable commodity in Europe in the 19th century, to boost
European stocks steps were taken to introduce a North American crayfish species
that wasimmune to the disease, i.e. O. limosus (see below). Two further species, i.e.
P. leniusculus and P. clarkii, were introduced in the 1960s and 1970s respectively,
to improve stocks further (see below). Their spread throughout Europe (see below)
has only made the situation worse for the indigenous species, particularly as they
are superior competitors (Holdich 1999), although there have also been some
commercial, management, and recreational benefits (Ackefors 1999). These
three species are further dealt with below as they have the widest distribution of
invasive crayfish occurring in European inland waters. The Australian crayfish,
Cherax destructor, was also introduced for commercial purposes in the 1980s, but
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it is restricted to Spanish waters, although it is imported live for restaurants in
other countries and is cultivated in Italy (Souty-Grosset et al. 2006).

A second wave of crayfish introductions occurred in the late 20th and early
21st centuries (see Table 2), but unlike the four species mentioned above it
seems likely that most were imported for the pet trade, and were subsequently
released or escaped into natural waters. At the present time, although they can
be considered invasive, their range is very limited (see Souty-Grosset et al. 2006
for further details). Of particular concern is the marbled crayfish, Procambarus
sp., of unknown origin and species, which has been made widely available
through the aquarium trade in recent years, and which now occurs in the
wild in Germany and the Netherlands. This crayfish is parthenogenetic and can
produce large numbers of offspring in a short space of time (Vogt et al. 2004,
Seitz et al. 2005, Souty-Grosset et al. 2006). Considering the number of crayfish
species available through the aquarium trade this source of invasive crayfish is
likely to be a continuing problem as owners want to get rid of their pets as they
grow too large or breed too rapidly.

As mentioned above, the first non-indigenous crayfish to be introduced into
Europe from another continent was O. limosus (Fig. 4). After its introduction to
Germany in 1890, secondary introductions were made into other parts of
Germany and into Poland and France, in an attempt to make up for losses of

Fig. 4 The North American spiny-cheek crayfish, Orconectes limosus, and its burrows.
This has become well-established in continental Europe since its introduction into
Germany in 1890, but has only recently invaded England. Adults from Clifton Pond,
Nottingham, England. (Photo: J. Black)
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A. astacus through crayfish plague (Souty-Grosset et al. 2006). It also spread
naturally through rivers and canals and is now probably the commonest
crayfish in continental Europe, occupying at least 20 countries. Out of 300
lakes recently examined in NE Germany, 214 were found to have O. limosus. In
Poland, populations of O. limosus increased from 57 in 1959 to at least 1,383 by
2004. It is gradually spreading eastwards in Europe and recently has been
found in Croatia (Maguire 2003) and Serbia (Karaman and Machino 2004);
it is likely to spread into Bulgaria, Romania, and the Ukraine via the R. Danube
before long (Machino and Holdich 2006). It has been implicated in the demise of
indigenous crayfish populations through competition and crayfish plague. Its
large numbers and burrowing activity are likely to have a marked effect on the
freshwater environment. However, O. limosus has never fulfilled its role as a
replacement for A. astacus from the gastronomic point of view, as other species
are much preferred. It is commonly used as fish bait and this has led to its
introduction into new sites and countries such as England, where it has built up
large populations in a short space of time (Holdich and Black 2007).

As indicated by the number of contributions relating to its biology in this
volume, P. clarkii attracts a lot of attention because of its invasive capabilities. It
was introduced to southern Spain in 1973 for aquacultural purposes but soon
became widely established in the wild and is now present in 13 European
countries, including islands in the Azores and Canaries (Holdich 2002b,
Souty-Grosset et al. 2006). Although it has brought undoubted benefits to the
Spanish economy through its harvesting and export, mainly to Scandinavian
countries (Ackefors 1999), its environmental impact caused by burrowing and
high consumption of both plant (including rice seedlings) and animal matter
can be striking. For example, prior to 1996, Chozas Lake in NW Spain used to
harbour a rich community in its clear, shallow waters. Procambarus clarkii was
then introduced and its activities caused the waters to become turbid (Rodriguez
et al. 2005). This was followed by a 99% reduction in plant cover, 71% loss of
macroinvertebrates, 83% reduction in amphibian species, 52% reduction in
waterfowl, and plant-eating birds such as ducks were also reduced by 75%.
However, carnivorous birds increased their presence after the introduction of
the crayfish. In addition to such effects, P. clarkii is also a carrier of crayfish
plague and is thought to be responsible for the decline in indigenous crayfish
species in a number of countries, e.g. Italy and Spain.

Pacifastacus leniusculus, is the only member of the Astacidae to be introduced
into Europe (Lewis 2002). As the indigenous crayfish fauna in Europe all belong
to this same family, many aspects of their biology are similar. Pacifastacus is the
only genus of the Astacidae in North America, but like members of the other
family, the Cambaridae, it too carries crayfish plague. Pacifastacus leniusculus
was first released into Swedish waters in 1960, to replenish stocks of crayfish
with an ecological and gastronomic homologue replacing A. astacus, which had
been badly affected by crayfish plague. It soon became a popular species for
stocking and culture, and as a result of secondary introductions (both from
Sweden and North America) had become established in 24 European countries,
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from the UK across to eastern Europe by 2005, making it the most widespread
non-indigenous crayfish (Souty-Grosset et al. 2006). In most of the countries
into which it has been introduced, it has become established in the wild either as
a result of escapes or deliberate seeding of waters. Pacifastacus leniusculus is most
established in Sweden where it occurs in approximately 3,000 localities. Al-
though it was welcomed in many countries by aquaculturists, particularly in
Sweden and Finland, conservationists were concerned about the dangers of
introducing a large, aggressive, highly fecund, fast-growing species into the
freshwater environment, especially where indigenous crayfish, which are sus-
ceptible to the effects of crayfish plague, were still present. The fears of conser-
vationists have proved true, whilst P. Ieniusculus has not provided the huge
improvement in stocks that was predicted. Ironically, it is in the UK, which does
not have a modern tradition for eating crayfish and which had good healthy
stocks of its so-called (see above) indigenous species, A. pallipes, where problems
are most acute since the introduction of P. leniusculus for aquacultural purposes
in the 1970s. Despite a raft of legislation being drafted to protect the indigenous
species and measures taken to try and stop the spread of the NIS, A. pallipes may
well become extinct in a few decades (Sibley 2003, Holdich et al. 2004, Holdich
and Pockl 2005). This is due to a combination of the effects of crayfish plague
and the superior competitive abilities of P. leniusculus. In addition, the burrow-
ing activity (Fig. 5) of P. leniusculus, coupled with its insatiable appetite, is

Fig. 5 River bank collapse caused by the burrowing activities of the North American
signal crayfish, Pacifastacus leniusculus, in the Gaddesby Brook, Leicestershire, England.
(Photo: P. J. Sibley)
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having both a physical and biological impact on both lentic and lotic environ-
ments (Guan and Wiles 1997, Sibley 2000). Attempts at eradicating
P. leniusculus have so far proved futile despite the removal of many thousands
of adults at a number of sites, e.g. in Scottish rivers (Collins 2006). As Holdich
et al. (1999) predicted in their review of eradication methods, the only sure way
is to use biocides, and this method has been successfully trialled in the UK, but it
is only of use in enclosed waterbodies (Peay et al. 2006).

Caridea (Table 2)

Van der Velde et al. (2000) note that the freshwater river prawn, Ataephyra
desmaresti (Atyidae), which originates from southern Europe, has spread widely
throughout Europe via canals that connect European river basins. It was first
observed in 1843 near Paris, 1888 in Belgium, 1916 in the Netherlands, 1925
in Metz, and 1929 in Strasbourg (Thienemann 1950). The first German record
dates from 1932, from a backwater of the Lower R. Rhine near Rees. There-
after it occurred at several sites of the dense canal network in north-western
Germany, and after passing the Mittellandkanal it was found near Hannover in
1936. Several records were noted from the Rhine—Rhone Canal, the R. Saar
at Saarbriicken, and the R. Mosel at Merl (summarized by Kinzelbach 1972). It
was observed in the Lower R. Main in 1983 (Nesemann 1984), from where
it migrated upstream in this river, entered the Main Canal (Heuss et al. 1990),
passed the highest point of the Main—-Danube Canal (Wittmann 1995), went
downstream, was recorded in 1997 in the Bavarian Danube (Weinzierl et al.
1997), and in 1998 in the Austrian Danube (Moog et al. 1999). It therefore can
be expected to occur in Slovakia, Hungary, and further downstream in the
R. Danube in the near future. It feeds on micro-organisms, algae, plants,
detritus, live and dead animals. Ataephyra desmaresti has a wide tolerance to
temperature and salinity ranges, and lacks planktonic larvae, which are all
useful attributes to possess when colonizing new habitats (Steffen 1939, Fidalgo
1989b). Adult males can reach a body length of 16-27 mm, females a maxi-
mum of 35 mm. The number of eggs is reported to vary between 100 and 1,400
(Fidalgo 1989a, b). Normally, the lifespan is 12—14 months, but under
unfavourable conditions juveniles grow at a slower rate, reach sexual maturity
in the second year and can live for three years. It is not known how many
successive broods can be produced by an individual female.

The first record for the oriental prawn, Palaemon macrodactylus (Palaemoni-
dae), for Europe was reported by Ashelby et al. (2004). Although this introduced
species is widespread in the western USA, it has only colonized one location in
Europe so far. It is thought to have been introduced into the R. Orwell estuary
on the eastern coast of England some time between mid-2000 and late-2001,
where it is now common and breeding. Transport in ballast water seems the
most likely route of its introduction. It has since been found in the adjacent
R. Stour estuary (Ashelby et al. 2004). Palaemon macrodactylus is extremely
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hardy and is known to live in salinities as low as 1.0 ppt in California. It is
probable that aided by shipping this species will spread in European coastal
waters and could enter inland waters.

Brachyura (Table 2)

The indigenous freshwater crab, Potamon fluviatile, occurs in Italy, the Balkans
and Greece. Its behaviour has been studied by Italian workers (Barbaresi and
Gherardi 1997, Gherardi et al. 1999). In competitive situations with the white-
clawed crayfish, A. pallipes, it is usually the crab that wins as it has higher levels
of aggression and strength. At present the two species have mainly different
distributional ranges but where these overlap they never share the same water-
body. They may have had a common distribution in the past, but competitive
exclusion by the crab has meant that the crayfish has been pushed into less
favourable habitats (Barbaresi and Gherardi 1997). The same may happen
with some populations of indigenous crayfish species in France, where three
non-indigenous Potamon species (see Table 2) have been introduced and become
established there, one since the early 19th century (see Chapter 3).

The catadromous North American blue crab, Callinectes sapidus Rathbun, is
euryhaline and eurythermic, and in its natural range migrates down rivers to
reproduce in the sea. It was introduced into the Netherlands in 1932, probably
in ballast water (Adema 1991). It has been recorded in a number of other
European countries, e.g. France (Goulletquer et al. 2002), and is breeding in the
eastern Mediterranean (Froglia 2005). It has also been recorded in the Marmara
(Ozturk 2002), Black and Azov seas (Gomoiu et al. 2002). It does not appear to
have extended its range into inland waters very far. Often, only single specimens
are found, e.g. one was recorded from a river on the eastern coast of England in
1982 (Gledhill et al. 1993).

One of the commonest non-indigenous crab species is the North American
mud crab, R. harrisii, which is found in a number of estuaries and coastal
lagoons throughout Europe, including in the Mediterranean and Adriatic
(Froglia 2005), as well as the Black and Azov seas since 1932 (Gomoiu et al.
2002), and also the Caspian Sea (Aladin et al. 2002). It is also present in Wales
(UK) (Minchin and Eno 2002). It is thought to have been introduced via ballast
water into the Netherlands in the 19th century (Adema 1991). It has been
recorded in the lower R. Rhine, but only in low numbers (Van der Velde et al.
2000). In Poland, Jazdzewski and Konopacka (2000) noted that this species
attained very high densities in brackish waters in the 1950s and 1960s and
became a major component of the zoobenthos, although its numbers decreased
after that time. It does not appear to penetrate far into inland waters.

The most invasive of the non-indigenous crabs is the catadromous Chinese
mitten crab, E. sinensis (Fig. 6), from SE Asia, where it has been recorded as far
as 1,400 km upstream in China (Gollasch 1999). It is considered a delicacy in
the Far East where it supports a billion dollar industry (Herborg et al. 2005), but
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Fig. 6  An ovigerous female Chinese mitten crab, Eriocheir sinensis, from the River
Thames (November 2005), London, England. Eriocheir sinensis was first recorded in
Germany in 1912 and is now widely spread in European inland waters and estuaries.
(Photo: P. Hurst)

in Europe it only tends to be eaten by Chinese immigrants. It is thought to
have reached Europe via ballast water and was first recorded in the River Aller
(a tributary of the R. Weser in Germany) in 1912 (Peters and Panning 1933,
Gollasch 1999). Like the blue crab it migrates down rivers to breed after which
it dies, and then as juveniles migrates upstream again in large numbers, taking
3-5 years to become sexually mature in Europe (Schubert 1935 in Herborg et al.
2005). In its migrations it can move across land to get around weirs (Rettig
2000 in Puky et al. 2005, Herborg et al. 2003). It is euryhaline and eurythermic
and is capable of moulting in freshwater.

Despite being introduced in 1912, the range expansion of E. sinensis was not
reported until 1927 when it migrated from Germany via the Kiel Canal into the
Baltic Sea (Peters 1938 in Herborg et al. 2003), from where it reached Russia and
Finland by 1933. It reached the Netherlands in 1929 and spread throughout the
country (Van der Velde et al. 2000), France in 1930, Belgium in 1933, and
England in 1935. It had migrated 700 km up the R. Elbe to Prague and 512 km
along the R. Rhine by 1932, and by 1934 it occurred 464 km up the R. Oder as far
as Breslau (Robbins et al. 2000, Herborg et al. 2003). Although it was known from
the French coast as far as Le Havre in 1943, there appears to have been a
secondary introduction, probably via ballast water or associated with oyster
cultivation, to the R. Gironde region (1954—1960), from where E. sinensis reached
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the Mediterranean coast via canalsin 1959 (Herborget al. 2003 ). Itisknown from
the Austrian (Rabitsch and Schiemer 2003) and Serbian (Karaman and Machino
2004) stretches of the Danube and has recently (2003) been found in the
Hungarian part (Puky et al. 2005). It has also been reported from the White Sea
(Berger and Naumov 2002) and the first record for Europe’s largest lake, Lake
Ladoga in Russia, was found in 2005 (Panov 2006). It was discovered in the Black
Sea (Gomoiu et al. 2002) and Azov Sea in 1997 (Murina and Antonovsky 2001 in
Herborg et al. 2003), and from the River Tazeh Bekandeh that drains into the
Caspian Sea, Iran in 2002 (Robbins et al. 2006). Recently, in the west, it has
been found in Waterford Harbour on the south-eastern coast of the Irish Republic
(J. D. Reynolds 2006, personal communication).

According to Jazdzewski and Konopacka (2000), E. sinensis is less of a
problem in most of Europe than it used to be in the 1920-1940s. In the
1930s and 1940s lack of competition and an abundant food supply led to
them becoming so abundant in Germany that millions of juveniles were caught
during their upstream migration in 1936, but subsequently pollution led to a
reduction in the crab’s food supply and the crab itself (Gollasch 1999). Due to
recent improvements in the water quality and a consequent increase in food
supplies of some European rivers, E. sinensis is becoming abundant again and, in
1998, 75,000 crabs were taken by hand in only two hours in the River Elbe,
where it is once again causing problems due to its migratory habit (Gollasch
1999, S. Gollasch 2006, personal communication). The main problems associ-
ated with E. sinensis are its burrowing habit that may endanger flood defences,
and the fact that it reaches high densities, thus competing with indigenous
species for food, including crayfish (Robbins et al. 2000), as well as endangering
navigation. It also interferes with recreational and commercial fishing by taking
bait and interfering with nets (Herborg et al. 2003, 2005).

Recent studies have mainly dealt with its spread in the UK, where it was first
observed in the River Thames in 1935 but remained at low numbers until the
1990s when numbers escalated (Robbins et al. 2000), possibly as a result of
improving water quality (Herborg et al. 2005). In England, E. sinensis spread
along the coasts at an average rate of 78 km per year in the period 1976-1999,
but this increased dramatically to 448 km per year in the period 1997-1999,
which is similar to the rate of spread along the Baltic coast in 1928-1935
(Herborg et al. 2005). The upstream spread was 16 km per year in 1973-1998
with a marked increase to 49 km per year in 1995-1998. There are concerns
about the impact that it will have on the structure of river banks and the
indigenous fauna, including crayfish.

Other taxa (Table 3)
Space does not permit a full review of the other taxa of Crustacea that

have invaded European inland waters, but brief details are given below and a
tentative list is given in Table 3.
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Branchiopoda. The spiny water flea, Bythotrephes longimanus, is indigenous to
lakes throughout the Palearctic, ranging from the British Isles to the Bering Sea.
Sikes (2002) has summarized what is known of this species as an invader.
Bythotrephes longimanus has been found in areas where it was not previously
known, including the North American Great Lakes in 1982, where it is thought
to have been introduced with ballast water from a transoceanic ship originating
from St. Petersburg harbour (Russia), where it is common in the nearby Lake
Lagoda. Bythotrephes longimanus reproduces rapidly by parthenogenesis and its
ability to produce sexual eggs allows it to survive adverse environmental
conditions. It is a dominant predator of zooplankton in the summer months.
Van der Velde et al. (2000) have found that B. longimanus is common in water
storage reservoirs, lakes, and rivers in the Netherlands, and that it has a marked
effect on other zooplankton. They also mention that it is found in the catchment
area of the R. Rhine in the Alps, north-eastern Germany, Poland, Belarus, the
Baltic States, Scandinavia, and the British Isles. They suggest that it has reached
the Netherlands and other countries by long distance dispersal through the
transport of resting eggs by rivers and/or birds. Panov et al. (2006) stated that
the predatory Ponto—Caspian cladocerans, C. pengoi, E. anonyx, and Cornigerius
maeoticus have moved through to the Baltic via the Volga—Baltic waterway
(northern invasion corridor), probably in ships’ ballast water, and that,
although they are warm-water species, they have the potential to become
established in a wide range of inland and coastal water ecosystems in temperate
zones. Rodionova and Panov (2006) noted that E. anonyx increased ten fold in
the eastern Gulf of Finland between 2000 and 2004. Litvinchuk and Maximova
(2005) have studied the biology of E. anonyx and Cornigerius maeoticus maeoticus
Pengo in the Baltic Sea and found them living with the indigenous branchiopod
fauna. Cercopagis pengoi and C. maeoticus are known to occur in freshwater
reservoirs in the Ponto—Caspian basin as well as those associated with the
R. Volga, and it is probably only a matter of time before they are recorded
from similar habitats further west. According to Panov et al. (2006), most
Ponto—Caspian onychopod cladocerans are euryhaline and can survive in
relatively high salinities as well as in freshwater (with the exception of
E. anonyx). The invasion of the Baltic by these species has been helped by climate
changes and the intensive shipping activity along the corridor. They suggest that
Ponto—Caspian cladocerans should be considered as ‘‘high risk’” invasive species
because of their potential for range expansion and the impact they have on
the recipient ecosystem. Indeed, Telesh and Ojaveer (2002) have found that
C. pengoi in the Baltic Sea has a marked impact on the zooplankton community
as well as pelagic food webs involving planktivorous fish species. They suggest
that the dietary overlap with young planktivorous fish may lead to a decline in
food sources for fish such as herring and sprat, although this is compensated to
some extent by the fact that the fish can feed on the branchiopod.

Copepoda. Until recently few invasive Copepoda had been reported, but
N. Riccardi and G. Rossetti (2006, personal communication) have found the
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calanoid, Eudiaptomus gracilis, in lowland waters of northern Italy. Although this
species is indigenous and widespread in Europe, it was not known in Italy until the
1980s and it now appears to be having an adverse effect on the indigenous
Eudiaptomus padanus Burckhardt in northern Italy at least. Ferrari et al. (1992)
have recorded the Australian calanoid, Boeckella triarticulata, from fishponds in
northern Italy, and Baldaccini et al. (1997) have reported the occurrence of the
Central American cyclopoid, Apocyclops panamensis, from Lake Massaciuccoli
(a brackish shallow lake) in Tuscany (Italy). Alekseev et al. (2002) have reported
that a cyclopoid, Acanthocyclops americanus, now occurs in Belgium at densities of
40,000 m 2. They mention that this species rapidly expanded across Europe
and Asia in the 20th century after its introduction from North America into Britain
in the 19th century. It is now found as far east as reservoirs on the Rivers Volga
and Dnieper, where it is the dominant pelagic animal in the summer months
(Alekseev and Kosova 1977 in Alekseev et al. 2002).

Branchiura. The fish-louse, Argulus japonicus, has a worldwide distribution
having being moved with farmed fish stocks, e.g. koi carp, Cyprinus carpio
Linnaeus from the Orient (Rushton-Mellor 1992, Lester and Roubal 1999). It
is common wherever goldfish are found. Its distribution overlaps that of Argulus
foliaceus Linnaeus but generally occurs in warmer water. Argulus japonicus
was first discovered in Europe in 1921 (Spain) and has since been found in
Germany, France, Italy, Poland, and Slovakia (G. Boxshall 2006, personal
communication) on many fish, including species Carassius, Cyprinus, Esox,
Perca, Tinca, and Scardinius. The first record for the UK was in 1990 on koi
and mirror carp in English ponds (Rushton-Mellor 1992), and it has since
spread to indigenous fish populations in southern England (G. Boxshall 2006,
personal communication).

Isopoda. Only isopods belonging to the Asellota have invaded European inland
waters. Asellus communis from North America was mentioned earlier. Proasellus
coxalis, originating from the western Mediterranean, southern Italy, Sicily, and
the Aegean Sea, reached the R. Rhine via southern France, through the Rhone,
Saone, Doubs, and the Rhine-Rhone Canal. It is chiefly distributed in streams
and rivers of northern Germany: Ems, Saale, Ruhr, Weser, Aller, and Elbe. It is
seldom found in the upper Rhine in southern Germany. Proasellus meridionalis
was previously distributed in western Europe, and was recorded in the 1930s
and 1940s in France and England. It made use of the Rhone-Sadne-Seine Canal
and the Rhine-Rhone Canal for its further spread. The density of this isopod in
the Rivers Saar and Rhine, however, is not high. Van der Velde et al. (2000) list
P. coxalis and P. meridionalis as having invaded the R. Rhine in the Netherlands.

The isopod genus Jaera Leach (Family Janiridae) has been revised by Veuille
(1979) who described Jaera istri as a new species using morphological charac-
ters. The type locality was near Kladovo on the R. Danube near the Iron Gate.
At that time, J. istri was endemic to the R. Danube from Romania to the
Austrian—German border. The distribution of Jaera sarsi (Valkanov) is limited
to brackish waters in Bulgaria, where it colonizes the supra-littoral zone of the
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Black Sea and adjacent areas. It has been described from Lake Gebedze and Lake
Schabla. The literature before the revision of Veuille (1979) has obviously listed
only J. sarsi but it is certain that the purely freshwater populations from the
middle and upper stretches of the R. Danube can be referred to as J. istri. The
oldest Austrian record of the species is from the R. Danube in Vienna, dating
back to the year 1934 (Strouhal 1939). In the Bavarian section of the
R. Danube, J. istri was observed in 1967 (Kothé 1968). After the opening of
the R. Danube-Main-R. Rhine Canal, thus joining two previously separated
catchments to create a new navigation route between the North Sea and the
Black Sea in 1992, J. istri has taken the southern corridor to invade many
waters in the west of the European Continent. Musko et al. (2005) stated that
the littoral zone of Lake Balaton in Hungary has been invaded by J. istri. It was
found in 1993 in the Main-Danube Canal (Tittizer 1997), in 1994 in the
R. Main (Schleuter and Schleuter 1995), and in 1996 in the middle section of
the R. Rhine (Scholl and Banning 1996). The Rhine delta was colonized in
1997 (Kelleher et al. 2000a), where this lithophilous isopod species inhabits
solid substrates. In 1999, J. istri was found in the R. Elbe, having used the
central corridor for further range extension into the north-eastern part of
Europe (Scholl and Hardt 2000). The species, which is salt tolerant, may be
spread by means of vessels. The food of this small (1.98 mm) isopod, which can
reach mean densities of 2,814 m~2, and highest maximum densities of 5,110 m 2
(Kelleher et al. 2000b), consists of algae, plant remains, and detritus. Its abundance
on all sides of a stone, either sheltered or unsheltered, is fairly similar, in contrast
to amphipods such as E. ischnus and D. villosus, which are found mainly on
more sheltered areas and crevices of stones. The life history and reproductive
behaviour have not been studied.

Mysida. Species belonging to the mysid genera, Hemimysis, Limnomysis and
Paramysis are amongst those crustaceans that have been deliberately intro-
duced from the Ponto—Caspian basin to eastern European countries as fish
food (Borodich and Havlena 1973, Ketelaars et al. 1999, Arbaciauskas 2002).
Limnomysis benedeni is a euryhaline mysid species and tolerates a salinity of
6.5%o. Lentic environments with aquatic vegetation and tree roots are pre-
ferred. Originally, the species was endemic to the coastal waters of the Black and
Caspian seas and can be found several hundred kilometres upstream in rivers
discharging into both seas. The species have been intentionally introduced into
several habitats along the Baltic coast of the former Soviet Union, and in Lake
Balaton, Hungary, for the enhancement of fish production (Bij de Vaate et al.
2002). However, Musko et al. (2005) noted that it is only found sporadically in
that lake. In 1947, L. benedeni was found in the R. Danube in the vicinity of
Budapest (Dudich 1947), in 1973 in an ox bow lake of the Austrian Danube
near Schénau (Weish and Tirkay 1975), in 1993 in the Bavarian Danube
(Wittmann 1995), and in 1998 in the Main—Danube Canal (Reinhold and
Tittizer 1998). However, by 1998 the species had already reached the middle
R. Rhine and the Rhine delta (Kelleher et al. 1999, Ketelaars et al. 1999). This
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Fig. 7 The Ponto—Caspian mysid, Hemimysis anomala. Widely spread in continental
Europe as a result of stockings to enhance fish production since the middle of the 20th
century, but a recent invader in central England. Specimen figured taken from a large
swarm in the National Water Sports Centre, Holme Pierrepont, Nottingham, England.
(Photo: M. Winter and L. Rippon)

well documented immigration clearly indicates the southern corridor of the
migration route for the westward range extension of L. benedeni. As Wittmann
(1995) has most frequently caught the species in harbours, he suggests that the
major vector of migration is shipping. Hemimysis anomala (Fig. 7) is a euryhaline
mysid from the coastal regions and lagoons associated with the Black, Azov, and
Caspian seas, as well as extending upstream into rivers. In the middle 20th
century it was introduced into a number of reservoirs in the former USSR, and
from these to Lithuania from where it spread to the Baltic Sea (Ketelaars et al.
1999). Subsequently, it was recorded from the R. Rhine catchment in 1997,
then in the R. Main in 1998. In 1999, it was recorded from the R. Danube
(Wittmann et al. 1999). It reached the Netherlands via the Main—Danube Canal
or invaded from the Baltic via ballast water (Faasse 1998, Van der Velde et al.
2000). It has also been recorded in Belgium (Verslycke et al. 2000) and most
recently in France (Dumont 2006) and Germany (Bernauer and Jansen 2006).
It is a voracious predator and also an omnivorous feeder, and its adverse impact
on zooplankton and algae in a freshwater storage reservoir in the Netherlands
has been documented by Ketelaars et al. (1999). This species has made a sudden
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appearance in central England, although it is not known how it entered the
country. It is presently most common in a large recreational lake that hosts
international rowing events (Holdich et al. 2006). In 2001, Katamysis warpa-
chowskyi, a further mysid shrimp from the Ponto—Caspian basin, was recorded
for the Hungarian, Slovakian, and Austrian stretches of the R. Danube
(Wittmann 2002). Although the relict mysid, Mysis relicta Lovén, is indigenous
to Europe it was introduced into lakes in Norway and Sweden as fish food.
Subsequently, in Swedish lakes many cladocerans disappeared and this led to
reduced growth of Arctic char (Salvelinus alpinus Linnaeus) (Langeland et al.
1991 in Ketelaars et al. 1999). The dramatic impact that the stocking of
M. relicta in Flathead Lake (North America) has had at all trophic levels,
including top carnivores, is provided by Spencer et al. (1991).

CONCLUSIONS

As noted by Aladin et al. (2002) in relation to the Caspian Sea, all resident
species can be described as invaders, the only difference being the time of
introduction, with the most ancient invaders now being regarded as indigenous.
The same can be said for the inland waters of Europe, which were invaded by a
wide variety of species after the last glaciation some 10,000 years ago or were
colonized by glacial relics. In this review of invasive crustaceans, only recent
invaders are considered. Leppédkoski et al. (2002a) noted that the ‘““North
American’’ barnacle, Balanus improvisus Darwin, was first recorded in Europe
in 1844, although P. Rainbow (2006, personal communication) doubts that it
is a North American species, but occurs naturally on both sides of the Atlantic.
The Chinese mitten crab, E. sinensis, is considered to be the first recorded case
(1912) of a species being transported between continents in ballast water
(Carlton 1985). The narrow-clawed crayfish, A. leptodactylus, might well be
the first recorded case of a Ponto—Caspian crustacean invading northern
Europe. Huxley (1881) stated that, “the invading Astacus leptodactylus is every-
where overcoming and driving out Astacus nobilis in the struggle for existence,
apparently in virtue of its more rapid multiplication.”” He was referring to the
displacement of A. astacus in the White Sea region of Russia, and the fact that
A. leptodactylus had probably reached this region via canals connecting its rivers
to the R. Volga. The spiny-cheek crayfish, O. limosus, introduced into Germany
in 1890, is certainly the first example of a crustacean being introduced from
North America for stocking purposes (Holdich 2002b, Machino and Holdich
2006, Holdich and Black 2007).

Introductions usually increase biodiversity, but this can be at a cost to the
indigenous fauna. For example, the UK had a single indigenous species of
crayfish before the 1970s, but by 2004 there were five other established
crayfish species, imported deliberately for aquaculture, restaurant, bait, and
pet trades, and all with the potential to harm the indigenous species through
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competition, and transmission of disease in the case of North American species
(Holdich et al. 2004, Holdich and Pockl 2005). Many countries associated with
the R. Danube and R. Rhine and their various connecting canals, have seen a
large increase in the number of mostly Ponto—Caspian species, particularly
amphipods, cladocerans and mysids, inhabiting their inland waters over the
last few decades, e.g. the Netherlands and Germany (Van der Velde et al. 2000,
Bernauer and Jansen 2006), which have been found to have an adverse impact
on the indigenous biota. However, there can also be benefits, e.g. Kelleher et al.
(2000Db), pointed out that many non-indigenous amphipods in the R. Rhine
now form a large part of the diet of macrozoobenthivorous fish. These invaders
have either diffused naturally or been aided by human activities such as
shipping and inoculation of waters to enhance fish production.

For crustaceans, the trends outlined in this review are set to become worse.
A case in point is the R. Rhine, which amongst European rivers is probably
the best documented (see above). Most recently, Bernauer and Jansen (2006)
reported that NIS made up 74% of the total number of organisms collected
from ship-based samples and 85% from cooling water intake (of which 64%
were D. villosus). They recorded 17 species of non-indigenous crustaceans in the
upper R. Rhine, which was just over 50% of the non-indigenous macroinverte-
brate species found there. It is thought that most of these species have made
their way into the R. Rhine via the Main—Danube canal, which first opened in
1992. Bernauer and Jansen (2006) have shown that the macroinverebrate
community of the upper R. Rhine has been severely altered by the invasion of
several highly successful NIS (mostly crustaceans) that has resulted in the
elimination or population decline of some of the indigenous species.

The largest crustacean invaders, the Chinese mitten crab and the North
American crayfish, still have parts of Europe to conquer. The former is gradually
moving round Britain, and has recently entered Irish waters, as well as spread-
ing into eastern Europe and the Near East, whilst the latter is moving into
eastern Europe, often aided by humans with aquacultural interests. Ireland
is of particular interest when considering invasive species (]J. D. Reynold
2006, personal communication). It was cut off from continental Europe before
9000 BP, and as a consequence freshwater species had special difficulties in
bridging the more saline seas. The amphipod G. duebeni perhaps invaded from
the sea in peri-glacial times of low salinity to become widespread in freshwaters,
with G. lacustris invading large lakes. Most of the invasive species in continental
European inland waters have yet to arrive in Ireland, and for larger species
such as crayfish this is in part due to strict legislation on imports (Reynolds
1997).

It is virtually impossible to eliminate an established non-indigenous aquatic
macroinvertebrate in anything but a small, enclosed waterbody (Holdich et al.
1999, Peay et al. 2006). The aim of eradication is to completely remove the
invasive species, whereas control aims for its reduction over time. Eradication is
best attempted in the early stages of invasion. However, many invasive species
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are not noticed until they become established, e.g. the case of the crayfish,
O. virilis, in the Netherlands (Souty-Grosset et al. 2006) and the mysid,
H. anomala, in England (Holdich et al. 2006). Unless an invasive species can
be seen by the relevant authorities to be causing economic or physical harm to
the aquatic environment, then they are unlikely to be prepared to spend large
sums of money on eradication programmes. Control is also very difficult if only
trappable crustaceans are removed as the lack of large individuals may result
in smaller cohorts growing more rapidly. Hundreds of thousands of non-
indigenous crayfish have been removed from some rivers in Britain at great
expense but this has had little impact (Collins 2006). No amount of legislation
(Holdich and Pockl 2005) will prevent a child tipping a pet crayfish into a lake
after it has outgrown its tank. If such a crayfish is parthenogenetic, as has been
found in the case of Procambarus sp. (Scholtz et al. 2003, Vogt et al. 2004, Seitz
et al. 2005), then it only needs one individual to start a population. It is also
very difficult to get the message over to recreational anglers that introducing
live non-indigenous crustaceans as food to increase fish production is not a good
idea. One huge problem concerns the pet trade, which some European countries
appear unwilling to do anything about (Holdich and Pockl 2005). Extensive
lists of North American crayfish are available to European aquarists. Potentially
invasive crustaceans are even traded on eBay!

As pointed out by Gollasch and Leppékoski (1999), all invasive species should
be treated as ‘‘guilty until proved innocent”, as there is no way of exactly
predicting how a NIS will behave in a new habitat (Leppékoski et al. 2002b).
However, it seems to be the case that the majority of introduced crustaceans
have some of the characteristics of r-selected species (short life cycles, high
fecundity, fast growth), whilst the established indigenous species are more
K-selected (Lindqvist and Huner 1999, Van der Velde et al. 2000). Hopefully,
continued education, vigilance, and prosecutions may eventually lead people to
realize the dangers of intentional introductions of invasive species, but uninten-
tional introductions will be impossible to stop. All that can be hoped for is that
education will lead to increased vigilance, so that when NIS are reported to the
relevant authorities they may try and do something about them rather than
procrastinating for years until it is too late, as is usually the case (Holdich and
Pockl 2005). Certainly, in the UK, press and TV coverage have raised public
awareness of the dangers of introduced crustacean species. In recent years, the
UK attention has been on crayfish, but currently it has become focused on
the Chinese mitten crabs with headlines such as ‘“Crab that eats riverbanks
brings flood threat” (Daily Mail, 17 November, 2005).
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Chapter three

Non-indigenous freshwater
crabs in France:
a new occurrence of

a potamid near Nice

Pierre Y. Noél and Daniele Guinot

INTRODUCTION

The presence of a crab in the Cagne River, in south-eastern France near
Nice (Alpes-Maritimes), has been known since about 1985 (M. Pascal 2000,
personal communication). A brachyuran crab of the genus Potamon Savigny,
family Potamidae Ortmann, referred to by locals as the “blue crab”, was first
observed in 2000 (J.-L. Teyssié 2002, personal communication) and then
collected in this river in 2000 and the following years. The occurrence of the
crab was confirmed in 2005 by new field observations by one of us (P. Noél) and
also documented by canyoning enthusiasts and fishermen (Barla 2005, Teyssié
2005). This crab is totally dependent on freshwater, even if it is located not very
far from the sea (about 10 km); it shows a direct development without free-
swimming larvae and has no recognizable close relatives in the sea.

The species has been presumably introduced with Turkish imported crayfish,
Astacus leptodactylus (Eschscholtz) in the 1960s and 1970s, but its precise origin
in Turkey is unknown. There is no doubt that the crab introduced into France
belongs to the genus Potamon (type species: Potamon fluviatile Savigny, junior
subjective synonym of Cancer potamios Olivier; nec Cancer fluviatilis Herbst), the
only genus which occurs around the Mediterranean Basin, in North Africa and
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in the Middle East. It is widely accepted that two species of freshwater crabs of
the genus Potamon occur in the Mediterranean region. The first species, Potamon
(Eutelphusa) fluviatile (Herbst), has been known since antiquity and occurs in the
western Mediterranean: Italy, Greece, Macedonia to the northern Peloponnese,
western Ionian and Aegean Islands, Dalmatia, Montenegro, Albania, and Malta
(d'Udekem d’'Acoz 1999). The Italian specimen figured by Rondelet (1555: 208)
was selected as lectotype by Holthuis (1962: 238). The second species, Potamon
(Potamon) potamios (Olivier), is present in eastern Europe and the Near East: SE
Balkans, Greek mainland and south-eastern Aegean Islands, S Russia, Turkey to
Iran and Sinai Peninsula, Egypt (Holthuis 1962, Bott 1967, 1970). A specimen
collected in 1980 from the Golan Heights was subsequently designated by
Pretzmann (1983b: 380) as the neotype to be in concordance with a possible
topotypic region along the route followed by Olivier during his travels (Olivier
1804).

The specific identification of the Cagne crab was difficult because several
Potamon species, subspecies, and even infrasubspecific categories are present
in Turkey (Pretzmann 1962, 1984), in Greece (Pretzmann 1980, 1988), and in
the eastern region. Brandis et al. (2000) demonstrated the high variability of the
species. The Cagne crab is provisionally assigned with reservation to Potamon
(Pontipotamon) ibericum (Bierberstein). Potamon aff. ibericum is very close to
another French introduced crab found in the Hérault River in the 1990s
(Charmantier 1992, 1993a, b, Defontaines and Bayle 1993).

The material examined and used for identification is deposited in institutions
abbreviated as follows: MNHN, Muséum national d'Histoire naturelle, Paris;
NHMW, Naturhistorisches Museum, Vienna. The abbreviations used are as
follows: G1, first male pleopod or gonopod; G2, second male pleopod or gono-
pod; Mxp3, third maxilliped; P1, cheliped; P1-P5, first to fifth pereopods (P2—
P5, walking legs). Measurements given are carapace length x carapace width
(CW), in millimetres (mm), and indicate the maximum dimensions.

Material examined from the Cagne River

— Potamon (Pontipotamon) aff. ibericum, Alpes-Maritimes, Cagne River, near
Lubiane tributary, coll. August 2000, C. Jourdain and E. Vigneux
leg.17.11.2000: 1 male 30.2 x 38.0 mm (MNHN-B 29917).

— Potamon (P.) aff. ibericum, Alpes-Maritimes, Cagne River, ‘“‘Le Poutaou-
choun”, Michel Pascal coll. November 2000 and leg. 21.11.2000: 1 male
30.3 x 38.0 mm (MNHN-B 29915).

— Potamon (P.) aff. ibericum, Alpes-Maritimes, Cagne River, ‘‘Le Poutaouchoun’’,
Michel Pascal coll. 2003 and leg. 08.09.2003: 1 male 36.2 x45.5 mm,
1 female 29.7 x 37.4 mm (MNHN-B 29916).

— Potamon (P.) aff. ibericum, M. Pascal coll. 2003 and leg. October 2004: 4
males 35.2 x 43.3 mm, 32.0 x 40.0 mm, 28.1 x 35.7 mm (plus one not
measured), 2 females 31.9 x 39.1 mm, 31.7 x 40.3 mm (MNHN-B 29618).
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Potamon (P.) aff. ibericum, P. Noél coll. and leg. 21.07.2005: 3 males 15.7 x
19.6 mm, 15.6 x 19.4 mm, 15 x 18.8 mm, 2 females 24.4 x 31.3 mm,
1 juv. soft, damaged (MNHN-B 29918).

Material examined from the Hérault River

Potamon (Pontipotamon) ibericum tauricum (Czerniavsky), Hérault River,
St-Guilhem-le-Désert, G. Charmantier coll. 07.10.1991/01.02.1992, det.
and leg.: 2 males 26.1 x 31.3 mm, 25.1 x 30.4 mm, 1 female 25.3 x
31.5 mm (MNHN-B 22365).

Potamon (P.) ibericum, Hérault River, St-Guilhem-le-Désert, G. Charmantier
coll., det. and leg. 26.03.1994: 1 male 26.9 x 33.2 mm, 1 female 29 x
31 mm (MNHN-B 27888).

Potamon (P.) ibericum, Hérault River, St-Guilhem-le-Désert, P. Noél coll.
28.04.1992 and det. and leg.: 1 female (MNHN-B 29914).

Comparative material

Potamon (Pontipotamon) ibericum tauricum, Turkey, Smyrne [Izmir] region,
Méles River, on banks and under stones, Mission zoologique H. Gadeau de
Kerville, May 1912, G. Pretzmann det. 1964: about 50 specimens (MNHN-B
5131 and B 5189); Turkey, Smyrne [Izmir] region, Méles River, Mission
zoologique H. Gadeau de Kerville, May 1912, G. Pretzmann det. 1964:
about 10 specimens (MNHN-B 5184).

Potamon (P.) ibericum, Bulgaria, J.P. Gasc coll. May 1970, D. Brandis det.
1996: 3 specimens (MNHN-B 26939).

Potamon (P.) ibericum tauricum Natio bithynensis, Tirkei, W. Gerede (38 km
NW Kizilcalium), Pretzmann, Radda & Konetschnig leg. 1967, Pretzmann
det. 1976 (NHMW 3971 pro parte) [Brandis et al. (2000). det. P. (P.)
ibericum].

Potamon (P.) ibericum tauricum Natio cappadociensis, Turkey, Hynat-Deres,
Bach estl. Ordu, Pretzmann leg. 1967 and det. 1976 (NHMW 3990 pro
parte) [Brandis et al. (2000). det. P. (P.) ibericum].

Potamon (Pontipotamon) ibericum meandris Pretzmann, ‘“‘Cotypus’’, Meandre,
Pretzmann det. 1963 (NHMW 3244) [Brandis et al. (2000). det. P. (P.)
ibericum].

Potamon (Potamon) potamios hippocratis Ghighi, Turkey, zwischen Kale und
Mugla, Quellen vor Pal NW Mugla, Pretzmann leg. 1969 and det. 1976
(NHMW 4093) [Brandis et al. (2000) det. Potamon (Potamon) rhodium
(Parisi)].

Potamon (Potamon) potamios hippocratis Natio antalyensis, Turkey, 30 km NW
Antalya, Pretzmann leg. 1969 and det. 1976 (NHMW 4103) [Brandis et al.
(2000) det. P. (P.) potamios].
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— Potamon (P.) potamios hippocratis Natio egerdiri, Turkey, SW Burdur, Pre-
tzmann leg. 1965 and det. 1976 (NHMW 4111 pro parte) [Brandis et al.
(2000) det. P. (P.) potamios].

— Potamon (Potamon) potamios karamani Pretzmann Natio karamani, Turkey,
Tschagat-Tichai, Taurus, coll. Fahringer 1922 (NHMW 3138) [Brandis et al.
(2000) det. P. (P.) potamios].

— Potamon (Centropotamon) hueceste hueceste Pretzmann, Turkey, Sereflikochi-
sar, O.Zuflull zum Tuz Gol [W.Tuzgol?], Pretzmann leg. 1972 and det. 1976
(NHMW 4133).

— Potamon (Centropotamon) magnum vangoelium Pretzmann, Turkey, Cucurca
(Vil.Hakkari), 1600 m, Eiselt & Bilek leg. 1968, Pretzmann det. 1976
(NHMW 3885) [Brandis et al. (2000) det. Potamon (Orientopotamon) persicum
Pretzmann].

In addition to the collected material, videos by P. Noél and colour photographs

were examined for some of the descriptions given below.

The Cagne River and crab localization

The Cagne River is a coastal, 24.6 km long river that flows on limestone from
the slope of the Cheiron Mountain near Coursegoules at 950 m altitude. It
follows some narrow canyons and ends in the Mediterranean, not very far
from Nice. The upper and lower part of the river can dry up, especially during
summer. The water quality is good in the higher part of the river (trout are
present in the brook part of the river). The calcium and carbonate content is
probably high, since gravels, rocks, and even crabs tend to be covered by. Water
quality worsens in the lower part, owing to the presence of a wastewater
treatment plan in Vence; bathing is forbidden in the lower river.

The Cagne crab population seems to be well established at present. A popu-
lation was first found near a place named “‘imprimerie Trulli”’ (J.-L. Teyssié 2000,
personal communication) in winter 1999-2000 and in April 2000. It was
previously recorded in the nineties from ‘“Le Poutaouchoun” (P. Ponte 2000,
personal communication), upstream of an old bridge between Vence and La
Gaude (Fig. 1). Initial surveys have been limited to the portion from the bridge
to an ancient barrage, situated around 600 m upstream. A few surveys in the
upper waters first gave negative results. New investigations carried out on the
lower part of the canyon revealed the presence of the crab there. It appears that
the crab population is only located along some 4—5 km of the central part of the
river course between ‘“Le Riou’’ (north) and ‘‘Les Salles” (south), where the river
rarely dries up.

Morphological description (Fig. 1)

Relatively large size. Carapace flat, smooth, lateral borders ornamented with a
few blunt, flat tubercules in some specimens. Frontal border slightly sinuous.
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Fig. 1  (Upper-right) The Cagne River and the ancient bridge at the place called
“Poutaouchoun”. (Photograph P. Noél) (Lower-right) Potamon aff. ibericum female
in situ: the original specimen shows blue colour. (Photograph P. Noél) (Upper-left)
Potamon aff. ibericum: the original specimen shows dark brown carapace, bluish color-
ation on Mxp3 and greenish tints due to green algae. (Courtesy of M. Pascal) (Lower-left)
Potamon (Eutelphusa) fluviatile shown on the ‘“Fontana del Porcellino” in Firenze. (Photo:
P. Noél) [Colour photographs available on the website: http://www.mnhn.fr/]

Orbital margins smooth or slightly toothed. Anterolateral borders relatively
short, regularly converging, only weakly and regularly serrated. Postfrontal
cristae moderately strong. Suborbital field varying from weakly to moderately
tuberculated. Chelipeds markedly heterochelous; larger chela (right) may be
stout; fingers elongated, variably gaping; cutting edges with several pointed
teeth separated by smaller interteeth. Pereopods 2—4 rather short and stout.
Male abdomen slenderly triangular; segment 6 short and wide; telson rather
short. G1 and G2 of the typical Potamon shape. Terminal joint of G1 spindle-like,
slender, its tip reaching button of abdominal maintaining apparatus (press-
button); flexible zone between subterminal and terminal joints broadened,
projecting toward sternum. G2 as long as G1.

The colour of specimens found in the wild matched perfectly with the sur-
rounding environment, the common name “‘blue crab’ referring mostly to the
colour of adult P1, and the blue colour being noticed especially among large
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crabs when wet or immersed in water. The blue colour is hardly seen when
crabs wander on river banks, outside water. Adults, i.e. specimens of CW from
15-20 mm, with a dark brown dorsal carapace; depressed zones lighter; ventral
surface pale cream, with brownish marks on abdomen (mostly proximal part).
Telson pale violet. Mxp3 dark in its flattened anterior half. Both chelipeds
markedly bluish-violet dorsally, fingers tips whitish; ventral side may be lighter
in colour. Walking legs dark brown, most distal part darker, with bluish tints in
some instances; a distinct pattern often present in small individuals (may vanish
with growth), with slightly marbled (alternate dark and light patches) walking
legs. No significant sex colour differences for individuals of similar size. Very
young individuals (CW less than 10—15 mm) paler, with translucent parts of
carapace. Tiny individuals almost colourless; recently moulted individuals with
bright colours. Colours fading with time due to the presence of epibiotes (micro-
scopic green algae, bacteria, etc.) on cuticle.

Some of the largest individuals show an unusual phenomenon giving them
a peculiar greyish coloration. Since these individuals live in water with a
high amount of carbonates and since they moult less often than younger
ones, patches of calcium carbonate tend to develop on their cuticules. When
these patches peel, the epicuticule is removed, giving the crab a diseased
appearance (leprosis).

Remarks

The Cagne crab belongs to Potamon (Pontipotamon) as recognized by Pretzmann
(1962: 228) and redefined by Brandis et al. (2000: 22, 55). It is closely
related to P. ibericum as shown by the gonopod morphology, i.e. G1 with a
spindle-shaped, elongated, terminal joint (Brandis et al. 2000: Fig. 6). A char-
acteristic, perhaps distinctive, feature is the markedly broadened extremity of
the subterminal joint on its mesial side (D. Brandis 2005, personal communi-
cation). We have not found definite characters distinguishing the Cagne and the
Hérault crabs, which suggests a common origin for both Potamon introduced
into France. Examination of more specimens seems necessary to exclude even-
tual morphological variations and to avoid the uncertainty surrounding the
status of the two introduced crabs. A Turkish origin is the most probable
hypothesis, in view of the morphological characters and available information.
It is worth noting that the 16S sequence of the Cagne crab was found to be
“exactly the same as that of the Hérault crab, while there are few differences
from the P. ibericum group from Central Anatolia” (D. Brandis 2006, personal
communication). The identity of both introduced ‘“French’ freshwater crabs
deserves further investigation.

According to Brandis et al. (2000: 25), the indigenous P. ibericum, which
include P. ibericum tauricum, have constant gonopod characters from Greece to
the coastal regions of the Caspian Sea and show morphological structures
without intrapopulational or regional variations.
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Colour photographs of the Cagne crab were published recently in newspapers
dealing with “la Cagne blue crab’ (Barla 2005, Teyssié 2005). According to
Charmantier (1993a) P. (Pontipotamon) ibericum tauricum are dark brown on
carapace, brownish to pale yellow on ventral surface, violet on chelipeds and
partly on Mxp3. The colour (when including the species pattern range) is
viewed as a reliable criterion in the systematics of brachyuran crabs, but it is
not or rarely mentioned for freshwater crabs. Coloration of Potamon species has
rarely been reported, especially the blue colours, mainly because blue pigments
(carotenoproteins) are destroyed by ethanol. The colour of the cheliped tips,
used as a diagnostic character for two South African species of Potamonautes
(see Daniels et al. 1998), was later considered doubtful (Gouws et al. 2002). We
have nevertheless considered it useful to describe the colour of the “Cagne
crab”’, which is consistent in the available material and in both sexes.

Process of introduction

The origin of the newly discovered Potamon in France seems to be the fish
breeding installation (which is no longer working). The crab was presumably
imported together with the Turkish crayfish A. Ieptodactylus when small crabs
were observed in the crayfish lots that were imported (from Kerevitas, Istanbul)
between 1975 and 1983. The crab was not recorded in the fish inventories
of July 2004, made in the vicinity downstream from an ancient fish breeding
plan (at about 500 m). It is now known at the entrance of the gorges (about
6 km downstream from the fish breeding plan). A population of the indigenous
white-clawed crayfish, Austropotamobius pallipes Lereboullet spp. complex, is
present upstream.

Behaviour and ecology

At night, individuals of P. aff. ibericum wander on river banks for feeding; some,
especially large ones, can be caught by hand in the morning, facing the current
on the boulders. Usually at daylight, crabs shelter under stones, in crevices,
among submerged roots, or within decaying leaves. There is no evidence of
the digging of holes or burrows on the river banks. Mating seems to occur at the
end of August as observed in 2003 and 2004. Associated fauna includes fish
like the brown trout (Salmo trutta fario Linnaeus), Mediterranean barbel (Barbus
meridionalis Risso, now Barbus graellsii Steindachner), European eel (Anguilla
anguilla Linnaeus), amphibians (unidentified tadpoles), and many insects.

Taxonomy
It is commonly assumed that freshwater crabs show strong similarities

in carapace and pereopod shapes. Identification based on these external char-
acters is unreliable and unstable because of their high variability, even within
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populations. Alternatively, freshwater taxonomists (Pretzmann 1962, 1980,
1982, 1983a, b, ¢, 1984, 1987, 1988, 1990, 1993, Bott 1967, 1970) have
focused their attention on the morphology of gonopods, because of the presum-
ably weak external selection pressure on these organs. Slight differences in G1
morphology have been used. For example, Pretzmann (1962, 1980, 1983a, b,
1993) described many subspecies with infrasubspecific forms (‘‘natio’”) in
P. potamios. These taxonomic categories have been considered to have a highly
questionable justification and therefore have been synonymized under P. pota-
mios, while waiting for morphometric and genetic results (Brandis et al. 2000:
3, 50, Table 1). Similarly, subspecies of Potamon (Pontipotamon) ibericum
(P. tauricum; P. meandris Pretzmann; P. albanicum Starobogatov and Vassilenko)
as well as its infrasubspecific categories (see Pretzmann 1983b, c, 1988) have
been synonymized with the nominal species (Brandis et al. 2000: 25, Table 1).

The topology of the gonopods could be markedly variable within high level
monophyletic groups (Rodriguez 1982, 1992, Ng 1988, Cumberlidge 1999).
The characters that are significant for the identification of freshwater crabs
and informative for phylogenetic reconstruction thus remain problematical.
Assigning an organism to a particular species is further complicated by the
occurrence of sibling species, expressing only limited discriminating morpho-
logical or genetic characteristics. Today, molecular sequences provide data for
the recognition of the genetic differentiation among distinct species and also
among populations, in particular for those that are geographically intermediate
(Daniels et al. 2003). It is increasingly clear that presumably ‘“good’ species
of freshwater crabs, at the moment insufficiently isolated, may continue to
exchange genetic material through hybridization (introgression) (Gouws et al.
2002, Daniels et al. 2002).

This is particularly true for the different lineages of freshwater crabs that
occupied the tropical and subtropical regions in the Upper Cretaceous and the
Paleogene. Potamon arrived from the east in central and southern Europe in the
Upper Miocene and established in the circum-Mediterranean region (Pretzmann
1972, 1982, 1983a, b, ¢, 1987, 1990). The present subgenera and species
developed as the result of isolation caused by the separation of islands. In
the Pleistocene, freshwater crabs survived in small refuges in southern Europe,
and the modern subspecies developed. During more humid periods, gene-
introgressions occurred, and interrupting gene-change caused different subse-
quent differentiations (Pretzmann 1987: 21, 22, Fig. 3).

The recent revision of Brandis et al. (2000) demonstrated the difficulties in the
identification of potamid freshwater crabs. Only the examination of considerable
material from different areas allows for the characterization of morphotypes,
features of carapace and chelipeds being variable. In the absence of any mor-
phological transition between the distinct morphotypes, each of these morpho-
types proved to be confined to a specific river system or geographic region, with
copulatory structures appearing to be the only stable characters (Brandis et al.
2000: 6, 50, Fig. 18; see also Brandis et al. 1999, von Sternberg et al. 1999).
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In the new classification of the European and Middle East species proposed by
Brandis et al. (2000), Potamon was divided into four subgenera, each belonging
to a particular river drainage system: Potamon, Eutelphusa Pretzmann, Pontipo-
tamon Pretzmann, and Orientopotamon Pretzmann.

Freshwater taxonomists have to face many problems, including the unre-
solved question of the monophyly of the freshwater Brachyura and the higher
taxonomy (Martin and Davis 2002), as well as the delimitation of genera and
species with new, significant, and consistent morphological characters, such as
the thoracic sternum (Yeo 2000, Yeo and Ng 2004), the endophragmal system
(von Sternberg and Cumberlidge 1999), and the sternal button that holds the
abdomen (D. Guinot 2006, unpublished data).

Introductions of freshwater crabs into mainland France

Freshwater brachyuran crabs are not known as indigenous to France. Never-
theless, the present record in the Cagne River is the third occurrence of Pota-
midae in France.

The first case of a non-indigenous freshwater crab in France, which dates
back to the end of the 18th century, was not accidental and it concerned the
same region as the present species. The crab which has been deliberately
acclimatized in south-east France at this time was probably P. (E.) fluviatile.
This European freshwater indigenous species is found in Italy (less than 300 km
from Nice), where it is very common, and illustrated on a fountain in Florence
(Fig. 1). This crab is also found on the Greek mainland and in the Balkans. Risso
(1819: 504) first indicated that freshwater brachyuran crabs were acclimatized
in southern France and were used as food before the French Revolution (1789).
Nice (Nizza) was Italian until 1793. Risso’s record was mentioned by Desmarest
(1825:127, 128, as Thelphusa fluviatilis Pretzmann), who wrote ““Au rapport de
M. Risso, on avait transporté et acclimaté son espéce [the Italian Potamon]| aux
environs de Nice, il y a trente ans environ’’, that corresponds to the end of the
18th century. Risso (1827: 14, as P. fluviatilis) also explained

Je ne cite ici cette espéce que pour engager les propriétaires du midi de la France qui ont
dans leurs jardins des ruisseaux ou des réservoirs d’eaux vives, d'acclimater ces crabes,
comme 'avait fait, il y a plusieurs années, le M. le comte Audiberti. Il les avoit tellement
multipliés en peu d’années, qu’'on en rencontrait dans tous les endroits de son jardin, et
que ces potamophiles étaient devenus un assez bon comestible.

(see Holthuis 1977: 68). The origin of the crabs possessed by le Comte Audiberti is
not known, but it is obvious that these animals were introduced. The Italian
P. fluviatilis was known as source of human food for a long time, this edible crab
being sold in the markets in Rome (Aldrovandi 1606: 206, as Cancer fluviatilis
Matthioli; see Grmek and Guinot 1965: 55). It is not known if the acclimatized
freshwater crabs in south-east France were really used as food before the French
Revolution. Both mentions in the above text of “combustible’” (combustible) and
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“comestible’’ (edible) are somewhat confusing. Perhaps the crabs were used both
for food and as combustible in a time of scarcity, unless these two different terms
may be the result of a typographical error. Bouvier (1940: 273, as Potamon edulis
Linnaeus) stated that freshwater crabs had not been recorded in France for a long
time.

The second record in France concerns the Hérault River near Montpellier.
The crab was identified as Potamon (Pontipotamon) ibericum (see Charmantier
1992) or P. (P.) ibericum tauricum (see Charmantier 1993a, b). Charmantier
(1992: 624) presented the possibility of a recent introduction with imported
Turkish crayfish. There is no recent evidence of the presence of this species so it
seems that it has recently become less common.

The third record is the present one in the Cagne River, at about 300 km from
the Hérault River. The hypothesis that some potamid species occur in other
French rivers but still undetected cannot be excluded. As far as we know, no
other similar introduction has been reported in Europe. In northern European
countries, where living crayfish could be imported for human consumption,
freshwater crabs could not become acclimatized to cold environments. It is
difficult to say if, in the long term, P. ibericum or related freshwater crabs
could spread in other rivers of France. The two instances in France (Hérault
and the Cagne River) are far from being invasive.

An invasive crab in France was Eriocheir sinensis H. Milne Edwards which
lives predominantly in freshwater but migrates seawards for the breeding
season. This species, however, belongs to the Varunidae H. Milne Edwards
and not to the Potamidae. After a period of invasion, its populations decreased
drastically in France where it seems to be rare at present.

Crab and crayfish interactions

Potamon fluviatile and the indigenous crayfish A. pallipes are found in different
distribution ranges but live sympatrically in Europe; a coexistence with com-
petitive interactions may have occurred during the Pleistocene (Pretzmann
1987, Laurent 1988). In Italian freshwater systems, P. fluviatilis and A. pallipes
never share the same stream or pond, suggesting a sharp segregation of the two
species (Barbaresi and Gherardi 1997). More recently, agonism and interference
competition was studied in freshwater decapods with a focus on an invasive
crayfish Procambarus clarkii Girard, and two indigenous species Austropotamo-
bius italicus Faxon, and P. fluviatile (Gherardi and Cioni 2004).

In southern France, A. pallipes and P. aff. ibericum share the same stream. The
introduced P. aff. ibericum is probably restricting the crayfish upstream where
it was and is still present, in areas isolated by waterfalls. This suggests competi-
tive exclusion (although the crab may not have been established in the Cagne
River for a long time). The potential problems to biodiversity deriving from a
non-indigenous freshwater crab in the two French rivers are not known. This
would need further investigation, as far as French populations are concerned.
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Chapter four

Status and ecosystem
interactions of the invasive
Louisianan red swamp
crayfish Procambarus
clarkii in East Africa

John Foster and David Harper

INTRODUCTION

There are no indigenous crayfish in continental Africa although there are
indigenous crayfish on the island of Madagascar (Hobbs 1988). However,
various non-indigenous North American and Australian crayfish have been
introduced to continental Africa since the 1970s, notably the Louisianan red
swamp crayfish Procambarus clarkii (Girard). This is a relatively large, prolific,
aggressive, burrowing crayfish (Hobbs et al. 1989 quoted in Holdich 1999) and
it is well documented as an invasive species worldwide (Holdich 1999). Concern
about the impact of exotic crayfish on aquatic ecosystems in South Africa
(Mikkola 1996) is mirrored for fresh waters in East Africa where P. clarkii has
established itself and is spreading (Howard and Matindi 2003).

The status of P. clarkii in Kenya and the Lake Victoria catchment was
determined by reference to the literature, Nairobi Museum Records, and per-
sonal communications from scientists and riparian owners. The actual or
probable impacts of P. clarkii in Kenya and the Lake Victoria catchment were
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ascertained from the literature, including field studies by the authors (Foster
and Harper 20064, b).

UGANDA

Water bodies in Uganda are illustrated in Fig. 1. Procambarus clarkii was introduced
to Uganda in East Africa in the 1960s. In 1966, P. clarkii was cultured at Fisheries
Resources Research Institute/National Agricultural Research Organisation’s
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Fig. 1 Map of Uganda. (from www.unesco.org/water/wwap/wwdr2/case studies/
img/uganda_big.gif)
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ponds at Kajjansi near Entebbe and Lake Victoria (Lowery and Mendes 1977)
where it is still present (W. Daniels 2006, personal communication).

The species is established in Lake Bunyonyi in SW Uganda where it is
exploited for the local restaurant trade. Lake Bunyonyi has no indigenous fish
species but was stocked over the years with numerous local and foreign species.
Lake Bunyonyi is a deep volcanic barrier lake which flows into the Ruhumba
river which, in turn, flows into the Ruhumba swamps (but not to Lake Victoria)
(Foster 2005). Water from Lake Bunyonyi flows through rock formations,
not as an overflow. Procambarus clarkii may be quite widespread but under
recorded in Uganda and may even have colonized the periphery of Lake Victoria
in Uganda (W. Daniels 2006, personal communication).

Furthermore, anecdotal records suggest that P. clarkii may be established
in the River Kagera which enters Lake Victoria on the Uganda-Tanzania
border. The river originates in up country Rwanda and Burundi close to the
Ruzizi River which flows into Lake Tanganyika (G. Howard 2005, personal
communication). This presents a possible colonization route for P. clarkii into
Lake Tanganyika in the long term.

KENYA

Water bodies in Kenya are illustrated in Fig. 2. Procambarus clarkii was
introduced from Uganda to various parts of Kenya including the eastern basin
of Lake Naivasha between 1966 and 1970 to enhance the commercial fisheries
in the lakes and dams (Parker 1974, Lowery and Mendes 1977, Mikkola 1996).
A commercial fishery was opened for P. clarkii in Lake Naivasha in 1975
(Mikkola 1996) and by 1977 the species was prevalent throughout the lake
(Oluoch 1990). The status of P. clarkii in Lake Naivasha has been reviewed by
Oluoch (1990), Harper et al. (2002), and Foster and Harper (2006a). The status
of P. clarkii in the Rivers Gilgil, Malewa, and Karati flowing into Lake Naivasha
from 1999 to 2003 is discussed by Foster and Harper (2006Db).

Lake Naivasha (0°45'S, 36°20'E) is located in the Eastern Rift Valley at
1,890 m above sea level, approximately 100 km north-west of Nairobi. The
lake is freshwater with two main rivers, the Gilgil and the Malewa draining into
the northern perimeter of the lake in addition to the minor ephemeral River
Karati; the lake has a subterranean inflow and outflow (Ase 1987). The recent
biological history of the lake is reviewed by Harper et al. (1990).

The Naivasha Basin is bounded by the Aberdare Mountains to the east and
the Mau Escarpment to the west. About 90% of the discharge into Lake
Naivasha derives from the Malewa River (1,730km? catchment), which
receives its water from the Kinangop Plateau and the Aberdares. Much of the
remaining inflow is from the River Gilgil (420 km? catchment) which drains the
Bahati Highlands to the north of the Elmenteita—Nakuru basin, although a
significant proportion of the Gilgil's water is abstracted for irrigation (Barnard
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Fig. 2  Map of Kenya. (from www.unesco.org/water/wwap/wwdr2/case_studies/img/
kenya_big.gif)

and Biggs 1988). A map of Lake Naivasha is illustrated in Foster and Harper
(20064a), while a map of the rivers flowing into the lake is illustrated in Barnard
and Biggs (1988).

Although P. clarkii had colonized the entire area of Lake Naivasha by 1977
(Oluoch 1990), it was only recorded from the lower reaches of the Rivers Gilgil
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and Malewa flowing into Lake Naivasha since 1999 (Foster and Harper 2006Db).
There is also anecdotal evidence that the crayfish has been introduced to ponds
in the Malewa catchment to control leeches which feed on livestock and horses
(S. Higgins 2003, personal communication). In October 2005, P. clarkii and
guppies were recorded at the Njunu Springs at an altitude of about 2,300 m at
Lake Ol Bolossat near Nyahururu in the Aberdare Mountains (www.nature-
kenya.org 2006). Lake Ol Bolossat and its adjacent swamps (in the headwaters
of the Ewaso Narok which joins the Ewaso Ng'iro North River) have no
indigenous fish species.

Since 1974, P. clarkii has been recorded from the Athi/Galana river system
which flows into the Indian Ocean in Kenya (Lowery and Mendes 1977, Nairobi
Museum records) and was common in the Karen Pools in the suburbs of Nairobi
in 1973 (Nairobi Museum Records). It is established in the Nairobi River (K. M.
Mavuti, Nairobi University, 2003, personal communication) and in the Ewaso
Ng'iro river system flowing off Mount Kenya to the swamps of the arid zones of
northern Kenya (Lowery and Mendes 1977). Procambarus clarkii has been
introduced into various farm dams and into various ditches, streams, and rivers
draining these dams across Kenya (Lowery and Mendes 1977). The species is
also present in some small high altitude tropical man-made reservoirs in the
Kenyan Eastern Rift Valley (Mwaura et al. 2002), including Gathanje reservoir
which has a fairly reliable fishery for it (Mwaura 2006).

Prior to 1977, P. clarkii was introduced into the catchment area of the Nzoia
River draining to Lake Victoria from north-west Kenya (Lowery and Mendes
1977).In 1991, the species was recorded in abundance at Eldoret on the Eldoret
river system by Mr M. D. MacDonald (Nairobi Museum records) who noted:

This exotic was abundant in the rivers. While looking for amphibians there I saw one
hundred or so. Earlier whilst looking for Charmaeles ellioti some boys passed by and asked
me if I'd like to see some scorpions from the river. I told them scorpions didn’t live in the
river. It was only later that I realised that they had been referring to the crayfish.

The River Eldoret also flows into Lake Victoria from north-west Kenya.

BIOLOGICAL CONTROL OF SCHISTOSOMIASIS AND ANOPHELINE
MOSQUITOES BY CRAYFISH

Procambarus clarkii has been deliberately introduced to certain aquatic locationsin
Kenya to combat the debilitating parasitic disease schistosomiasis by eating the
parasite’s snail vector (Mkoji et al. 1992); it may, in any event, inadvertently
control schistosomiasis if it colonizes a schistosomiasis infected water body. Under
certain environmental conditions, P. clarkii exerts a significant impact on the
transmission of human schistosomiasis at locations in Kenya (Mkoji et al. 1999a).

Laboratory studies have indicated that P. clarkii has the ability to consume
the aquatic life stages of the malaria-carrying anopheline mosquitoes and may
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therefore cause decreases in pathogen-transmitting mosquito populations in
areas of Kenya where it has become established (Mkoji et al. 1999b). Thus
there may be an incentive to introduce P. clarkii to those areas of Africa where
schistosomiasis is endemic (such as the Sudan) in order to attempt to combat
the debilitating parasitic disease in the human population. However, Lodge
et al. (2005) noted that P. clarkii reduced populations of slow moving benthic
invertebrates including snails, chironomid larvae, and oligochaetes in labora-
tory mesocosms and that water lilies disappeared from a pond that P. clarkii
were introduced to. They state that, given the large impacts of freshwater
crayfish on indigenous aquatic invertebrate and macrophyte communities,
promotion of P. clarkii as a biological control agent should not proceed without
additional assessment of the risks posed to indigenous African biota including
fish. They conclude that, if freshwater crayfish colonized the large natural lakes
of East Africa, globally important freshwater biodiversity resources might be
at risk.

ECOLOGICAL IMPACTS OF PROCAMBARUS CLARKII

The ecological, economic, and social effects of the impacts of invasive species on
waters and wetlands can be dramatic. Two classic examples of this are the well
documented colonization of Lake Victoria by the exotic floating weed water
hyacinth Eichhornia crassipes (Mart.) Solms (Howard and Matindi 2003) and the
deliberately introduced Nile perch Lates niloticus Linnaeus.

Some non-indigenous crayfish can profoundly impact aquatic ecosystems
(Hobbs et al. 1989, Holdich 1999, Lodge and Hill 1994, Chapter 28) and can
affect the dynamics and biodiversity of the invaded community (Gherardi and
Holdich 1999); such impacts may be negative and ecologically disastrous in the
long term. These effects may include displacement of indigenous crab (Foster
and Harper 2006b) and crayfish species. There may also be transfer of disease;
consumption of fish eggs, large quantities of aquatic macroinvertebrates and
macrophytes; damage to production in rice fields by eating rice shoots and
burrowing into the banks; displacement of amphibians and possible physical
damage to irrigation structures and banks of rivers and lakes by burrowing
crayfish species (Holdich 1999). The Kenyan rice growing agricultural sector
may be impacted by the spread of P. clarkii and its burrowing behaviour may
also cause adverse impacts within the country.

There is an inverse relationship between P. clarkii abundance and the distri-
bution and abundance of floating leaved and submerged aquatic plants in Lake
Naivasha (Harper et al. 2002) as well as a ‘special’ relationship between water
hyacinth E. crassipes and P. clarkii (Foster and Harper 2006a). Procambarus
clarkii has been observed at densities in excess of 500 m~2 (juveniles and adults)
in floating water hyacinth mats on Lake Naivasha (Harper et al. 2002). It is
likely that these water hyacinth mats, which normally fringe the papyrus reeds
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at the edge of the lake, play an important role in P. clarkii recruitment and
population dynamics. Water hyacinth mats were abundant in the littoral zone
in 1999 as were P. clarkii. In 2001 and 2002, the water hyacinth mats were
extensively damaged by an non-indigenous coleopteran, Cyrtobagus eichhorniae
(Warner), which had been introduced as a biological control agent for
E. crassipes in 1995 (Harper and Mavuti 2004). Throughout 2001 and 2002,
adult C. eichhorniae were found in E. crassipes. The destruction and lack of
recovery of the water hyacinth mats, coupled with their importance to P. clarkii
recruitment may explain a P. clarkii population crash which occurred concur-
rently in Lake Naivasha (Foster and Harper 2006a).

The related dynamics of P. clarkii, floating leaved, and submerged aquatic
plants (notably the invasive E. crassipes which is abundant about the periphery
of Lake Victoria) may follow similar patterns to those observed in Lake Naivasha
if P. clarkii establishes itself in Lake Victoria or other East African lakes.

Periodic fluctuations in P. clarkii populations in Lake Naivasha may also
be related to periodic droughts which decimate key littoral habitat along the
lake shore (Foster and Harper 2006a) and floods which induce breeding in
P. clarkii. The droughts and floods are related to the ‘El Nifio’ event and afflict
the East African highlands on a regular basis (Vincent et al. 1979, Hay et al.
2002).

The indigenous freshwater crab Potamonautes loveni (Colosi) was recorded
in the Rivers Gilgil and Malewa flowing into Lake Naivasha in the 1980s
(Barnard and Biggs 1988). In field studies from 1999 to 2003, P. loveni was
only recorded in these rivers in the absence of the invasive P. clarkii (Foster and
Harper 2006b). It may be that P. clarkii is eliminating P. loveni through some
mechanism when contact occurs. The possible impact of the non-indigenous
crayfish P. clarkii on indigenous freshwater crabs has worrying implications
for freshwaters in the rest of Kenya and in the Lake Victoria catchment where
P. clarkii has been introduced and where there were or are populations of
indigenous freshwater crabs, some of the species of which are still “new to
science’’.

The African clawless otter, Aonyx capensis (Davis), occurs in Kenya and in the
Lake Victoria catchment and will feed on both non-indigenous crayfish and
indigenous freshwater crabs. Procambarus clarkii has been observed in abundance
in the spraints of the African clawless otter at Lake Naivasha (J. Foster 1999,
personal observation). Interactions between the African clawless otter, crayfish,
and freshwater crabs in the Ewaso Ng'iro river system, Kenya have been studied
by Ogada (2006). Crayfish have supplanted the indigenous freshwater crabs in
the Ewaso Ng'iro river system. The crayfish are the primary food source of the
African clawless otter, but this resource varies seasonally due to the increased
exposure of crayfish to other predators such as baboons, genets, herons, and
monitor lizards. A stable prey for the African clawless otters (freshwater crabs)
has been replaced by an unstable prey (crayfish). This is leading to seasonal
variation in otter behaviour and a predicted local extinction of otters. A similar
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situation is likely to exist in respect of the marsh mongoose, Atilax paludinosus
(Cuvier). Low ambient water temperature may be a limiting factor on the spread
of P. clarkii in the high altitude mountainous areas of East Africa.

Procambarus clarkii may have other impacts on river and lake ecology in East
Africa, including likely undocumented impacts on aquatic invertebrates. It is
exposed to a range of predator types such as aquatic invertebrates, predatory
fish, amphibians, reptiles, birds, and mammals, and will interact with them
(Foster and Slater 1995). Procambarus clarkii is an important component of the
diet of American largemouth bass, Micropterus salmoides (Lacepede), in Lake
Naivasha and it is also fed upon by cormorants, fish eagles, wading birds such as
ibises, and mammals such as the marsh mongoose (Harper et al. 2002). Crayfish
can have effects on food webs by direct and indirect trophic effects (Nystrom
2002).

IMPACT ON COMMERCIAL FISHERIES

Procambarus clarkii detrimentally affected established commercial finfish fisher-
ies in Lake Naivasha by attacking fish caught in commercial nets and damaging
the nets by entangling their bodies in the mesh of the nets (Lowery and Mendes
1977). This scenario may be repeated in respect of the substantial commercial
finfish fisheries of Lake Victoria, if or when P. clarkii becomes established there.
It has been demonstrated that P. clarkii may out-compete tilapia for food, at least
under experimental conditions (Brummett and Alon 1994) and significant
potentially adverse impacts may occur in the two lakes.

Procambarus clarkii can form the basis of substantial new commercial fisheries
in its own right, as has been the case at Lake Naivasha since 1975, and may
become the case at Lake Victoria. Catches of several hundred tonnes per annum
of P. clarkii were exported live, mainly to Europe (predominantly Sweden and
Germany) until 1981 when catches peaked at 500 tonnes or about 19 million
adult crayfish. Then, the European Union imposed a temporary ban on the
import of live crayfish from Kenya due to fears concerning an outbreak of
‘cholera’ in East Africa (Foster et al. 2001).

This led to a collapse of the Lake Naivasha commercial crayfish fishery and
bankruptcy for some of the businesses involved. The internal Kenyan market for
crayfish is small and mainly limited to tourist outlets in the Naivasha and
Nairobi areas and some local consumption in the Naivasha area. Since 1981
catches have been well below observed potential maximum sustainable yields,
averaging about 20—60 tonnes per annum or about 0.75-2.25 million adult
crayfish per annum (Foster et al. 2001).

Despite this, efforts to establish commercial crayfish fisheries in Kenya have
been hampered by the fact that many Kenyans do not eat crayfish, nor do they
have economic or technical means to catch or export them properly (Mikkola
1996).
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CONCLUSIONS

Procambarus clarkii is now abundant in freshwater bodies across Kenya and also
occurs in Uganda. It has impacted the aquatic ecology of those waters and it
may eliminate indigenous African freshwater crabs when it comes into compe-
tition with them. It supports a variable commercial fishery on Lake Naivasha
but does not seem to be exploited elsewhere in Kenya. It has been used, with
some success, as a biological control agent for the parasitic disease, schistosom-
iasis, in Kenya.

The crayfish has been recorded from the Nzoia and Eldoret rivers draining to
Lake Victoria from north-west Kenya (Lowery and Mendes 1977, Nairobi
Museum records) and it may already have escaped into Lake Victoria from
ponds at Kajjansi, Uganda (W. Daniels 2006, personal communication) The
colonization routes for P. clarkii into Lake Victoria clearly exist. Lake Victoria
may be subject to ecological perturbations and changes to its fisheries associated
with colonization by P. clarkii in the foreseeable future. The pattern and effects
of colonization of Lake Victoria by P. clarkii may be similar to that observed in
Lake Naivasha since 1970.
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Chapter five

Non-indigenous freshwater
molluscs and their
distribution in Italy

Simone Cianfanelli, Elisabetta Lori, and Marco Bodon

INTRODUCTION

Since the second half of the 19th century, there have been reports of the
presence of non-indigenous freshwater molluscs in Italy, though they were
not yet recognized as “‘alien”. Most species of molluscs were introduced into
Italy more recently, in the second half of the 20th century, as the result of the
development of commercial routes and the intensification of intercontinental
traffic (Fig. 1). A complete list of non-indigenous freshwater mollusc species was
not published until recently (Cianfanelli et al. 2007), though certain species
were already considered ‘“‘alien” in the ‘“Checklist delle specie della fauna
italiana”’ (Bodon et al. 1995, 2005a, 2005b; Castagnolo 1995; Manganelli
et al. 1995, 1998) and in other articles (Lori et al. 2005). Eleven species of
non-indigenous freshwater molluscs, differing in invasiveness (Fig. 2), are cur-
rently known (Table 1). Using data from the literature and unpublished records
from field research, we created a data bank that enabled mapping of the
distribution of non-indigenous molluscs. To show collection sites, UTM maps
(10 km grid) were used (Fig. 3a-h, Fig. 4a—d).

Invasiveness varies widely between mollusc species and depends on their
biology, vectors, availability of ecological niches, compatibility with new habi-
tats, and habitat integrity. It is almost impossible to eradicate invasive species
once they have successfully colonized a new environment. The best defence is
therefore prevention (Genovesi and Shine 2004). Our aim here is to contribute
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Fig. 1  Temporal trend in the number of non-indigenous freshwater mollusc species
introduced into Italy. Dates for each species denote the year of the first published report of
their occurrence.

to the knowledge of the Italian status and to suggest measures to prevent the
spread of the non-indigenous malacofauna.

NON-INDIGENOUS MOLLUSCS: STATE-OF-THE-ART

Some non-indigenous species (NIS), such as Melanoides tuberculata (O. F. Miiller)
and Helisoma duryi (Wetherby), propagate slowly but their impact on the
ecosystem is only apparently negligible. Though these two species have been
reported in Italy for at least 10 years, their distribution still seems to be limited.
Their low invasiveness is probably due to environmental factors that prevent
their spread (Fig. 2).

Melanoides tuberculata is a large prosobranch (shell length up to about 5 cm)
from tropical and subtropical regions, introduced by the popularity of aquaria.
Found for the first time in Italy in 1984 in the marshes of Comacchio, its
distribution is currently limited to four sites in northern and central Italy
(Bodon et al. 1995, 2005b). In southern Tuscany (Fig. 3a), its high population
density (S. Cianfanelli, E. Lori, and M. Bodon 2005), that also derives from its
parthenogenetic mode of reproduction, is a threat for the Italian endemic
Melanopsis etrusca Brot, a species whose distribution is limited to a few sites
(Cianfanelli et al. 1991, Bodon et al. 2005b) particularly in hot springs (Man-
ganelli et al. 2000). The already critical status of M. etrusca is expected
to deteriorate irreversibly due to the competition with the NIS. Melanopsis
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Fig. 2 Number of Italian regions in which non-indigenous freshwater molluscs are
present. The species, reported in chronological order of finding (top of columns), are
divided into four groups showing their current state of invasiveness in Italy (invasive, i.e.
NIS spreading from the point of introduction and becoming abundant; invasive but
introduced recently, i.e. from 1990 to 2000; relatively non-invasive; introduced very
recently, i.e. after 2000).

tuberculata has been reported in nine other European countries (Austria, France,
Germany, Hungary, Malta, Netherlands, Poland, Slovak Republic, and Spain
including Canary Islands; Falkner et al. 2001, Girardi 2003, Piechocki et al.
2003, Bank 2005).

Helisoma duryi is a medium-sized pulmonate with planospiral shell (maximum
diameter: about 2.5 cm) from North America, first found in Italy in 1988 in the
Lake of Albano (Giusti et al. 1995, Manganelli et al. 1995, Alexandrowicz 2003,
Mienis 2004b). Today it is known in five sites between Liguria, Apulia, and
Sicily (Fig. 3g). Its presence is caused by release of aquarium specimens or
introduction of fish.

The North American Helisoma anceps (Menke), another planorbid (maximum
diameter of the shell: about 2 cm) similar to H. duryi, has been reported in Italy
(Fig. 3f). Considered congeneric with H. duryi (both are sometimes attributed to
the genus Planorbella Haldeman), it was identified in 1963 in a single site in
Tuscany, the River Frigido (Henrard 1968) (the snail reported by Zettler and
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Fig. 3  Distribution and shell of: a — Melanoides tuberculata, b — Potamopyrgus antipo-
darum, ¢ — Haitia acuta, d — Pseudosuccinea columella, e — Gyraulus chinensis, f — Helisoma
anceps, g — Helisoma duryi, h — Ferrissia wautieri.
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Fig. 4  Distribution and shell of: a — Anodonta woodiana, b — Dreissena polymorpha; the
picture with specimens on Microcondylaea compressa suggests the damage that D. poly-

morpha can cause when settled on unionids, ¢ — Corbicula fluminalis, d — Corbicula
fluminea.
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Richard 2003 from Siracusa was actually H. duryi). The fact that its determi-
nation has not been verified and its current absence from the site originally
reported made it impossible to include this species in the present list. Unlike the
congeneric H. duryi, which is found in 13 European countries (Austria,
Denmark, France including Corsica, Germany, Hungary, Iceland, Italy, Latvia,
Malta, Poland, Portugal [only Madeira], Spain including Balearic Islands and
Canary Islands, and United Kingdom; Giusti et al. 1995, Vimpére 2004, Bank
2005, Greke 2005), H. anceps has been reported from natural environments
only in Italy and very recently from Lake Prespa (Albania, Greece, Macedonia;
Eross et al. 2005).

The pulmonate Pseudosuccinea columella (Say) and the bivalve Corbicula flumi-
nalis (O. F. Miiller) have only recently been reported in Italy, whereas two other
bivalves, Corbicula fluminea (O.F. Miiller) and Anodonta woodiana (Lea) (assigned
by some authors to the genus Sinanodonta Modell), have been known for about
10 years (Fig. 2). To judge by their success in other countries, the latest two
seem to be invasive (Malavasi et al. 1999, Hubenov 2001, Mienis 2004a). This
is confirmed by their rapid spreading in Italy into many degraded environments
in the north: if not contained, they are expected to spread further.

Pseudosuccinea columella has a fusiform shell of medium size (height up to
about 2 cm) and comes from North America (Zilch 1959). It has been intro-
duced into many European countries: Austria, Greece, Hungary, Spain includ-
ing Balearic and Canary Islands, and Switzerland (Turner et al. 1998, Falkner
et al. 2001, Anderson 2004, Reischiitz and Reischiitz 2004, Bank 2005). In
Italy, it was recorded for the first time in 2004 in a single site in Liguria
(Hanbury Botanical Gardens, Ventimiglia; Fig. 3d). Since the site was a botanic
garden, introduction was presumably associated to the importation of orna-
mental aquatic plants. The species has a rather limited distribution in Europe so
far, probably due to unfavourable environmental conditions. In fact, in warmer
climates it is known to spread rapidly and is now present in many other
countries of the new world, as well as in Australia (Smith and Stanisic 2006),
Cuba (Gutiérrez et al. 2001), and Hawaii (Cowie 1998).

Corbicula fluminalis is a medium-sized bivalve (valves up to about 2.5 c¢cm long)
from South Asia, reported in Italy for the first and only time in 2004 (Lori et al.
2005) in the lake at the Passo di Lavazze (Cavalese, Trentino) (Fig. 4c). The
limited European spread suggests that it is less invasive than the congeneric
C. fluminea. However, it has also been reported from eight other European coun-
tries (Belgium, France, Germany, Hungary, Luxembourg, Netherlands, Portugal,
and Switzerland; Swinnen et al. 1998, Turner et al. 1998, Csanyi 1999, Falkner
et al. 2001, Araujo 2005), though some of these reports are dubious because of
the somewhat uncertain identity of the European populations.

Corbicula fluminea is similar to the latter in form and size (valves up to about
2 cm long); it is native to the south-eastern Asia and now widespread in
many European countries (Austria, Belgium, Bulgaria, Czech Republic, France,
Germany, Hungary, Luxembourg, Netherlands, Portugal, Romania, Spain,
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Switzerland, and United Kingdom) and in other continents (North, Central and
South America, and Hawaii) (Mouthon 1981, Mienis 1991, Swinnen et al.
1998, Turner et al. 1998, Csanyi 1999, Beran 2000, Bij de Vaate and Hulea
2000, Falkner et al. 2001, Hubenov 2001, Vanden Bossche 2002, Chevallier
2003, Cadée and Soes 2004, Teodosio et al. 2004, Van Peursen 2004, Araujo
2005). First found in Italy in 1998 (Fabbri and Landi 1999), today it is present
in various sites in the Po basin, northern Italy (Malavasi et al. 1999, Nardi and
Braccia 2004, Bodon et al. 2005a; Fig. 4d). It is expected to spread further along
rivers, since in a few years it has appeared with large established populations in
many places where it was previously unknown.

Among the species recently introduced into Italy, A. woodiana is the largest
freshwater bivalve (valve length of up to about 30 cm) and the fastest spread-
ing. Indeed, since the first report in 1996, it has colonized eight Italian regions,
mainly the hydrographic basins of the Po, Adige, Piave, Reno, Arno, and Tiber
rivers (Manganelli et al. 1998, Bodon et al. 2005a, Solustri and Nardi 2006;
Fig. 4a). This rapid spread suggests that there will be population explosions in
many parts of northern and central Italy. Originally from East Asia, A. woodiana
is now found in 14 European countries: Austria, Belgium, Bulgaria, Czech
Republic, France, Germany, Greece, Hungary, Poland, Romania, Serbia, Slovak
Republic, Slovenia, and Ukraine (Petr6 1984, Sarkany-Kiss 1986, Girardi and
Ledoux 1989, Guelmino 1992, Protasov et al. 1994, Kosel 1995, Beran 1997,
Reischiitz and Reischiitz 2000, Tappenbeck 2000, Yurishinets and Korniushin
2001, Sablon 2002, Albrecht et al. 2006, Hubenov 2006). Indiscriminate
introductions of fish seem to be the main causes of its dispersal. The larval
forms (glochidia) of this species, like all the unionids, are parasites of fish gills
and the mollusc is therefore introduced together with fish restocking. Anodonta
woodiana could seriously threaten the survival of populations of some indi-
genous unionids, already threatened by pollution, excessive water intake, and
cementification of river banks. Competition with other indigenous species,
especially other Anodonta, some populations of which are already showing
disquieting signs of rarefaction (Fabbri and Landi 1999, Niero 2003), has
been observed. Recent reports of other NIS of Anodonta in Italy (Cisotto 2003)
have to be attributed to A. woodiana.

Other NIS with a large distribution in Italy and found in many collecting
sites include: Potamopyrgus antipodarum (Gray), Haitia acuta (Draparnaud),
Gyraulus (Gyraulus) chinensis (Dunker), Ferrissia wautieri (Mirolli), and Dreissena
polymorpha (Pallas) (Fig. 2).

Potamopyrgus antipodarum is a prosobranch gastropod with small conical shell
(height of up to about 7 mm), introduced into Europe from New Zealand at
the end of the 19th century. It was first reported in Italy in 1961 (Berner 1963)
and in about 40 years it has colonized all regions except Sardinia (Favilli et al.
1998, Bodon et al. 2005b; Fig. 3b). Various factors, such as euryoeciousness,
parthenogenetic reproduction, dispersal with fish restocking, and transport
during monitoring of water courses, have facilitated its fast spread. Population
densities of up to 800,000 m~2 have been reported (Adam 1942, Lucas 1959,
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Réal 1973, Falniowski 1987). It may cause the disappearance of other fresh-
water molluscs (Doby et al. 1966, Berner 1971, Albaret et al. 1981, Hershler
et al. 1994). In Europe, it is the most widespread non-indigenous prosobranch
species; only Iceland and some eastern countries (Albania, Bulgaria, and Former
Yugoslavia; Grossu 1986, Fischer 1994, Falkner et al. 2001, Bank 2005) have
escaped invasion. However, in the latter countries, presumed absence could be
due to a lack of recent field observations.

Haitia acuta, a basommatophoran pulmonate with medium-sized, sinistral,
ovate shell (height of up to about 17 mm), is common and abundant in lotic
and lentic environments. It was introduced into Europe from North America
(Taylor 2003); its first report in Italy dates back to Issel (1866), who described it
as Physa pisana. Perusal of historical malacological collections demonstrates
that its introduction was one of the causes of the gradual rarefaction of the
indigenous basommatophore Physa fontinalis (Linnaeus) (Manganelli et al.
2000). For example, the malacological collection of the Museum of Natural
History of Florence includes many shells of P. fontinalis collected since 1857
from areas where the species now no longer exists; after 1868, the first shells of
H. acuta appeared, becoming increasingly numerous and from many parts of
Italy. Haitia acuta is currently present in all 20 Italian regions, including highly
polluted water bodies, often forming large populations (Feliksiak 1939, Saraceni
1971, Moretti et al. 1979, Melone 1981; Fig. 3¢). In Europe, it is found almost
everywhere, except in Bosnia-Herzegovina, Finland, Iceland, Norway,
Yugoslavia, and Baltic countries except Lithuania (Feliksiak 1939, Falkner
et al. 2001, Velkovrh 2001, Anderson 2003, 2005, Lobato Paraense and
Pointier 2003, Bank 2005, Kantor and Sysoev 2005, Zettler et al. 2005).
Absence from certain countries may be due to lack of recent data and lack of
careful field observations.

Gyraulus chinensis is a basommatophoran pulmonate with small planospiral
shell (max. diameter: about 5 mm) native to Asia. First reported in Italy by
Meier-Brook (1983), it has found a congenial environment in rice fields. It has
colonized north-western Italy where rice is cultivated intensively (Fig. 3e).
Its spread could be however underestimated because of its small size and its
similarity with some congeneres. In Europe, it has also been reported in Austria,
France, Germany, Netherlands, Portugal, and Spain (Falkner et al. 2001,
Albuquerque de Matos 2004, Bank 2005).

Ferrissia wautieri is a small basommatophoran pulmonate with limpet-like
shell (length of up to about 4 mm), now widespread in much of Italy, with
populations that apparently do not cause impact to the environment. Its distri-
bution could be underestimated because its small size and mimesis make it
elusive. Hubendick (1972) suspects it to be a NIS accidentally introduced into
Italy, whereas Falkner et al. (2002) consider it cryptogenic. Ferrissia wautieri
is nevertheless an entity that has not yet been classified definitively. Some
authors proposed Ferrissia clessiniana ( Jickeli) as a senior synonym of F. wautieri
(Hubendick 1970, Falkner et al. 2002), while others used the synonym F. fragilis
(Tryon) for some East European populations (Walther et al. 2006). We prefer
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conserving the name given by Mirolli, due to persisting doubts about the
identity of southern European populations. Identified for the first time in Italy
in 1959 from the lake of Mergozzo and in an aquarium supplied with water
from Lake Maggiore (Mirolli 1960), its distribution includes 10 continental
regions of Italy and Sardinia (Girod et al. 1974, Castagnolo et al. 1982, Talenti
and Cianfanelli 1989, Baldaccini and Papasogli 1990, Ferreri 1995, Manganelli
et al. 1995; Fig. 3h). It is frequent in lentic waters, often in contaminated,
dystrophic conditions. Its distribution includes other 20 European countries
(Albania, Austria, Belgium, Bulgaria, Czech Republic, France including Corsica,
Germany, Greece, Hungary, Latvia, Luxembourg, Netherlands, Poland, Ro-
mania, Slovak Republic, Slovenia, Spain including Balearic Islands, Switzerland,
Ukraine, and United Kingdom; Grossu 1987, Dhora and Welter-Schultes 1996,
Falkner and Proschwitz 1998, Hubenov 1998, Falkner et al. 2001, Anderson
2004, Bank 2005).

Dreissena polymorpha is a medium-sized bivalve with mytiloid shell (valve
length of up to about 4 cm) and with free larvae (veliger), of Ponto-Caspian
origin. It was first reported in Italy in 1970 in Lake Garda (Franchini 1976),
where it was almost certainly transported attached to the hulls of boats from
Germany (Giusti and Oppi 1973). It has so far been reported from 8 Italian
regions in 14 natural lakes, 6 artificial lakes, and 2 coastal wetlands (marshes of
Comacchio and Sacca del Canarin), where its colonization is only marginal
(Bodon et al. 2005a, Cianfanelli et al. 2007; Fig. 4b). It has already been
monitored in 21 natural and artificial riverine water courses, almost always
downstream of lentic environments. Most of the collection sites are in the north
(42 water bodies) and those in central Italy (5 water bodies) are limited to
Tuscany (Florence and Pistoia; Lori and Cianfanelli 2006), Umbria (Perugia),
and Molise (Campobasso). It is present in four northern hydrographic basins
(Po, Adige, Brenta, and Reno) and three in central Italy (Arno, Tiber, and
Biferno), but occupies vast areas only in the Po basin. The altitude of collecting
sites is between sea level and 842 m; sites above 500 m are almost all artificial
or artificially regulated lakes. Because of its invasiveness, the high economic
costs inflicted to several European countries and to the USA, and its property of
bioindicator (it accumulates and transfers micro-contaminants such as DDT,
heavy metals, PCBs, and other xenobiotics: Camusso et al. 2001, Binelli et al.
2004, Ricciardi et al. 2004), D. polymorpha is the most widely studied and
monitored non-indigenous mollusc. The chronology of its colonization of Italy
has been reconstructed from a number of reports (Cianfanelli et al. 2007): it
took 7 years for this species to conquer the hydrological network from Lake
Garda to the mouth of the Po and 30 years to populate nearly all of the lower Po
plain. In a few years, D. polymorpha will certainly spread to the Venetian part of
the same plain, especially the basins of the Adige and Brenta rivers. As in the
case of other particularly invasive species, future measures can only hope to
control and contain this expansion. The situation for central and southern Italy
is different, because there seems to be still time to act with success. The spread of
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Dreissena in the rest of Italy could be prevented if correct plans of intervention
are adopted, and measures to avoid new introductions and possibly to eradicate
small populations are implemented. The species is found everywhere in Europe
except Cyprus, Iceland, Norway, Portugal, and Former Yugoslavia except
Macedonia (Zhadin 1952, Ghenciu et al. 1980, Maassen 1980, Milkov 1983,
Lyakhnovich et al. 1982, Brezeanu et al. 1986, Dhora and Welter-Schultes
1996, Hubenov 1998, Falkner et al. 2001, Korniushin et al. 2002, Araujo
2005, Kantor and Sysoev 2005).

CONCLUSIONS

In most cases, introductions of NIS are caused by man. They are nearly always
accidental, though there are some significant examples of introductions related
to commercial activity. This is the case of A. woodiana, introduced into Tuscany
not only unintentionally but also specifically for the production of artificial
pearls (Berni et al. 2004).

Measures to prevent deliberate introduction would be easy to develop case by
case, though local entrepreneurs and maximization of profits may be at odds
with correct management of the fauna. Measures to prevent accidental intro-
ductions seem, on the contrary, more difficult to be taken. Molluscs are largely
introduced through practices related to fish management and aquaria. First,
molluscs are introduced as temporary parasites of fish or as occasional guests of
containers for fish transport. It is therefore necessary to avoid introducing fish
from infested environments and prudentially also those from different hydro-
graphic basins. Second, molluscs are introduced into the natural environment
when aquaria are emptied. In aquaria, they are often raised as living filters (e.g.
bivalves such as Anodonta spp.) or as cleaners of algae growing on the aquarium
walls that gastropods, such as M. tuberculata and Helisoma spp., scrape with
their radula. Their spread into nearby environments may be rapid and may be
aided by natural factors. For example, it seems that specimens of P. antipodarum
and D. polymorpha ingested by birds or fish may go through the digestive tract
unharmed and are excreted elsewhere, or they may be transported in mud on
the feet or feathers of migratory birds (Haynes et al. 1985). Prevention is also
difficult in the case of introductions related to plant nurseries (P. columella) and
farming (G. chinensis), and dispersal may be rapid.

Another means of mollusc species dispersal is the lack of precise criteria for
the analysis of water. In order to limit further damage to the aquatic ecosystems
it is important to take all precautions to limit the spread of any NIS to other
hydrographic basins. Water body management should involve all possible
measures to avoid accidental introductions into uncolonized environments. It
is therefore necessary to avoid simultaneous monitoring of networks that
include infested and uninfested waters. Alternatively, measures should be
taken to prevent contamination, such as disinfection of equipment and personal
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articles that come into contact with the waters or with the substrate (nets,
sampling instruments, boots), before entering other waters for monitoring
purposes. With regard to species considered good bioindicators or useful indi-
cators for monitoring water quality, such as D. polymorpha, all types of intro-
duction into adjacent environments should be avoided, including those for
study purposes. The only exception would be for environments already infested
with populations coming from the same water body. Transport of specimens of
NIS from a colonized basin may also be due to vectors such as recreational
boats. The practice of checking equipment and hulls is a rule that may lead to
positive effects (Minchin et al. 2002).

Protection of the biodiversity of indigenous species thus depends primarily on
careful precautions to prevent introduction of NIS and secondarily on efforts
to block their spread. Specific laws, kept up to date, are therefore necessary to
ensure and regulate conservation and detailed control. Most of all, an informa-
tion campaign should be directed to those who manage and enjoy water, at all
levels.
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Non-indigenous animal
species naturalized in

Iberian inland waters
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INTRODUCTION

Invasions by human-introduced non-indigenous species (NIS) are one of the
main threats to biodiversity and a driving force of global change (Vitousek et al.
1997, Mack et al. 2000, Clavero and Garcia-Berthou 2005). The Iberian
Peninsula (IP) is a hotspot of biodiversity (Médail and Quézel 1999) and a
knowledge of the invasive species inhabiting it is essential for conservation
and environmental management. Naturalized vertebrates and plants in the TP
have received considerable attention (see e.g. Vila et al. 2001, Pleguezuelos
2002, Sobrino et al. 2002, Lloret et al. 2004, Alcaraz et al. 2005), but its
invasive invertebrates are very poorly known. Although there are many records
of some invertebrate invasive species, particularly crustaceans, there are very
few available reviews of selected taxa of invertebrate invaders in the IP (e.g.
Espadaler and Collingwood 2001). The aim of this chapter is to review the
animal species naturalized in Iberian inland waters, including vertebrates and
free-living and parasitic invertebrates. As usual, the taxonomy and biogeog-
raphy of vertebrate species are much better known than for invertebrates, so
our data for invertebrates should be regarded as a preliminary check-list.
Similarly, the parasites of non-commercial aquatic species are poorly studied
and the data in the IP mostly come from studies of the eel, Anguilla anguilla
(Linnaeus), thus certainly underestimating the range of introduced parasites
(Blanc 1997, 2001). We feel, however, that it is important to provide such a
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first check-list because many of the invertebrates involved are nowadays com-
mon in the IP and for many of them it is largely unknown even by biologists
that they are not indigenous to the IP. Increasing the awareness on the
introduced status and current distribution of these species is essential to reduce
their spread and impact.

We compiled animal species cited (by March 2006) as currently naturalized
in Iberian inland waters from the scientific literature and unpublished Spanish
Ph.D. theses (http://teseo.mec.es/teseo/). We included species from estuaries
and saline coastal lagoons but excluded purely marine taxa and terrestrial
animal species not strictly linked to aquatic ecosystems. We list invertebrate
and vertebrate species introduced by humans and currently naturalized, i.e.
species that reproduce and sustain populations in the wild without human
intervention (see e.g. Richardson et al. 2000, Pysek et al. 2004). A few uncer-
tain cases are listed in a separate table. The introduced origin of parasite
invertebrates is particularly uncertain but we followed Blanc (1997, 2001),
who has recently provided a comprehensive list of aquatic parasites introduced
to Europe, together with their native distribution.

NATURALIZED ANIMALS IN IBERTAN INLAND WATERS

The invertebrate and vertebrate species naturalized in Iberian inland waters are
listed in Tables 1 and 2, respectively. A few cases, for which it is not clear
whether the species is indigenous to the IP or whether they have established,
are listed in Table 3. We found 45 invertebrate and 28 vertebrate species
certainly naturalized at present in Iberian inland waters.

Among the 45 invertebrates, 12 were parasites (mostly Platyhelminthes
flatworms), mainly of freshwater fish and introduced to Europe from Asia
with common carp (Cyprinus carpio), goldfish (Carassius auratus), or Japanese
eel (Anguilla japonica Temminck and Schlegel) (see Blanc 1997, 2001); several
of the parasites have now been recorded on fish species indigenous or endemic
to the IP (see references in Table 1). The remaining 33 invertebrates were
free-living species, mostly crustaceans (18 species) or molluscs (6 species).
Most of the 28 vertebrates were fish (23 species), and there was no aquatic
bird naturalized and only one amphibian and one reptilian species.

The continent of origin was significantly different between vertebrates and
invertebrates (independence test; y*> = 37.1, df = 7, P < 0.0005) because most
naturalized vertebrates were native to the rest of Europe (43% of the 28 species)
or North America (29%), origins that in turn were rare among invertebrates
(0 and 12%, respectively), which predominantly came from Asia (38%). There
was no significant variation in origin between free-living and parasitic inverte-
brates (x> = 6.5, df = 5, P = 0.26) or between crustaceans and molluscs
(x> =3.8,df =5, P=0.59).



125

Animal NIS in Iberian inland waters

900 Iopea[es pue nsiren|

T100T ‘2661 due[g -ZOWOY) ‘C 66T ZoUny s} oyisered ¢ BI[RI}SNIY PUE BISY (Tgqon[ry]) 1m1q sn.fiboyfilovpopnasq
900¢ 1opea[eg
pue 1suen|-zowown) (uoysoadg pue uiy)
100T ‘2661 duelg ‘007 TeIPINQ UnIe) ues oysered ¢ BI[RI}SNIY PUE BISY av[imbup snufibojfizovpopnasq
100T ‘2661 duelg 200 ‘v 32 oyyeg oysexed ¢ onreg SIoquIRIN SLID[YS Sn[1ovpo.fic
6661 UB[IA eseoe]
1007 ‘2661 ouelg pue opuies) zoanny ajseted ¢ BISY SIoqUIRIN ULIDYIDY SN[1oppo.fi
100T ‘2661 duelg 7661 Ug[IN eseoe] ojiseaed ¢ RISY BAOIRI(] IULIAAD snjfjovpo.ficy
100T ‘2661 duelg 700 Zaxeng zoyoues aysered ¢ RISY (utpxeln() smvoyoup sn.ifborfyonq
VIANIOONOW SHHLNIWTIHALVId
6661
uospjousey pue Funox 0861 ‘'[v 72 eUNSRY 1 ¢ BOLIOWY [JION (prextn) vuribyy visabn(q

VIdVTIHEYNL SHHININTIHALV'Id
9661 YoouInz

-Utrewory pue yose[op 9661 [V 12 BISon) S 9661 Jse00 ofjoed (m10A) vvaul] vijauvdivyH

G861 BIRIID] ‘$/61 Jo[edIeN 1 8961 BISY Jo)sayueT 1iq120008 pISnovpadsp.i)

$O0OT Hoydonyds  $00T BIOS "€00T '[P 121008 G'T'1L 100¢C uerdsep—-oyuod (sefred) vidspo v.ioydofip.io)

VIdVAIND

SQ0URIRJRI I3 dI 943 10] sQouRI9jey  dyseled I 9yl ul uonnqLysIp sa102dS 4NOYH
/1ejqeH pIodaa 3saig snouadipuyg

'SI9JeM QUIRS IO dULIRN)SI
‘C pue :Sp[ayj 9911 ‘F sjood pue spuod ‘¢ (SIIOAIISII PUR SIYB[ ‘7 :(S91Ien)so SUIpN[OXd) SIDALI PUER SWEIIIS ‘T :SB PIp0od a1k sa1dads ajiseaed
-Uou JOJ SIRJIqRY 9y, "9Jep PJI0JAX ISIY ) Sk UdAIS SI jdew uonsanb e ‘umouyun Ap3ie[ sI ajep UONONPOIJUL ) JNq ‘UOHINPOIUL P[O
ue A[qeqoad st sa10ads B UaY A\ “(JI) B[NSUIUSJ URLISQ] A} JO SI9JRM PUBR[UI UT PIZI[RIN)RU $9109dS 9)RIaII9AUI SNOUISIPUI-UON 1 9[qeL



rcia-Berthou et al.

Emili Ga

126

[leH

S00T ‘[ 12 eyeIyO 6661 1op[PD ysered 9661 BOllowy LION pue Iop[eD SISUaLI0}IIA UOYIBOUOLY
1261 uosorue(
pue jsanyurg 0861 ¥e1d  G'CT'T SOL61 BISY pIeppag 1fig1aa0s pniyouv.Lg
VAITINNY
900 '[v 72 dureT €007 21230087 G'T'T €661 O0JTXIN JO JIND (pexuo)) vravydoonay sisdo AN
100T [V 32 QeI
‘G86 T Zoaens pue edIRqQY-[BPIA 1 0881 ueidse)—ojuog (seqed) vyduowijod vuassioi(
€00T [P 32 3008 eljensny pue

000T UOYBADIN ‘S86T ZoIgng pue edieqy-eprA  S'¢'T 1861 ‘BOLYY ‘BISY (TN vaurwingf vndIGL0Y
VIATVAIA VOSONTION

[(yyreg) rsupyual g =]
G00T ‘[ 12 e[oARRd G{GT ZoIBnS puk BOIRQY-[BPIA ST 1S61 pue[eoZ, MON (Ae19) wnuvpodnup snbafidowvioq
€007 UoSIpuy G8GT zodeng pue edIeqy-[epiA  #'T°T SHST ROLIOWY YLION (pneuxedelq) vinov pjpashyg
S0 uosiopuy 8661 [V 12 umoig T 6261 RISY (xoxun(y) sIsuauIyo snMp.ficy
YAOdOYLSVD VOSONTION

S00T '[v 12 O[IreIN Iyese)] pue [N
100T ‘2661 2ue[g ‘7007 v 72 13938 diseaed ¢ RISY ‘eIRRMNY] SNSSV.LD V[OI[MBUY
YAOLVININ

[(UoX)

sipAyyorwsdo snppydasorijog =|
100T ‘2661 2ue[g 7661 UR[IN eseoe] ojisered ¢ eISy nndewe 1ywubopioyov snppydaooliyiogq
VAOLSdD SHHININTIHALVId
900T 'Iv 2 zougqug oysered  $00T (uerdsep—oyuod  (9TST ‘SIJQ) wnijof wmuio)sipoy iy q
VAOLVINT YL SHHININTIHALY1d
S9OURIRJRI JOYI0 dI oY) 10] S0UQIRJOY jIseIed  JI oY) Ul uonnqLysIp $9109dS JNOYO

/1e3IqeH PI0dAT )SIL] snouagipu]

‘ponunuo) [ dqer



127

Animal NIS in Iberian inland waters

100T ‘2661 dUr[d

€00¢ [V 39 1ss0Y

€00¢ '[P 39 1SS0y
€00T '[P 12 1SS0y
£00¢ ‘[ 12 Kopeym
€00T "V 12 1SS0y
€00T [V 32 1ss0Y

6661 [V ]9 TUOIT

$00T
UB[[I-BSEOR] pu® OpuI[en

-Z91IPNING) ‘98T [V 12 OUQIO| ojisered

S00T '[P 72 YOSt ‘S86 1 [e1qoS

9661 [V 39 seuejjeq
‘8861 $9101

9661 ‘[v 32 seuejeq
‘9861 [V 12 S9I0]

9661 ‘[v 32 seuejeq
‘€861 oyuINO pue oned

9661 [V 39 seuejjeq
‘986T [V 72 9104

9661 [V 79 seueljeq
‘9/61 [03uaury

9661 ‘[v 72 seuejeq
‘9861 [V 12 $9104

9661 [V 12 seUR)[Rg
9661 'V 12 seuejegq
‘9861 TV 12 S9104
900¢C ‘v 12 Aounaep
<00T ‘v 32 rewry

1S6T 9NRIJ-10YdSI]
‘$T61 elorg

S

80661

8861

9861

€861

9861

9/61

9861

9661

9861

S0661

S0861

vcol

RISY
BOLIOWY INOS

pue [ioN
RISY
By
BOLIY
RISY
BILY
SISy pue
‘BOLYY ‘BOLIOWY

pue[eay, MoN
pue erensny

BISY

BIsRINyg
BOLIDWY [INOS pue
‘[e13ua) ‘YMON

ueId() URIPUL

SNOBUUIT VaIVULIAAD DIVLLIT

RUR(] VSUO] DILIDIY
VAOdddOD VHOV.LSED

“ds srdhioRupg,
(1SeIN)) 2D.LIINBIOUIA DISIPUDAIS
(IS][MIN) Ip1apA DISIPUD.IS
(pareq) Jofvut sLidRdous
(streq) 1duwyonpaq stidfoos]
(Aqromog
psoqojbgns sudfip =) +ds sLdhip
(Apeaq) snmpria snuioapofyy
sIeg§ sisuauls sLidfivo.ajoq
VAOOVHYLSO VAOVLSIYD
Aepe( voruouuvd vIsoISSv]
(30[[93]) puvdSIOUV.L PIULILY
VAOdOTHONVYd VHOV.LS1ED

([oANR] POVUWIBIUY D[[2AIIIN =)
(AN ) snopvwibrua snpuiodoor,]



S00¢ x1og eolLwy Jo
[¢61 uosulydnyg pue e[es ‘F00¢ Pyun g'¢ L661 Jse0o onueny (1oL SIVOIILIA DXLIOIOYILL],
900C BAIA pue eUR(  S'F'CL €00t Blsy [BYUL[[AD snspulfi snujadoua)s
€00T ‘[v 32 eluy 900 '[v 32 epuely € $00¢ BISY (esnyS) snyordoqpv sapay
V.LOUSNI
1661 [V 32 €ISoN) q 1661 OUB[}Y 1SOM-UJION (poo) 1stLpy snadouvdo.yyy
s 8/61 eual0T-03INqsqe  S‘HT1 ¥261 BOLIOWY [HON (pIexn) 11y4vpo SnIPquIPIOAJ
m +00T '[v 12 BISoN) q 6661 BISY  unquiey snjfizoppo.ovul uowavpq
m 8/61 eual0T-03Inqsqey 1 ¥261 BOLIOWY YJON (eue(q) snnosniua] snovisvfiovg
RS 9007C ‘v 12 BISaN) q ¢ RISY  (SpIempy QU[IA) SISUIULS A19YI0LI]
m 6661 [V J9 BILLINA-Z2.LID11T1D) S €861 elfensny AR A0JONAISIP XDAIYD)
i YdOodvOdd VHOV.LSIHD

,m S$)SBO0D dNUR)Y YINos
ﬂmu 9661 [V 19 BIson) S 9661 pue syioed YRoN 1o1pauRg VpNYOIIV] baJOpPIULg
= VHOVUISAIN VAOV.LSYD

s /$9°01D° uouU
M 1007 ‘2661 duelqg ‘eOLIdQI-eUNRF MMM //:d)yy  oiseaed 1261 BISY J[a1Y L, snomodp| snmmb.ay
VIAIHONV YL VHOV.LS1YD
S9OUAIRJAT JOYI() dI oY) J0J S90UdI9Joy  9IseIRg dI oy) ur uonnqrIIsIp sa102dS JNOYD
/1elIqeH  pI0O ISIL snouadipuy

128

‘ponunuo) [ dqeL,



Animal NIS in Iberian inland waters

Table 2

129

Non-indigenous vertebrate species naturalized in inland waters of the

Iberian Peninsula (IP). The habitats are coded as: 1, rivers (excluding estuaries);
2, lakes and reservoirs; 3, rice fields; and 4, estuarine or saline waters.

Indigenous First record
GROUP Species distribution in the IP  Habitat References for the IP
PISCES
Abramis bjoerkna (Linnaeus) Europe 1995 1,2 Doadrio 2002
Abramis brama (Linnaeus) Europe 2004 2 Benejam et al. 2005
Alburnus alburnus (Linnaeus) Europe 1992 1,2  Doadrio 2002
Ameiurus melas (Rafinesque) North America 1910 1,2 Doadrio 2002
Carassius auratus Linnaeus Asia 17th century 1,2,3 Doadrio 2002
Cobitis bilineata Canestrini Europe 2002 1 Doadrio 2002
Cyprinus carpio Linnaeus Eurasia 17th century 1,2  Doadrio 2002
Esox lucius Linnaeus Europe 1949 1,2 Doadrio 2002
Fundulus heteroclitus North America 1970 4 Doadrio 2002
(Linnaeus)
Gambusia holbrooki (Girard) North America 1920 1,2,3,4 Doadrio 2002
Herichthys facetum (Jenyns) South America 1985 1,2 Doadrio 2002
Hucho hucho (Linnaeus) Europe 1970 1 Doadrio 2002
Lepomis gibbosus (Linnaeus) North America 1910 1,2 Doadrio 2002
Micropterus salmoides North America 1955 1,2 Doadrio 2002
(Lacepéde)
Oncorhynchus mykiss (Walbaum) North America 19th century 1,2  Doadrio 2002
Perca fluviatilis Linnaeus Europe 1975 1,2 Doadrio 2002
Poecilia reticulata Peters South America 2000 1,4 Doadrio 2002
Pseudorasbora parva Asia 2001 1 Caiola and
(Temminck and Schlegel) Sostoa 2002
Rutilus rutilus (Linnaeus) Europe 1910 1,2  Doadrio 2002
Salvelinus fontinalis (Mitchill) North America 19th century 1,2  Doadrio 2002
Sander lucioperca (Linnaeus) Europe 1975 1,2  Doadrio 2002
Scardinius erythrophthalmus Europe 1910 1,2 Doadrio 2002
(Linnaeus)
Silurus glanis L. Europe 1974 1,2 Doadrio 2002
AMPHIBIA ANURA
Discoglossus pictus Otth Africa 1900 1 Pleguezuelos 2002
REPTILIA CHELONIA
Trachemys scripta (Schoepf) America 1985 1,2,3,4 Pleguezuelos 2002
MAMMALIA
Mustela vison Schreber North America 1978 1,2,3,4 Ruiz-Olmo et al. 1997,
Palomo and Gisbert 2002
Myocastor coypus Molina South America 1970 1 Palomo and Gisbert 2002
Ondatra zibethicus (Linnaeus) North America 2002 1 Elosegi 2004
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Table 3 Animal species possibly introduced to inland waters of the Iberian
Peninsula (IP), but with uncertain status. Some species are cryptogenic (Carlton
1996), i.e. it is very difficult to know whether they are indigenous or introduced; the
other species have been reported in the wild but it is uncertain whether they have
established permanent populations (naturalized).

Possibly
indigenous Uncertain
GROUP Species to the IP establishment References
MOLLUSCA GASTROPODA
Ferrissia wautieri (Mirolli) Anderson 2005
[= F. clessiniana (Jickeli)] yes no
CRUSTACEA DECAPODA
Austropotamobius italicus yes no Grandjean et al. 2001
(Faxon) / Austropotamobius
pallipes (Lereboullet)
PISCES
Acipenser baeri Brandt no yes Elvira and Almodévar 2001
Aphanius fasciatus (Valenciennes) no yes Doadrio 2002
Ctenopharyngodon idella no yes J. M. Queral 2005, personal
(Valenciennes) communication
Ictalurus punctatus (Rafinesque) no yes Doadrio 2002
Oncorhynchus kisutch (Walbaum) no yes Doadrio 2002
Tinca tinca (Linnaeus) yes no Doadrio 2002
AMPHIBIA
Bufo mauritanicus Schlegel no yes Pleguezuelos 2002
Rana catesbeiana Shaw no yes Pleguezuelos 2002
Rana ridibunda, Rana kl. no yes Arano et al. 1995,
esculenta, Rana lessonae Garcia-Paris et al. 2004
REPTILIA CHELONIA
Pelodiscus sinensis (Wiegmann) no yes Pleguezuelos 2002
AVES
Aix galericulata (Linnaeus) no yes GAE 2006
Anser erythropus (Linnaeus) no yes GAE 2006
Branta canadensis (Linnaeus) no yes GAE 2006
Oxyura jamaicensis (Gmelin) no yes GAE 2006
MAMMALIA
Castor fiber Linnaeus yes yes Cena et al. 2004

The main habitat also differed between vertebrates and invertebrates (inde-
pendence test; x> = 22.8, df = 4, P < 0.0005), because the former were mostly
present in streams and rivers (26 of the 28 species were present in streams and
rivers) or lakes and reservoirs, whereas several invertebrates were only present
in estuaries/saline waters (e.g. several decapod crustaceans introduced into the
Guadalquivir River through ballast water) or in rice fields (namely ostracods).
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The mechanism of introduction is obviously also different for invertebrates
and vertebrates, because most of the former are accidental introductions
(e.g. Asian ostracods in rice fields, ballast water, etc.), whereas most fish species
have been introduced intentionally (nowadays illegally). Therefore, naturalized
vertebrates and invertebrates showed opposite patterns, with the former (mostly
fish) intentionally introduced from the rest of Europe or North America to
Iberian streams and reservoirs and most invertebrates originating from Asia
and accidentally introduced to estuaries or rice fields.

UNCERTAIN CASES

We found four species for which it is uncertain whether the species is indigen-
ous to the IP and 13 species that they may not have established (Table 3). An
interesting case illustrating both the lack of knowledge on invasive species and
the power of modern genetic techniques is the crayfish of the Austropotamobius
pallipes species complex. Until the 1980s the populations in the IP were gener-
ally regarded as an endemic species or subspecies in strong decline due to the
introduction of the oomycete Aphanomyces astaci Schikora with North American
crayfish (Martinez et al. 2003). Grandjean et al. (2000) showed that two species
(A. pallipes and Austropotamobius italicus) could be distinguished within the
species complex and that Spanish populations were very close to some Italian
populations, so they might be of anthropogenic origin, as already proposed by
Albrecht (1983), and should be regarded as A. italicus. Grandjean et al. (2001)
demonstrated a drastic bottleneck in Spanish populations but discussed several
potential mechanisms alternative to the hypothesis of introduction by humans.
With further genetic analyses, Trontelj et al. (2005) supported the anthropo-
genic origin for the Spanish populations but did not find unequivocal separation
between A. pallipes and A. italicus (but see also Schulz and Grandjean 2005).

These genetic techniques might also prove useful for tench [Tinca tinca
(Linnaeus)] in the IP. Tench is indigenous to many parts of Europe but
considered introduced into Italy (Bianco 1998) and Portugal (Almaga 1995).
This latter country shares its largest river basins (Duero, Tajo, and Guadiana
rivers) with Spain. There are doubts about its indigenous status in Spain
(Doadrio 2002). In fact, Gomez Caruana and Diaz Luna (1991) considered it
introduced into the IP around the 17th century. There are records of tench
stocking by monks in Spanish and Portuguese ponds several centuries ago
(Almaga 1995, Garcia-Berthou and Moreno-Amich 2000). As far as we
know, no phylogeographic study on tench has been performed, in contrast
to many other European cyprinids, although they could be most helpful in
clarifying its native distribution.

A similar, more solved example of “‘cryptogenic’ species (see Carlton 1996)
is the case of the freshwater snail Physella acuta (Draparnaud). This species
was first described from Europe (Drapanaud, 1805), namely from the River
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Garonne, near Bordeaux (France). This species is widely distributed in the IP
and the rest of western Europe (Vidal-Abarca and Suarez 1985) and inhabits all
types of fresh waters. It has been generally regarded as indigenous to contin-
ental Europe (Haas 1929, Germain 1930, Macan and Cooper 1977, Girod et al.
1980, Vidal-Abarca and Suarez 1985) and its presence in North America was
not reported until the 1990s (Wu et al. 1997). Nowadays, three types of
evidence indicate, however, that P. acuta is indigenous to North America and
not to Europe: (i) the lack of records of Physella shells from European sediments
older than the 18th century (Lozek 1964); (ii) recent studies using internal
morphology comparisons (Anderson 2003) and reproductive isolation experi-
ments (Dillon et al. 2002) showing that at least one Physella species from North
America [Physella heterostropha (Say)] is actually P. acuta; and (iii) some histor-
ical data of the cotton trade between France and the United States in the 18th
century that could explain the arrival of this species to the River Garonne,
where it was first observed (Anderson 2003).

The case of P. acuta illustrates the importance of historical data and the fossil
record as tools for the identification of old introductions by man. Fossil records
have been very helpful to establish the introduced nature of ostracods and
suggest that dispersal by man of many other invertebrates is very old and has
been generally neglected (McKenzie and Moroni 1986, Rossi et al. 2003).

The other group of species in Table 3 are species that have been reported in
the wild but it is uncertain whether they have established. There are several
other NIS that have been recorded in the wild (see e.g. Elvira and Almodovar
2001, Pleguezuelos 2002) but have certainly not established permanent
populations.

ECOLOGICAL IMPACT

The ecological impact of most of these NIS is largely unknown with a few
exceptions. The red swamp crayfish, Procambarus clarkii, has altered the func-
tioning and structure of many aquatic ecosystems in the IP reducing macro-
phytes and associated species, among other impacts (Geiger et al. 2005,
Rodriguez et al. 2005, Chapter 28). The eastern mosquitofish (Gambusia
holbrooki) has been experimentally demonstrated to affect endemic cyprinodon-
tiform fishes [Aphanius iberus (Valenciennes) and Valencia hispanica (Valenci-
ennes)] by resource and interference competition (Rincon et al. 2002). The
zebra mussel (Dreissena polymorpha) is one of the best known invasive species
and, although it is a very old introduction into Portugal, only recently has
it been introduced to Spain through the Ebro River, where it is widespread
nowadays and might affect the endangered giant pearl mussel, Margaritifera
auricularia Spengler (Altaba et al. 2001). The zebra mussel is still not wide-
spread in the IP, but it will probably be fostered by the illegal, poorly
controlled introduction and translocations of fish that are still very frequent.
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The polychaete Ficopomatus enigmaticus (Fauvel) is very abundant in some
Spanish coastal lagoons and probably profoundly affects its ecosystem function-
ing because it builds large reef-like aggregates (Schwindt and Iribarne 1998).
Many piscivorous fish have been introduced into the IP and some unique
ecosystems such as Lake Banyoles have been profoundly altered and are now-
adays completely dominated by NIS (Garcia-Berthou and Moreno-Amich
2000).

The distribution, abundance, and impact of introduced parasites in the IP is
largely unknown but some species such as Lernaea cyprinacea are widespread
(Moreno et al. 1986, Gutiérrez-Galindo and Lacasa-Millan 2005) and several
of them have now been recorded on endemic fish species (see references in
Table 1). The swimbladder nematode Anguillicola crassus, which was transferred
from its indigenous host (the Japanese eel, A. japonica) to the European eel
(A. anguilla), can severely impair swimbladder function (and thus possibly
spawning migration) and has caused mortalities in both farmed and wild
populations in the presence of other stressors (Kirk 2003). Similarly to the
case of crayfish plague, Gozlan et al. (2005) have recently shown that the
topmouth gudgeon, Pseudorasbora parva, an Asiatic cyprinid highly invasive in
Europe and recently introduced to the IP, carries a pathogen that strongly
affects indigenous cyprinids.

Given the enormous impact of the few well-investigated invasive species, the
considerable number of introduced species, and the presence in the IP of many
endemic species of plants (Médail and Quézel 1999), freshwater fish (Doadrio
2002), and amphibians (Pleguezuelos et al. 2002), the overall potential impact
of these naturalized species is enormous and should be urgently investigated.
The room for management and educational improvement by public adminis-
trations to prevent further introductions and translocations and to reduce the
spread of invasive species is even larger. We hope this paper will contribute to
the improved understanding and control of invasive species in European waters.
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Chapter seven

An overview of the natural
history of non-indigenous

amphibians and reptiles

Riccardo Scalera

INTRODUCTION

In his Naturalis Historia (77 AD), Pliny the Elder wrote: “‘Mirium rerum naturam
non solum alia aliis dedisse terris animalia, sed in eodem quoque situ quaedam aliquis
locis negasse”’ [It is a remarkable fact that nature not only assigned different
countries to different animals, but that, even in the same country, it denied certain
species to particular localities] (book VIII 83). Pliny the Elder, an erudite natural
philosopher and encyclopaedist, could not imagine that, as a side-effect of what we
currently call globalization, an ever increasing number of animals and plants
would have been moved from one place to another outside their natural range. It is
somehow an odd connection that ancient Romans were among the main early
actors in fostering the movement of species within the European and Mediterra-
nean regions. Besides several species of mammals and birds introduced for food or
hunting, Romans probably also contributed to the movement of reptiles. For
example, at that time, pond turtles (i.e. Emys orbicularis Linnaeus) were already
kept as pets, as were various land-dwelling tortoises, Testudo Linnaeus spp. Indeed,
ancient Romans were not the very first people contributing to the spread of
non-indigenous species, because many introductions are known at least since
the Neolithic (Kraus 2003), especially in the Mediterranean region (Pleguezuelos
2002). Thus, introductions probably started centuries before Pliny’s time, but
certainly since then, a growing number of species has been involved in this global
reshuffling. The result is that today about 270 species of amphibians and reptiles
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are known to exist in countries outside their natural range (Lever 2003) and an
unknown number has been subject to other small scale translocations.

In general, despite the increasing interest in non-indigenous amphibians
and reptiles (NIAR) (Lever 2003), these taxa have been subordinate in the
literature to other species, possibly because most of them are not perceived to
be as urgent a threat as others (Kraus and Campbell 2002). As held by Kiesecker
(2003), the main constraint in understanding the role of NIAR in the worldwide
decline of amphibians has been the lack of their recognition as an important
global problem. As a consequence, the long-term effects of the spread of NIAR
are largely neglected. Even the Global Invasive Species Database, developed
by the IUCN/SSC Invasive Species Specialist Group (ISSG) and available at
www.issg.org/database, is not yet as exhaustive for amphibians and reptiles as
one would expect: it includes only four amphibians — the cane toad, Bufo marinus
(Linnaeus), Eleutherodactylus coqui Thomas, the American bullfrog, Rana cates-
beiana Shaw, and the African clawed frog, Xenopus laevis (Daudin) — and three
reptiles —the brown tree snake, Boiga irregularis Merrem, the brown anole, Norops
sagrei Duméril and Bibron, and the red-eared slider, Trachemys scripta elegans
(Wied) — out of a total of 284 non-indigenous species introduced worldwide.

As shown on the following pages, besides the best known case studies of some
notable taxa like B. marinus, R. catesbeiana, and T. s. elegans, whose spread
represents a recognized threat at the global level, there is a number of local
situations that are greatly overlooked. This chapter aims at stimulating atten-
tion to the large number of worldwide introductions of herpetofauna. A special
emphasis is given to those amphibians and reptiles occurring in freshwater
ecosystems or somehow linked to inland waters, such as frogs, salamanders,
some snakes and lizards (e.g. monitors), and freshwater turtles.

ARE NIAR DISREGARDED?

At the global level, the main comprehensive review of NIAR is the recent book
by Lever (2003), which describes 83 species of amphibians and 185 species of
reptiles, providing information on relevant threats, taken from about 1,450
sources. It clearly represents the first reference book on this topic though, given
its ambitious scope, it has been criticized for not being fully exhaustive (Lovich
2005) and for not providing an analysis of the data reported (Hailey 2005).

Indeed, an exhaustive overview of the worldwide distribution of NIAR is not
easy: the real extent of their occurrence, considering both recent and ancient
introductions, still needs to be clearly evaluated, and the literature on the topic is
far from adequate. At a regional scale, other than North America, little attention
has been paid to them. Even in Australia (M. Hutchinson 2006, personal com-
munication) and in most European countries, where non-indigenous species are
clearly perceived as a major threat for both nature conservation and human
welfare, the current knowledge on these taxa is not exhaustive.
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The areas primarily affected by the colonization of NIAR are quite scattered
throughout the planet, with an undoubted world “supremacy’” held by North
America. In Florida alone some 40 naturalized species of amphibians and
reptiles are present (Meshaka et al. 2004, Smith 2006). In Europe, the number
of NIAR is likely to fall between the number of species established in North
America (more than 50; McCoid and Kleberg 1995, Lever 2003) and the five —
surprisingly few — occurring in Australia (Hutchinson 2001, Bomford 2003).
However, their exact number is not yet known because comprehensive studies
have never been carried out, notwithstanding the long history of introductions
in this region and the rich knowledge accumulated on its faunistic and
ecological features. The European situation is a good example with which to
highlight the general gap in information on NIAR. It is not clear why the
scientific community has the tendency to disregard the subject. For instance,
the main reference in Europe, the Atlas of Amphibians and Reptiles (Gasc et al.
1997), treats all taxa at the same level, so that the American bullfrog,
R. catesbeiana, is described among the other species of the European fauna
without adequate emphasis on its ‘“‘alien” status. Two other species, the
Mauritanian toad, Bufo mauritanicus Schlegel, and the red-eared slider,
T. s. elegans, are only mentioned in additional notes. Of course, the main aim
of the atlas was to show the state of the art concerning the distribution of
European species. But does this justify the lack of emphasis on NIAR?

In general, from a mere faunistic point of view, it seems that in Europe
comprehensive studies dealing with introduced species, or at least with those
considered invasive, have not been felt as a priority at either the continental or
the national level. Herpetofauna atlases for countries and islands of the Euro-
pean and Mediterranean regions only rarely include specific contributions
dedicated to NIAR. An exception is the Iberian Peninsula, which has produced
publications which integrate the typical distributional and taxonomical treatise
of an atlas with specific sections dealing with NIAR, both at the national
(Mateo 1997, Barbadillo et al. 1999, Pleguezuelos 2002) and the local scales
(i.e. Catalonia; Llorente et al. 1995).

The situation is similar for island ecosystems. Although indigenous species
are known to be particularly affected by the presence of introduced species,
special attention to NIAR has been paid only in the two Spanish archipelagos:
the Balearic Islands, which with 13 species introduced out of a total of 16, show
the highest degree of colonization of non-indigenous taxa, and the Canary
Islands, which host a rich herpetofauna composed of 14 indigenous and six
introduced species (Pleguezuelos 2002).

ON “THE ORIGIN OF SPECIES”

The way species are actively or passively introduced beyond their natural range
through human agency is considered a main issue for the understanding of
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biological invasions. A detailed analysis of the invasion patterns and main
pathways for NIAR, particularly those introduced into the USA, has been
carried out by Kraus (2003).

In general, species may be introduced either deliberately or unintentionally.
The importance of each pathway in herpetofauna introductions varies geo-
graphically and over the years (Kraus 2003). Also the origin of NIAR has
changed with time. In particular, there are regions where species which have
been subject to translocations in ancient times are often part of the indigenous
herpetofauna of neighbouring areas — as reported for Spain (Pleguezuelos
2002) — or nearby islands — as suggested for Florida (Butterfield et al. 1997).
In recent times, such local translocations have been supplemented by those
regarding species whose origin may be from other biogeographical regions.
Such introductions are mostly linked to the international food and pet trade.

A poor understanding of the distribution of the species and the unavailability
of a definitive assessment concerning their phylogeographic status might
explain why not much attention has been paid to NIAR so far. In particular, the
origin of species translocated in ancient times can be difficult to assess, espe-
cially in regions with a long history of the movement of people and goods, such
as the Mediterranean.

Today, the origin of species translocated in ancient times can be effectively
investigated through modern genetic analysis, using the same techniques that
are commonly used for the purpose of systematic and biogeographical studies.
The adoption of such techniques in NIAR research could help elucidate their
phylogeography. For instance, genetic analyses have been carried out for
Mediterranean freshwater turtles of the genus Emys Duméril A. (Fritz et al.
2005), which have been subject to translocations since ancient times, and to
confirm the status of the introduced viperine snake, Natrix maura Linnaeus in
Menorca, Spain (Guicking et al. 2006). In the latter case, molecular data
strongly support the evidence of its recent introduction from France, justifying
the implementation of strict management measures to reduce its impact on the
endemic midwife toad, Alytes muletensis (Sanchiz and Adrover).

The results of these studies are thus quite encouraging and suggest the need
for increasing the use of genetic tests in the future, so as to rely on more
objective data for identification and assignment to likely sources of origin of
the introduced species and populations.

TRAVELLERS BY CHANCE

In 1998, the first amphibian species in the evolutionary history of the Galapa-
gos, the Fowler’s snouted tree frog, Scinax quinquefasciatus (Fowler), indigenous
to the Pacific lowlands of Colombia and Ecuador, started spreading on Isabela
(Snell and Rea 1999). Apparently, this small tree frog, now considered a leading
conservation problem for the survival of indigenous arthropods, reached the
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archipelago accidentally, stowing away on cargo ships connecting the
Galapagos to the Ecuadorian coast. But is it only by chance that a brand new
class of vertebrate invaded Melville’s Enchanted Isles?

Since ancient times, non-indigenous species have been introduced uninten-
tionally around the globe as a consequence of the necessary movement of people
and goods. Indeed many species can disperse passively as “hitch-hikers’, taking
advantage of the various means of transport put at their disposal by human
activities linked to international trade (McNeely 1997). Examples include ship-
ping containers, ships, planes, trains, trucks, and cars, where such species can
easily hide in commercial commodities, packing material, nursery stock, food,
wood, and other goods.

In general, such means of transport are not very suitable for sensitive animals
which may lack the basic needs to survive for long distances, as all those species
strictly linked to freshwater ecosystems, amphibians in particular. However,
there are a few notable exceptions, like S. quinquefasciatus, which managed to
reach the Galapagos after sailing for about 1,000 km in a ship’s cargo from
the Ecuadorian coast. Of course, travelling as stowaway is easier for species
whose adaptation to hostile environments makes travelling without food and in
extreme conditions more feasible (i.e. snakes, lizards, and geckos). For instance,
many non-indigenous snakes arrive continuously in Hawaii not only through
the smuggling of pet animals, but also introduced as cargo stowaways (Kraus
and Cravalho 2001).

Accidental introductions can also be linked to military activities. For example,
Bruno and Maugeri (1990) report that in ancient times snakes were used to
frighten enemies, i.e. during Roman assaults. Some introduced populations of
snakes in the Mediterranean islands could be linked to such events, as suggested
by Pleguezuelos (2002) for the origin of N. maura in the Balearic, Spain
(Guicking et al. 2006).

INTENTIONAL INTRODUCTIONS

Intentional introductions of herpetofauna have been linked to human activities
such as biological control, farming, aquaculture, and various ‘‘scientific’’ or
ornamental purposes. However, the purpose of a release could be sometimes
multifaceted, and the difference between intentional and unintentional trans-
port could be a mere shade of meaning. As a consequence, a certain degree
of uncertainty is possible on the reasons behind a species introduction. This
is especially true for ancient introductions where clues of active or passive
transport by human agency, such as fossil remains or historical documents,
are often unavailable.

Ranid frogs are typical edible species that have experienced several intro-
ductions throughout the world for human consumption, often linked to the
restaurant trade. The most common case is certainly the American bullfrog,
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R. catesbeiana. A ‘‘gourmet’ indigenous to North America, the bullfrog is
generally considered the most suitable for aquaculture and is frequently farmed
for commercial production in countries outside its native range. The species is
now spreading in several countries and islands worldwide (for a review see
TUCN et al. 2006), mainly as a consequence of escapes from breeding facilities
(but also from garden ponds), or following intentional releases aimed at estab-
lishing wild populations to be regularly harvested. However, several other
species have been introduced for the same purpose, though on a smaller spatial
scale. For example, the marsh frog, Rana ridibunda Pallas, an indigenous species
of eastern Europe and Asia, has been introduced into several European coun-
tries outside its natural range, including Italy (Sindaco et al. 2006), Switzerland
(Wittenberg 2005), the UK (Zeisset and Beebee 2003), France (Pagano et al.
2003), Belgium (Percsy and Percsy 2002), and a number of places in Asia
(Kuzmin 2006). Also Mediterranean islands have been affected by introductions
of frogs for human consumption. For example, the pool frog, Rana lessonae
Camerano, and the edible frog, Rana klepton esculenta Linnaeus, were translo-
cated from the Italian peninsula to Sardinia (Scalera 2003, Sindaco et al. 2006).

Biological control has been the main cause of introductions for the cane toad,
B. marinus, an indigenous species to South America wrongly considered effec-
tive in controlling insect pest on crops, and now established in several countries
throughout the world, notably Australia (Lever 2001, Kiesecker 2003). Unfor-
tunately, there is no evidence that B. marinus has successfully contributed
to pest control in Australia, and is now to be considered a pest itself in its
introduced range. Introductions carried out for pest control include the coqui
frog, E. coqui (Kraus and Campbell 2002), and the poison arrow frog, Dendro-
bates auratus (Girard), in Hawaii (Kraus et al. 1999), and the Iberian green frog,
Rana perezi Seoane, in the Balearics, Spain (Pleguezuelos 2002). Reptiles have
also been released as biological control agents. In the Marshall islands (north-
west equatorial Pacific), the mangrove monitor, Varanus indicus Daudin, which
is indigenous to nearby areas, was released to control populations of rats
Rattus Fischer sp. on military bases (Spennemann 1997). Also in Spain, the
Mediterranean pond turtle, Mauremys leprosa Schweigger, was introduced for
controlling slugs in gardens (see Pleguezuelos 2002).

Deliberate introductions occur particularly as a side-effect of the pet industry
(Kraus 2003). In this context, aquarium and vivarium hobbyists keeping
amphibians and reptiles in captivity play a major role in fostering the lucrative
trade of a growing number of species. Such movements carry the inherent risk of
escape or abandonment and the potential establishment of wild self-sustaining
populations of NIAR. The alarming successful establishment of naturalized
populations of red-eared sliders in several countries throughout the world is
clearly linked to: (a) the massive numbers produced in commercial farming
activities, both within and outside its native range; and (b) the huge trade of live
specimens aimed at supplying either the pet trade or the demand for human
consumption and traditional Chinese medicine (Hoover 1998, van Dijk et al.
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2000; Chapter 8). Likewise, the pond turtle, E. orbicularis, has often been the
subject of scattered introductions in the European and Mediterranean regions,
as a consequence of being a popular pet since ancient times, besides being
consumed as food (Pleguezuelos 2002). As a consequence, its natural distribu-
tion pattern is clearly affected by introductions, as documented by Fritz et al.
(2005) in various parts of Italy.

The introductions carried out for research purposes are certainly the
most unusual. For instance, non-indigenous populations of the Ambrosi’s cave
salamander, Speleomantes ambrosii (Lanza), and the Italian cave salamander,
Speleomantes italicus (Dunn), were released in a cave outside their natural range
in northern Italy, to verify the possibility of interbreeding (Scalera 2001, Sindaco
et al. 2006). Similarly, cave salamanders, Speleomantes Dubois spp., are known to
have been introduced as an experiment in the French Pyrenees (Pascal et al. 2006).

Another peculiar case of introduction is related to the use of amphibians in
medicine: the African clawed frog, X. laevis, was used until recently as a test for
human pregnancy and is still common in biology research laboratories and in
the pet trade. Because of these uses, it has been introduced from its sub—Saharan
African range to the USA (McCoid and Kleberg 1995), Chile (Lobos and Measey
2002), and some European countries, such as the UK (Measey and Tinsley
1998), France (Pascal et al. 2006), and Italy (Sindaco et al. 2006).

ECOLOGICAL IMPACT

Although in most cases the adverse ecological effects of NIAR are not well
known or may be going unnoticed, mainly because of a lack of specific studies,
there is evidence of potential threats to indigenous species as a consequence of
competition for food and cover and as a result of predatory dynamics. Thus, the
occurrence of NIAR may lead to the loss of indigenous species, and changes
in community structures and function. Invasive NIAR are also considered as
one of the main factors explaining the global decline in many amphibian
populations (Kiesecker 2003).

Of course, the effects of species introduced recently can be more apparent
than for those of taxa introduced in ancient times, provided that specific
researches are envisaged and carried out (but, in general, the impact has been
mostly assessed on an empirical basis so far). Species naturalized in the distant
past are likely to be now in balance with the extant biological communities,
even though damage may well have occurred in the past, so that their impact is
not easy to assess.

In the recent years, particular attention has been paid to the process through
which regionally distinct, indigenous communities are gradually replaced by
locally expanding, cosmopolitan, non-indigenous communities. This process is
called biotic homogenization (sensu McKinney and Lockwood 1999) and is the
result of three interacting processes, the introduction of species, the extinction of
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indigenous species, and the alteration of pristine habitats (Rahel 2002). On a
continental scale, in North America, the average homogenization level in
amphibians and reptiles is expected to be higher than in mammals and birds
(particularly in southern US) as reported by Olden et al. (2006) after investigat-
ing the quantitative relation between the biotic homogenization, human popu-
lation size, and urbanization. This evidence has been confirmed by Smith
(2006), who published the result of a specific study on NIAR in Florida.

The homogenization process is likely to be a very widespread phenomenon. In
Europe, for instance, there is a growing concern for the spread of the red-eared
slider, T. s. elegans, a freshwater turtle indigenous to North America currently
introduced in several countries, which is silently replacing the few remnant
populations of the European pond turtle, E. orbicularis. Some authors suggest
that such turtles may compete for food, nesting sites, and basking places (Cadi
and Joly 2003), although further studies are needed to confirm the impact of
such interactions (see Luiselli et al. 1997). However, T. s. elegans is also known
to endanger other species of turtles at the local level, like the Caspian pond
turtle, Mauremys caspica Gmelin, in Cyprus (Hadjichristophorou 1999).

Several naturalized species are opportunistic feeders with a wide trophic
niche, a feature that increases their fitness in a wide range of ecological
situations. This is clearly the case for the cane toad, B. marinus (Kiesecker
2003) and the American bullfrog, R. catesbeiana (Albertini and Lanza 1987),
whose diet seems to reflect habitat rather than food preference. The same applies
to R. perezi, an endemic of the Iberian peninsula, which has been introduced
both in the Balearic Islands, where it represents a threat for A. muletensis, and in
the Canary islands, where predation upon the endemic lizard Gallotia galloti
Oudart has been recorded (Pleguezuelos 2002). Moreover, studies have been
carried out on B. marinus (Smith 2005) and R. catesbeiana (Kupferberg 1997),
which show that even their larvae may adversely impact indigenous tadpoles as
a result of interspecific competition.

Non-indigenous snakes can be a major cause of extinction. For instance, in
the Balearic Islands, Spain, introduced N. maura is known to represent a serious
threat to the endangered endemic A. muletensis in Mallorca, and was probably
involved (with the support of introduced populations of E. orbicularis) in the
extinction of the endemic Alytes talaioticus (Sanchiz and Alcover) — now con-
sidered a synonym of A. muletensis (see Martinez-Solano et al. 2004) — in
Menorca (Pleguezuelos 2002).

Also non-indigenous monitors are considered dangerous predators for
indigenous wildlife, e.g. in Florida, where the Nile monitor, Varanus niloticus
Linnaeus, has been recently introduced (Enge et al. 2004).

Although some effects are obvious, others might be subtler, yet still of great
concern. In Australia, the cane toad, B. marinus, is known to poison indigenous
predators, besides competing for habitat and food resources with other reptiles
and amphibians. Phillips et al. (2003), analysing the potential impact of
B. marinus, determined that about 30% of terrestrial frog-eating snakes are
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potentially at risk from ingestion of toad-toxins. The cane toad is also thought to
contribute to the spread of pathogens that could infect indigenous amphibians
(Kiesecker 2003). In North America, other interesting cases of ecologically
relevant interactions between indigenous species and NIAR have been reported.
Pearl et al. (2005) observed the occurrence of interspecific amplexus between
each of the two indigenous frogs, the red-legged frog, Rana aurora Baird and
Girard, and the Oregon spotted frog, Rana pretiosa Baird and Girard, and the
introduced R. catesbeiana, which could have negative demographic conse-
quences for the indigenous ranids (i.e. reducing numbers of males available
to couple with conspecifics during their breeding periods). On the other
hand, R. catesbeiana seems to benefit from the presence of some other NIAR
occurring in the same ecosystem. For instance, in western North America the
non-indigenous bluegill Lepomis macrochirus Rafinesque is facilitating the inva-
sion of R. catesbeiana by lowering the abundance of indigenous dragonfly
nymphs, which are one of the few predators of the unpalatable bullfrog tadpoles
(Adams et al. 2003). As emphasized by Simberloff and Von Holle (1999), such
positive interactions between non-indigenous species should receive greater
attention, because they can be at least as common as detrimental ones.

Reporting some positive effects of introduced species could be misleading, but
it is worth mentioning that there are indigenous species, like some ground-
nesting birds, that may benefit from the B. marinus induced reductions in
the numbers of predators, both indigenous and non-indigenous (van Dam et al.
2002). Misunderstandings could arise if laypersons read this information with-
out taking into proper consideration the overall negative effects documented
for this and other NIAR.

GENETIC EFFECTS

The process of homogenization can extend across all levels of biological organ-
ization (Rahel 2002), including the genetic level. For example, non-indigenous
species may hybridize with closely related indigenous taxa. Hybridization may
cause loss of diversity in genetically different and locally adapted populations
and species through genetic introgression, and may interfere with the natural
evolutionary processes.

European waterfrogs are characterized by a complex hybridogenetic gameto-
genesis of the hybrids (Schultz 1969). They are currently receiving increasing
attention, especially in relation to the serious ecological and genetic conse-
quences which could negatively interfere with the clonal reproduction typical
of this group (Plenet et al. 2005). In general, in natural populations where
R. klepton esculenta is a natural hybrid between R. ridibunda and R. lessonae, the
proportion of parental species and hybrids seems to be dependent on the
environment (Uzzell and Berger 1975). Vorburger and Reyer (2003) have
documented a genetic mechanism of species replacement, according to which
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the introduction of R. ridibunda could unbalance the proportion of the hybrids
and even replace the indigenous waterfrogs, R. lessonae and R. klepton esculenta,
in several areas of central Europe. This threat may concern several populations
of waterfrogs throughout Europe: indeed, so far, non-indigenous populations
of R. ridibunda are known in Italy (Sindaco et al. 2006), Spain (Pleguezuelos
2002), Switzerland (Wittenberg 2005), and France (Plenet et al. 2005).

The potential effects of such introductions were clearly overlooked, perhaps
because there is uncertainty in whether genetic pollution represents an actual
risk for the survival of the affected species (Pagano et al. 2003). This might
explain why it is only recently that some populations introduced into Italy and
formerly considered to be R. ridibunda were recognized as being Rana kurtmuel-
leri Gayda, a species indigenous to the Balkans, south-eastern Europe (Scalera
2003, Sindaco et al. 2006). A similar situation is emerging also in France
where, as reported by Pagano et al. (2003), several other non-indigenous
waterfrogs have been introduced, but have not yet been identified.

Waterfrogs are not the only taxon affected by this problem. For example,
hybridization also occurs between the indigenous great crested newt, Triturus
cristatus (Laurenti), and the Italian crested newt, Triturus carnifex (Laurenti),
which has been introduced into Switzerland (Wittenberg 2005) and the UK
(Inskipp 2003). In Switzerland, the non-indigenous T. carnifex is also replacing
the other species, though the exact mechanism is not yet known (Wittenberg
2005). The possibility of genetic contamination has also been reported in some
populations of E. orbicularis in Ttaly, following the translocation of specimens
belonging to different subspecies (Fritz et al. 2005).

Evolutionary changes in introduced species are also being investigated and the
results are interesting from a conservation perspective. In France, Schmeller et al.
(2005) found a higher genetic variability in introduced populations of R. ridibunda
than in indigenous ones, due to the mixed origin of the populations. Similarly,
Zeisset and Beebee (2003), analysing the population dynamics and genetics of
the introduced populations of R. ridibunda in Britain, found that, despite starting
with few founders, significant bottleneck effects were undetectable, presumably
because of rapid population expansions immediately after translocations.

Evolutionary processes have also been invoked to explain genetic changes in
morphological features. The possibility of genetic drift in an introduced species
has been documented for B. marinus in Australia, where some westerly popu-
lations have longer legs than those distributed further east. This may be due to
natural selection for features that suit them for long-distance dispersal (Phillips
et al. 2006).

NEGATIVE EFFECTS ON ANIMAL AND HUMAN HEALTH

Other than inflicting ecological and genetic harm, NIAR may represent a
potential vector of new pathogens, some of which might even threaten
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human health. The spread of new pathogens can affect indigenous species in
a way similar to that of non-indigenous predators. The introduction of NIAR
via farming and pet trade is considered the main vector of pathogens and
diseases among indigenous species, and is likely to be involved in the global
amphibian decline (Laurance et al. 1996, Kiesecker 2003).

Chytridiomycosis is one of the most alarming diseases. It is caused by the
zoosporic fungus Batrachochytrium dendrobatidis Longcore, Pessier and Nichols,
which has been associated with a number of amphibian declines and extinc-
tions in geographically disparate parts of the world (see Ron 2005). Strong
evidence linking this cutaneous fungal infection to species extinctions was
found for the Australian sharp-snouted day frog Taudactylus acutirostris
(Andersson) (Daszak et al. 2003, Schloegel et al. 2006). This disease is now
recorded in several regions throughout the world, except Asia, apparently as a
consequence of the spread of an increasing number of amphibians in trade,
which may act as a vector (see Weldon et al. 2004). The American bullfrog,
R. catesbeiana, is clearly among those species which could play a key role in
the global dissemination of this pathogen (Mazzoni et al. 2003, Hanselmann
et al. 2004). But infections of this chytrid fungus have also been found in
the invasive E. coqui in Hawaii (Beard and O'Neill 2005). This indigenous
species of Puerto Rico could therefore contribute to the spread of the chytrid
fungus to geographic areas where it does not yet exist. Outbreaks of
B. dendrobatidis are already implicated in an estimated 67% of about 110
species of Atelopus (Duméril and Bibron) that have disappeared in the American
tropics, and global warming is considered a key contributing factor (Pounds
et al. 2006).

But for humans one of the greatest health risks associated to amphibians and
reptiles is related to the fact that many species are known to be a vector of
Salmonella Lignieres, a genus of bacillus responsible for severe gastroenteritis,
typhoid, and septicaemia, often with serious complications including even
meningitis (Mermin et al. 2004). As documented by a rich medical literature
accumulated in the last 30 years on this topic, many species commonly kept as
pets could therefore place their owners, particularly children, at risk of danger-
ous illness following direct contact with infected animals. Mermin et al. (2004)
have assessed that reptile and amphibian exposure is associated with about 6%
of the approximately 1.24 million sporadic human Salmonella infections that
occur annually in the USA. As a preventive measure, since 1975, the USA
decided to ban the domestic trade of turtles with a carapace length of less than
four inches (see Code of Federal Regulations, Title 21 — Sec. 1 240.62 Turtles
intrastate and interstate requirements. 21CFR1240.62). It is worth mentioning
that the ban did not affect the exports, and therefore USA bred turtles —
particularly T. s. elegans — have continued to be spread throughout the world,
as well with their questionable “‘shipment” of parasites. Of course, pets are not
the only source of contamination: free-ranging introduced species can also be a
significant vector of salmonellosis, especially when commonly associated with
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human habitations, and are progressively extending their range, as shown by
specific surveys on B. marinus in Australia (O’Shea et al. 1990, Speare 1990).

Another aspect of the health risk posed by NIAR to human safety is linked to
the threat due to poisonous species. For example, the poisonous skin secretions
of B. marinus are known to be deadly to humans (Lever 2001) and household
pets (McCoid and Kleberg 1995). Another kind of health hazard associated with
cane toad regards the use of skin extract and toxin in traditional medicine and
as a drug (van Dam et al. 2002). Concern may also arise in relation to the spread
of the poison arrow frog D. auratus in Hawaii, an indigenous species from
tropical America whose extremely toxic skin secretions are considered lethal
also to humans (they are used to tip the hunting arrows of the indigenous
people). However, dendrobatids toxicity seems dependant on compounds
sequestered from arthropod prey in their native habitat, which are presumably
absent from Hawaii, and therefore the toxicity of the introduced populations is
likely to be greatly reduced compared to the toxicity of the founding individuals
(Wright 2001).

ECONOMIC AND SOCIAL IMPACT

The “‘ecological homogenization” of the world, resulting in global McEco-
systems (Enserink 1999), is a side-effect of globalization. The introduction of
non-indigenous species is considered an externalized cost of international trade,
but nonetheless current economics rarely account for the long-term global
change it may cause (McNeely 1997). Only a minor percentage of all species
introduced beyond their natural range are likely to become naturalized, and in
turn only a few of them are likely to become invasive (Williamson 1996).
Nevertheless, once a species has become invasive, the relative economic impact
is likely to be considerable. The importance of assessing the actual or potential
economic impact of non-indigenous species relies on the fact that threats to
biodiversity overlapping with threats to human activities are more likely to be
taken seriously into consideration by the public opinion, thus fostering political
support for the implementation of proper management programmes.

But quantitative data concerning the cost of impacts and management of
NIAR are rare, and in general refer to local situations. The main available
figures only relate to the most renowned species, like B. marinus and R. cates-
beiana. In Australia, expensive initiatives which required precise cost/benefit
assessments have been planned or are being undertaken against B. marinus.
This species, besides the ecological impact, causes economic losses to some
human activity, like apiculture (for the species is a predator of the European
honey bee, Apis mellifera Linnaeus; Phillips et al. 2003). Although the economic
impact of cane toads has not been calculated, there are figures which might help
understand the problem. According to the Standing Committee on Agriculture
(2005) mapping the impacts of the cane toad on biodiversity in Kimberley
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(Western Australia) would cost the government some AUS$ 600,000. Other
AUS$ 3 million were also allocated for finding a biological control solution to
toads, in addition to funding for other specific research programmes. On the
other hand, McLeod (2004) estimated that research cost is AUS$ 0.5 million
per annum, while figures on ordinary management cost (quarantine checks and
public awareness and response) are unavailable. It is also calculated that the
construction of a 6 km exclusion fence across the Cobourg Peninsula neck
(Northern Territory, Australia) would cost AUSS$ 3.6-5.7 million, with an
additional expense for annual maintenance in the range of AUS$ 0.4-0.9
million (Brook et al. 2004).

In Europe, figures are only available for local attempts of species eradication.
For instance, Reinhardt et al. (2003) tried to determine the cost to control
R. catesbeiana in Germany. In this country the presence of the bullfrog was
limited to a few populations. However, the foreseen annual cost to implement
control measures on only five ponds (mainly by means of electrofishing) is
€270,000. Reinhardt et al. (2003) also underlines that the total cost would
rise to €4.4 billion (and obviously the ecological harm would likewise increase
commensurately) in the event that this species spreads throughout Germany. In
the UK, south-east England, early efforts to eradicate the first breeding bullfrog
population cost some US$ 29,000 (Inskipp 2003).

CONCLUSIONS

In 1839, Charles Darwin, reflecting on the creatures met in the Galapagos
islands being remarkably unafraid of humans, wrote in his Journal of
Researches into the Geology and Natural History of the various Countries Visited
by H. M. S. Beagle: “We may infer from these facts, what havoc the introduction
of any new beast of prey must cause in a country, before the instincts of
the indigenous inhabitants have become adapted to the stranger’s craft
or power”’. Darwin's concern likely referred mostly to mammals, birds, and
invertebrates, the main taxa which at that time started the reshuffling process
which the peculiar Galapagos faunistic communities have been experiencing
so far. Of course, the man who so greatly contributed to the fame of the
“enchanted islands” could not imagine that, not long after his visit, a small
tree frog would have spread in the Galapagos islands, ready to jeopardise
indigenous arthropods.

Something is happening to the evolutionary history of the world biota that we
cannot control and we are only beginning to understand. The introduction of
NIAR is altering the composition and the ecology of original biological commu-
nities in space and time. The alarming spread, particularly of cosmopolitan
species, and the naturalization of new taxa are expected to continue in the future
with an increasing trend towards globalization, possibly exacerbated by major
environmental perturbations. For instance, climate changes (Mooney 1996,



154 Riccardo Scalera

Bright 1998) were probably involved in the successful colonization of S. quin-
quefasciatus in the Galapagos (Snell and Rea 1999) and may be related to
outbreaks of chytridiomycosis in Central America (Pounds et al. 2006). Of
course, also minor environmental modifications (Kiesecker 2003) could provide
new opportunities to the spread of NIAR, for instance contributing to the
connectivity of distant places and creating a more homogeneous habitat.
Indeed, in Australia roads facilitate the dispersal of B. marinus (Seabrook and
Dettmann 1996). On the other hand, it is interesting to notice that, at least in
Florida, none of the colonizations that occurred so far originated in natural
habitats and most NIAR have remained only in disturbed sites (Butterfield et al.
1997).

The spread of NIAR has clearly been overlooked so far, but, following the
increased understanding of their negative effects, it is likely that the perception
will change and management strategies to deal with their presence and to
prevent further introductions, particularly those accidentally caused by keeping
so many species as pets, will be implemented. In this context, developing
adequate laws and regulations would be essential (see also Chapter 37).

From a conservation point of view, a proper knowledge of the origin of
a NIAR (particularly when confusion arises to whether it is actually introduced
or just overlooked autochthonous) can be very important, for instance when
planning a management strategy. The story of the pool frog, R. lessonae, in
Britain shows the implications of attributing a wrong status to a species from a
conservation perspective. This species was traditionally considered as occurring
in Britain only as a result of ancient introductions, but recent findings suggest
that indigenous populations also occurred, before disappearing in the 1990s
(Beebee et al. 2005). As a result, the conservation status of this species is
now totally overturned, R. lessonae being Britain’'s most endangered amphibian,
currently targeted even by reintroduction programmes. This is not an isolated
case. In France there seems to be an analogous situation (Pagano et al. 2003).
Also in Switzerland, the reintroduction of E. orbicularis carried out with speci-
mens of unknown origin shows the high risk of genetic introgression which
might occur in areas occupied also by indigenous populations, when little
attention is paid on the choice of the taxa to be used (Wittenberg 2005).

It is clear that the scientific community should dedicate more efforts on
finding solutions to face the spread of NIAR. The stimulation of further studies
would certainly help find a solution for this global challenge. Focusing on
scientific research to mitigate the impact on indigenous species can give inter-
esting results. For instance, in the future it could be possible to reduce the
impact of chytridiomycosis through bacterial species recently isolated on
the skins of some Australian amphibians which inhibit the growth of fungi,
including B. dendrobatidis (Harris et al. 2006).

Dedicated communication campaigns and other measures aimed at raising
awareness in public opinion and among policy makers would certainly prevent
further introductions. The production of reader friendly publications on this
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topic would involve academics and the general public in the process of clarifying
the geographical distribution of problem species, as well as in the work of early
detection of newly established species.

Meanwhile, waiting for an adequate reply from the scientific communities
and the competent authorities, nature is doing its best to overcome this threat.
For instance, in Australia both body size and toxicity of B. marinus — and
therefore its impact on indigenous predators — are considered to be decreasing
with time (Phillips and Shine 2005). On the other hand, there are indigenous
snakes in Australia, such as the keelback Tropidonophis mairii Gray, which seem
capable of adaptively responding to the toad invasion by increasing toxin
resistance (Phillips et al. 2004). Thus, although most introductions prove to
be irreversible, there are clues suggesting that some indigenous species are
learning to live with the threats posed by invasive species. From the perspective
of threatened indigenous species, this is clearly the best they can do, without
adequate human support.
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Chapter eight

The red-eared slider
(Trachemys scripta elegans)

in Asia: a review

Neil F. Ramsay, Pek Kaye Abigayle Ng, Ruth
M. O’Riordan, and Loke Ming Chou

INTRODUCTION

This chapter reviews what is currently known about the status of red-eared
sliders in Asia, as well as the potential impact of this non-indigenous species
(NIS) on the native Asian biota. It includes published literature, information
from websites, as well as mentioning ongoing research where known.

The red-eared terrapin or slider, Trachemys scripta elegans (Wied) is native to
the south-eastern United States. Estimates of the annual trade in hatchlings
vary from 3—4 million (Platt and Fontenot 1992), 4—7 million (Warwick 1991),
8 million (Williams 1999), to 43.6 million from the USA between 1998 and
2002 and 52 million between 1989 and 1997 (Telecky 2001). The popularity
of this species has been influenced by crazes amongst children coinciding with
cartoons featuring Teenage Mutant Ninja (Hero in the UK) Turtles. Following
on from its popularity in the international pet trade, individuals have been
released (as discarded pets or for religious reasons) in many places outside
their natural range around the world, including a number of Asian countries.
Trachemys scripta elegans is in the list of the top 100 of the world’s worst invasive
NIS drawn up by the World Conservation Union IUCN (Global Invasive Species
Database, http://www.issg.org/database) and is considered a major threat to
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indigenous aquatic flora and fauna. In 1975, the US Food and Drug Adminis-
tration banned the domestic sale of terrapins less than four inches (~12 cm) in
length (which some children put in their mouths) because they were causing an
estimated 300,000 cases of salmonellosis annually (Williams 1999). According
to Williams (1999), at that time most of the estimated 8 million hatchlings
annually exported to 60 nations were infected with salmonella (ranched terra-
pins are fed slaughterhouse offal rich in salmonella). Slider ranching is also an
important activity in countries other than the USA. A number of salmonella
infections in humans have been traced back to pet terrapins, most of which
were T. s. elegans. Several authorities believe that they should be considered to
be potential vectors of salmonellosis: care should be taken to prevent water in
which a pet terrapin has been kept from coming into contact with kitchen
utensils or food (Newbery 1984). In people, salmonella causes diarrhoea, fever,
and nausea, and can lead to more serious complications such as blood poison-
ing, meningitis, or death. The most serious cases are found in infants and people
with weak immune systems (Salzberg 2000). The importation of red-eared
terrapins into New Zealand was banned by the Department of Agriculture due
to the potential human health risk (Robb 1980). Conversely, concerns have
been raised regarding the depletion of T. s. elegans in their natural habitats in
southern Louisiana, due to over collection of adults as breeding stock for farms
(Warwick et al. 1990).

THE GLOBAL SITUATION

Introductions of red-eared sliders due to releases and/or escapes from the pet
trade have been reported in Guam (Mariana Islands), Taiwan, Korea, Japan,
Malaysia, Singapore, Thailand, Indonesia, Sri Lanka, New Zealand, Israel,
Arabia, Bahrain, South Africa, Brazil, Panama, Bermuda, Italy, Spain, Britain,
France, Guadeloupe, Guyana, Martinique, Polynesia, and Reunion, as well as in
North America outside its natural range (Newbery 1984, Bouskila 1986,
Uchida 1989, Ernst 1990, McCoid 1992, Platt and Fontenot 1992, Daniels
1994, da Silva and Blasco 1995, Moll 1995, Ota 1995, Luiselli et al. 1997,
Servan and Arvy 1997, Chen and Lue 1998, Thomas and Hartnell 2000).
Although the red-eared slider is now found on every continent except
Antarctica (Salzberg 2000), the ecological effects of introductions of T. s. elegans
have been poorly documented (Platt and Fontenot 1992). Most research on its
ecology and biology has been in its native temperate regions (e.g. Cagle 1944a,
1944b, 1946, 1950). This species is generally diurnal, feeding mainly in the
morning and frequently basking on shores, logs, or while floating, during
the rest of the day (Morreale and Gibbons 1986). At night, it sleeps lying on
the bottom or resting on the surface near brush piles and hummocks (Ernst
and Barbour 1972); however males may move overland at night. Aggressive
interactions during basking among four species of emydid terrapins have been
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observed (Lindeman 1999). Cagle (1946) correlated basking, feeding, and
courtship with temperature. It is thought that the terrapins do not feed beyond
the extremes of the temperature range of 10-37 °C and consequently do not
grow. Juvenile red-eared sliders are mainly carnivorous, eating tadpoles, insects,
snails, and spiders, but adults are opportunistic omnivores, consuming almost
any food item available, including small fish, amphibians, water plants, and
various molluscs (Newbery 1984, Parmenter and Avery 1990). They feed at
any time of the day but usually in the early morning and late afternoon
(Newbery 1984).

With its broad ecological tolerances, omnivorous diet, and dispersal ability,
there is the potential for establishing breeding populations in many areas of the
world but little research has been carried out yet. In some countries, where it
has been introduced, red-eared sliders have been said to compete with indige-
nous species for food and basking spots (Salzberg 2000). There is some prelimi-
nary evidence that introduced T. scripta, now common in Bermuda, are eating
mosquito fish (Gambusia) as well as a variety of local snails (Davenport et al.
2003). In almost all countries where they have been introduced, there are
already indigenous freshwater chelonians.

Before focusing on Asia, we will first briefly examine some of the research
on this species in areas where it has been introduced, which are pertinent to
the Asian situation.

RESEARCH OUTSIDE ASIA

Although there has been some research carried out on the possible impacts of
sliders in Europe, there is however to date no hard evidence of threats to the
indigenous species Emys orbicularis (Linnaeus), Mauremys leprosa (Schweigger),
and Mauremys caspica (Gmelin), or to freshwater ecosystems. However, in an
experimental set-up in France, Cadi and Joli (2003) found sliders outcompeting
E. orbicularis for basking sites. Again in France, Servan and Arvy (1997)
reported that T. scripta was widely distributed and reproducing in three regions
where the European pond turtle E. orbicularis occurred and Cadi et al. (2004)
confirmed production of both sexes from nests incubated in the wild. A com-
parison of biological parameters with E. orbicularis showed that the red-eared
slider was bigger, had a more precocious reproduction, the eggs were larger, the
young heavier, and the populations more numerous than those of the European
pond turtle (Servan and Arvy 1997). The minimum length of males of the
red-eared slider at maturity is less than that of the E. o. orbicularis, which
explains the precocious maturity of the red-eared slider: two to five years for
T. s. elegans (Cagle 1950) versus six to 16 years for E. o. orbicularis (Servan and
Arvy 1997). Morreale and Gibbons (1986) and da Silva and Blasco (1995)
suggested that breeding populations of T. scripta would become established in
south-western Spain, an area of habitats and climate similar to parts of its
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native range, and so there is the potential for competition between T. scripta
and the indigenous species (M. leprosa and E. orbicularis). In Valencia there
is evidence of reproduction; nest sites and hatchlings (Sancho et al. 2005,
N. F. Ramsay and R. M. O'Riordan 2005, personal observation). In the
1990s, da Silva and Blasco (1995) warned that, if the range of T. scripta
expands, a displacement of the indigenous species can be expected and that
this event would have especially deleterious consequences for E. orbicularis, as it
is far more endangered and scarce in Estremadura than is M. leprosa (da Silva
1993). In 1997, the then 16-member European Union banned the import of
red-eared sliders on the grounds that they were having a deleterious effect on
the indigenous European pond terrapin (E. orbicularis).

In Israel, T. scripta is believed to compete with M. caspica (Bouskila 1986),
while in South Africa it is suspected that T. scripta has displaced the native range
of Pelomedusa subrufa (Lacépéde) through competition. Sliders have adapted
completely to the seasonal changes. Instead of breeding between March and
September (the normal spring and summer months in North America), they
breed during the South African equivalent (late August to February). The
reproductive success of animals kept in large open pits on the Transvaal high
veldt has been very good, suggesting that reproductive success will also be good
for those individuals released into the natural environment. In Queensland,
Australia, the red-eared slider became a declared Class 1 pest species in
2003 [Queensland Land Protection (Pest and Stock Route Management) Act
2002]. Class 1 pests are those species that have the potential to cause adverse
economic, environmental, or social impacts.

IN ASIA

Asia is the world’s most speciose region for tortoises and terrapins as well as
having the greatest percentage of threatened species, with more than 75%
Critically Endangered, Endangered, or Vulnerable, and 91% on the IUCN Red
list (Turtle Conservation Fund 2002). For obvious reasons, research effort and
funding has focused on the indigenous species which are both often poorly
known and highly endangered due to habitat loss and overcollection, and for
aquatic species increasing industrial, agricultural, and domestic pollution of
waterbodies. The introduction of NIS, perhaps carrying novel diseases and
parasites, as well as being potential competitors, may pose another threat to
their already precarious survival. Little research has been carried out in Asia on
non-indigenous terrapins, including impacts of red-eared sliders on indigenous
species, although there is ongoing research in Singapore (see below).
Commercial farming of species, particularly Pelodiscus sinensis (Wiegmann),
can lead to other problems. When there is a slump in the market then farms go
out of business as in Thailand and Malaysia in 2000 (CITES 2003). It is perhaps
not unreasonable to assume that when a farm goes bankrupt unsold animals
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are released. Unless there is effective bio-security, farms also act as reservoirs of
disease from wastewater, escapes, vermin, etc.

Unlike in the EU, where the import of the red-eared slider was banned in
1997, it is still imported into many Asian countries. Whereas the trade in live
freshwater and terrestrial chelonians in Europe and North America is almost
entirely driven by the demands of the pet trade, in Asia there are multiple
markets. There are the local traditional ones, for food especially the soft-shelled
Trionychidae species; medicine, e.g. Three-striped Box Terrapin Cuora trifasciata
(Bell) can fetch US$2,000 on the black market, with material from the plastron
of this species believed to be a cure for cancer (Guynup 2004); religious reasons
(release for karma); and a growing internal pet trade. Demands from all of these
potential markets within Asia are rising with a burgeoning middle class and
consumer-driven populace.

Singapore

The red-eared slider is the only reptile species legally sold in Singapore in the pet
trade, with the numbers imported peaking in 2005 at over 587,852 animals
in that year (Lye Fong Keng, Agri-Food and Veterinary Authority, Singapore,
2006, personal communication). Table 1 shows the total numbers of imports
and those from the United States of this species in the last few years, with a clear
increase after a drop in 2003. A number of other chelonian species have been
found illegally for sale in pet shops (ACRES 2005, Goh and O’'Riordan 2007). In
the wild, in Singapore, at least 11 species of terrapins have been recorded, both
indigenous and NIS (Lim and Chou 1990, Lim and Lim 1992, Chou 1995, Teo
and Rajathurai 1997). One of the indigenous species, the Mangrove or River
Terrapin Batagur baska (Gray), is ranked as Critically Endangered by the ITUCN
and was first on the list of the World’s Top 25 Most Endangered Turtles released
by the Turtle Conservation Fund in 2002, while two other species found in
Singapore, the Spiny or Spiny Hill Terrapin, Heosemys spinosa (Gray), and the
Giant Soft-shell Turtle, Pelochelys cantorii Gray, are categorized as Endangered.
Furthermore, about 5% of Singapore’s reptiles have become extinct over the last
183 years (Brooks et al. 2003). By far, the most frequently observed chelonian
in Singapore waterbodies is the red-eared slider. However, other NIS have also
been found in them, including the Chinese Striped-neck, Ocadia sinensis (Gray),
the Cooter, Pseudemys sp., Chinese Softshell, P. sinensis, and the Pig-nosed
or Fly river turtle, Carettochelys insculpta Ramsay (P.K.A.Ng 2005, personal
observation). The Chinese Softshell, P. sinensis, is the only species of terrapin
permitted for import into Singapore for food. So, as in many parts of Asia, in
Singapore there are three separate but sometimes overlapping trades in terra-
pins; the pet trade; for human consumption; and release for religious reasons. In
Singapore, releases of introduced terrapins have gone on for decades (Lim and
Lim 1992) for religious reasons, and when red-eared sliders become too large or
aggressive to be kept as pets.
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Table 1 Numbers and origins of red-eared sliders imported into Singapore
(2001-2005).

Year Numbers from US Total Numbers
2001 284,000 301,245
2002 266,604 269,904
2003 147,363 149,863
2004 388,236 389,036
2005 522,502 587,852

(Source: Agri-Food and Veterinary Authority, Singapore)

Teo and Rajathurai (1997) mentioned 87 records of sliders in their survey of
the nature reserves of Singapore and noted that this species was well established
in the reservoirs and lakes of Singapore. They commented that fortunately
at that time it had not established itself in forest streams, but it is known that
red-eared sliders may move overland (Cagle 1944a) especially if a habitat
becomes unsuitable, if there is overcrowding, for mate-seeking, or for securing
food, and they may move up to 1.6 km from the nearest water to nest (Cagle
1950). Sulaiman (2002) noted that a major concern for conservationists in
Singapore was that sliders may outcompete local species, such as the Spiny
Terrapin and the Malayan box terrapin, Cuora amboinensis (Daudin). Sliders
have been recorded laying eggs in the Botanic Gardens (Teo and Rajathurai
1997) and nesting behaviour has been observed there (T. W. H. Tan 2003,
personal communication) and at the Night Safari of Singapore Zoological
Gardens (T. M. Leong 2003, personal communication), but it is unknown
whether the eggs were viable. In Singapore, there has as yet been no published
research to show if T. s. elegans and other introduced terrapins are successfully
reproducing in the wild and whether there are effects on indigenous species,
e.g. if the reproductive period of T. s. elegans overlaps with indigenous species,
there may be potential competition for nest sites. Sulaiman (2002) noted that a
female slider can produce up to a dozen eggs twice a year and may out-breed the
Malayan box terrapin that lays two eggs each time.

Since 2002, scientists at the National University of Singapore have been
undertaking a comprehensive research programme on the biology of red-
eared sliders in Singapore. The aspects under study are: (1) diet and whether
there is overlap with indigenous terrapins or other species; (2) surveys of
waterbodies for the presence and population size of both indigenous and
non-indigenous terrapins; (3) estimates of the population size and structure,
in particular for evidence of recruitment (habitat preferences of NIS are being
compared with those of indigenous species); (4) the activity patterns of red-
eared sliders are being examined and an ethogram determined (the occurrence
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of courtship and nesting behaviour are being recorded and the timing of
reproduction and egg-laying, the number of eggs produced, and the site of
nesting are being examined; interactions with other species, terrapins and
others, including aggression, competition for food and basking sites and preda-
tion are recorded); (5) the parasite and disease status are also being examined;
(6) comparative studies of how red-eared sliders and two ‘local”’ species
respond to food items, accelerative ability and food capture/handling methods
by video-recording and kinematic analysis (c.f. Davenport et al. 1992) have
been completed (Davenport 2005, personal communication).

The aim at the end of the research programme is to establish if there is
an impact by sliders on the indigenous fauna and to provide a programme
for long-term monitoring. Data from this research will be of use for resource
management by the National Parks Board (the Singapore body responsible for
parks and catchment areas) and to educate the public with respect to the
potential problems that can result from releasing NIS into the environment.

Thailand

Adult sliders are abundant in all ponds in parks and temples in Bangkok
(Jenkins 1995, Cox et al. 1998), and have been released into reservoirs and
canals and captured in the wild, north of Bangkok (cited in Jenkins 1995). They
have also been described as ‘common’ in Lumphini Park in southern Thailand
(Ransdale 2001). There is also some commercial production and export of
sliders but this is not thought to be significant (CITES 2003).

China

In China, a range of North American species are being farmed largely for local
demand with 500,000 sliders being produced over three years. Recent exports
of sliders to China from the USA were 4.65 million in 1998, 4.71 million in
1999, and 7.5 million in 2000. China has now stopped the import of sliders less
than 10 cm long (CITES 2003). Surveys of some animal markets found sliders
for sale in Chengdu and Kunming. At Qingshiqgiao, 740 individuals of 11 species
were recorded with sliders making up 95% (91% of these were hatchlings), at
Huaniao 529 ‘turtles’” were on sale with 98% being sliders (97% hatchlings)
(Shi 2000). A small number of sliders were on sale on Hainan Island in 2002
(Shi 2004).

Hong Kong

The presence of sliders in the wild has been recorded by the Hong Kong Reptile
and Amphibian Society (www.hkas.com). Surveys of Kau Sai Chau, Sai Kung
by Dahmer et al. (2001) found a new record for a slider in 2000 compared with
a 1993 survey (Lau and Dudgeon 1999).
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Malaysia

Sharma (1994) reported that in Peninsular Malaysia T. scripta hatchlings are
commonly sold in pet shops in Penang, Perak (Ipoh and Taiping), Melaka,
Terengganu, and Kuala Lumpur. According to Lim and Das (1999), T. s. elegans
is widespread in the wild in both rural and suburban areas in Peninsular
Malaysia; however, these authors do not mention it occurring in Borneo (see
under Indonesia). At the Batu Caves near Kuala Lumpur, adult semi-captive
sliders have been seen in ponds (Jenkins 1995). The authors know that some
research is currently being undertaken on the sliders in Sabah.

Vietnam

Slider hatchlings have been seen on sale in Hanoi's Dong Xuan Market for the
last few years, but have only recently been seen in the waterways. One was first
discovered in Hoan Kiem Lake in Hanoi in 1997 by Professor Ha Dinh Duc of
Hanoi University and, in 2003, more than a dozen juveniles and two adults
were observed (Turtle Conservation Indochina 2003). The red-eared sliders,
reportedly shipped in as hatchlings from Thailand, appear to have found their
way into the lake as releases for religious reasons. Perhaps a hundred or more
turtles are released into the lake by Hanoians each year as part of their tradition.
Prof. Ha Dinh Duc noted that the Buddhist tradition of releasing wildlife has
resulted in 12 species of turtles thus far being recorded in the lake, including
Indotestudo elongata (Blyth), Manouria impressa (Ginther), Pyxidea mouhotii
(Gray), O. sinensis, and P. sinensis (Turtle Conservation Indochina 2003). In
2004, Prof. Ha Dinh Duc said that there had been no formal research into the
impact of the red-eared slider on Hoan Kiem Lake’s indigenous wildlife, but felt it
was clear that there would be negative consequences as water levels fall, and
called for detailed research into the consequences that NIS would have on
genetic diversity and the lake’s ecosystem. According to Turtle Conservation
Indochina (2003), there is no clear evidence that the red-eared sliders are eaten
in Vietnam or shipped to China, although larger individuals are occasionally
observed in Ho Chi Minh and Hanoi markets. Red-eared sliders are likely to
establish a foothold in Hoan Kiem Lake and possibly other places, as the lake
offers suitable nesting, and it is likely that releases will continue to augment
existing numbers in the future.

Republic of Korea

There are records of red-eared sliders from a number of areas of Korea. Sliders
were originally imported into Korea in the 1970s for Buddhist release cere-
monies and later as pets. There has been an estimate of 6.5 million animals
imported up until when their import was banned in late 2001(Soh Ji-young
2003).
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Japan

Uchida (1989) wrote of the then current status of non-indigenous terrapins in
Japan. More recently, a survey of 802 sites in 46 prefectures, conducted by the
Nature Conservation Society of Japan in 2003, found 5,966 ‘turtles’ and 90% of
these were NIS, being mostly species common in Taiwan and North and South
America. Sliders made up 62% (3,708) of all turtle records (Turtle and Tortoise
Newsletter 2004, Templado 2005). There are also records from Okinawa (Ota
1995), while according to Brazil (2005) sliders can be found in every prefecture.
The Invasive Alien Species Act was enacted in Japan at the start of June 2005.
It prohibits the importation, sale, raising, and release into the wild of 37 NIS.
Included in the list is the North American snapping turtle (Chelydra serpentina
Linnaeus), and pet owners had until 1 December 2005 to register their turtle
with the Environmental Ministry. However, the red-eared slider, of which up
to a million are imported into Japan each year, is not listed. According to
Templado’s (2005) article, fear of a mass slider release is one of the reasons
why this species was not included in the list.

Indonesia

The Asian Turtle Conservation Network has listed red-eared sliders from
Sumatra, Java, Kalimantan (Borneo), Sulawesi, and Irian Jaya (Hendrie and
Vazquez 2004). The Irian News reports that the WWF have an additional
record for Manokwari in Irian Jaya in 2004 (Irian News 2004).

Taiwan

Lue and Chen (1996) found T. scripta to be the second most abundant turtle of
all the rivers surveyed in Taiwan. Subsequently, these authors suggested that
the wide ecological tolerance and dietary habits of sliders may cause impacts
on indigenous chelonians in Taiwan (Chen and Lue 1998). Although the
introduction of sliders may unfavourably affect indigenous fauna, only limited
data are available regarding the status of its populations, as well as its relation-
ship with indigenous organisms in Taiwan. In the Taipei Botanical Garden,
released individuals of the sliders have almost eradicated the vegetation (water
lilies) in a pond. The release of non-indigenous freshwater chelonians is banned
in Taiwan, but the law is very difficult to enforce and some sliders are released
through Buddhist Mercy Ceremonies. Severinghaus and Chi (1999) commented
that in Taiwan prayer released birds are usually wild caught, while the turtles and
fishes tend to be captive bred NIS, such as T. scripta and carp. The import into
Taiwan of reptiles as pets is now banned by the government (Chen and Lue 1998).

We have not found any published information on red-eared sliders in India,
Cambodia, Lao PDR, or Myanmar. Except for the record of its occurrence
mentioned in Servan and Arvy (1997) we have no other data for Sri Lanka.
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CONCLUSIONS

There is a growing awareness across much of Asia of the potential problems
of NIS as well as of the trade in wild-caught chelonians. There is however a lack
of research in most countries on any potential effects, negative or otherwise, of
sliders and other non-indigenous chelonians on indigenous species. Indeed, the
CITES (2003) report on the trade in chelonians has argued that since T. scripta
evolved in a region with a diverse range of other terrapin species sharing the
habitat, that although opportunistic, it generally does not exclude other species.
If there is competition with other terrapins, it is more likely to be in temperate
regions where basking becomes more important. The report suggested that it is
unlikely that sliders will establish dominant populations in hill or forest streams
nor in large rivers and reservoirs, but is more likely to establish in lowland,
vegetated, slow-moving, or static waterbodies, e.g. in canals, ponds, and lakes.
Luiselli et al. (1997) have emphasized that the introduction of NIS should
always be strongly discouraged and that severe preventative measures should
be adopted by each responsible government to reduce such activities. Releases
into the wild can have far-reaching and harmful consequences for natural
ecosystems (Newbery 1984) and it is necessary to educate the public about
the potential deleterious effects. In Spain, steps are being taken to eliminate
sliders (da Silva and Blasco 1995). Several Asian countries have now banned
the importation of red-eared sliders and/or have attempted to restrict the trade
in wild species. Unlike other tropical regions, there is a sizeable, local (i.e. Asian)
demand for chelonians. The cultural significance has to be treated sensitively to
avoid complaints of interference with religious beliefs and traditional medicine.
This demonstrates the need for local, culturally sensitive educators preferably
from the same communities in combination with scientific research. According
to Jenkins (1995) and to the Asian Turtle Trade Working Group (2000),
keeping chelonians as pets in South-east Asia was much less prevalent
than in Europe and North America, but is not uncommon and is increasing.
In the European Union, the banning of the sale of T. s. elegans has resulted in
the importation of another subspecies, T. s. scripta, the yellow-bellied slider. It is
therefore likely that a similar scenario of releases and escapes will result in
another slider in the wild, while there is still not enough research on the
potential impact of T. s. elegans. The CITES (2003) report commented that
only continued monitoring of non-indigenous ‘‘freshwater turtle distribution
combined with ecological studies of turtle communities in Asia and beyond
can provide answers and suggest methods for active management” of
non-indigenous freshwater turtle populations.
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Chapter nine

Semiaquatic mammals
introduced into Italy: case
studies in biological

invasion

Sandro Bertolino and Piero Genovesi

INTRODUCTION

Several semiaquatic mammal species introduced into European freshwater
ecosystems are very successful colonizers and rapid invaders. There are four
species established in the regional wetlands: the coypu (Myocastor coypus
Molina), the muskrat (Ondatra zibethicus Linnaeus), the American mink (Mustela
vison Schreber), and the Canadian beaver (Castor canadensis Kuhl). These species
were imported into Europe to be farmed or were intentionally released into the
wild with the aim of harvesting their furs. The Canadian beaver was errone-
ously released in Finland in an attempt to recover the extinct population of
European beavers exterminated by overhunting in the 19th century (Nummi
1996).

Three of them (coypu, muskrat, and mink) are present in Italy with a different
status and pose different and complex challenges for preventing further intro-
ductions, eradicating key populations, and mitigating the impact of the popu-
lations already established in the wild. The principles of a national strategy on
the non-indigenous semiaquatic species in Italy could thus provide examples for
addressing other species and countries.
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Despite the wide differences in the ecological niches of the species considered
in this review (the mink is a strictly carnivore predator specialized for predation
on vertebrates; the muskrat and the coypus are grazers, feeding on several
aquatic plant species), all the species share several similar biological traits:
(1) all are strictly linked to aquatic habitats, are good swimmers and fast
colonizers, able to rapidly occupy vacant suitable habitats; (2) have a large
original range (American mink and muskrat inhabit most of North America; the
coypu is widespread in South America); (3) feeding niches are very broad, being
all able to adapt their diets to the local availability of prey/plants; (4) are larger
than most similar indigenous European species — American mink is larger than
the European mink Mustela lutreola (Linnaeus), while no medium-large aquatic
rodents are present in Italy and in southern Europe, since the beaver is extinct
in all this area.

On the basis of the biological traits and distribution of the species, and taking
into account the potential impacts they may cause, we discuss the main
elements for a national Italian policy on non-indigenous semiaquatic mammal
species.

THE SPECIES

The coypu is a rodent native to South America that has been imported for fur
farming to Europe, Asia, Africa, and North America (Lever 1985, Carter and
Leonard 2002). Individuals escaped from the farms or released into the wild
established populations along riverbanks and in wetlands of many countries. In
Europe, the coypu is widespread from Spain to Romania and from Italy to
Germany (Mitchell-Jones et al. 1999, Carter and Leonard 2002). The species
is considered a pest because of the damage produced by feeding on natural
vegetation and crops and for its burrowing activity that undermines riverbanks
and dikes (Table 1).

The muskrat is a rodent native to North America, extending its range from
Canada to the Gulf of Mexico, the Rio Grande, and Colorado. The present
distribution of muskrat outside its native range is the widest for any introduced
vertebrate, apart from commensal rats and mice; in Eurasia, the species now
ranges from Atlantic to Pacific coast (Long 2003). The introduction outside its
original range was a consequence of the release or escape of specimens from
breeding farms followed by their natural expansion.

The muskrat was first introduced into Czech Republic near Prague in 1905;
here five animals originated two million of individuals in 10 years (Nummi
2002). Its present distribution in Europe ranges from France to Russia and from
Italy and Romania to Scandinavia and Baltic countries. In some European
countries, the species is responsible for damage to riverbanks and to cereal
crops, and changes the composition of aquatic plants (Table 1) with significant
impacts on the invertebrate fauna (Nummi et al. 2006). There is also some



Semiaquatic mammals introduced into Italy 177

Table 1 Impacts of three introduced semiaquatic mammals on ecosystem and
human activities.

Introduced species Threats/damage Source

Damage to vegetation
Myocastor coypus ~ Impact on natural aquatic Boorman and Fuller 1981,
vegetation by feeding Foote and Johnson 1993,
Bertolino et al. 2005
Ondatra zibethicus  Effects on the abundance of some Danell 1996, 1977
plants and on species dominance

Threats to the indigenous fauna

Myocastor coypus  Destruction of bird nests; Scaravelli 2002,
predations on eggs Tinarelli 2002

Ondatra zibethicus ~ Impact on invertebrate fauna by Danell 1996,
changing vegetation structure; Nummi et al. 2006

competition with water vole;
suggested impact on freshwater
mussels and crayfish

Mustela vison Competition with European Sidorovich et al. 1999,
mink and polecat; negative Sidorovich and
impact on water vole, other Macdonald 2001,
rodents and ground-nesting Macdonald et al. 2002,
birds Nordstrom et al. 2002,

2003, Banks et al. 2004
Other impacts

Myocastor coypus  Burrowing activity weakening Carter et al. 1999,
riverbanks and dikes Panzacchi et al. 2007

Ondatra zibethicus ~ Burrowing activity weakening Danell 1996
riverbanks and dikes (low impact)

Mustela vison Predation on poultry, Harrison and Symes 1989,
reared game birds, and Moore et al. 2000,
fisheries Sheail 2004

evidence of competition with the water vole Arvicola terrestris (Linnaeus) and
negative impacts on other aquatic species.

The American mink is a predator native to North America, where it is broadly
distributed except in Mexico, southern areas of the USA, and north of the Arctic
Circle. The first American minks were imported to Europe for fur trade in the
1920s and at present breeding farms are located in various countries. In eastern
Europe this predator has also been intentionally released into the wild in the
1930s and 1940s to give rise to populations that could then be harvested for
the fur trade. Established populations of the species are present in most part
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of Europe, especially in the north-eastern countries, in the British Islands, and
in the Mediterranean countries (Bonesi and Palazon 2007). The mink poses
severe impacts on a number of indigenous species, in particular the water vole,
ground-nesting birds, and waterfowl (Table 1). In some cases, its predation
caused the complete breeding failure of invaded colonies of terns and gulls
(Craik 1997). It is considered a major threat to the endemic European mink
(Sidorovich et al. 1999) and competes for space and food with the polecat
Mustela putorius Linnaeus. It also can cause significant damage to poultry
runs, reared game birds, and fisheries.

THE ITALIAN SITUATION

The distribution of the coypu in Italy (Fig. 1a) had a sharp increase in recent
years, passing from scattered to the present widespread range, with two more
or less separated populations: one in northern Italy — from the Po Valley

Fig. 1a  Distribution of the coypu in Italy (Cocchi and Riga 2000).
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and along the Adriatic coast as far as Abruzzo — and the second along the
Tyrrhenian coast of Tuscany and Latium. In southern Italy and in the major
islands, the presence of the species is still localized (Cocchi and Riga 2001),
although in southern Sardinia it is already quite widespread. The species range
is still in expansion where ecological and environmental conditions are favor-
able; on the basis of a suitability habitat model, the present range could further
increase in the future by 2.5-3.3 times (Ottaviani cited in: Panzacchi et al.
2007).

The coypu can compromise the integrity of the sloping embankments of
irrigation canals through its burrowing activity, and is suspected to have
contributed to the causes of flooding, with major economic losses (Panzacchi
et al. 2007). The species can also cause locally important economic damage
by feeding on crops, such as sugar beets and maize. The impact of the coypu
on wetlands through feeding on aquatic vegetation can be also severe
(Reggiani et al. 1993, Cocchi and Riga 2001, Bertolino et al. 2005).
It destroys nests and preys on eggs of several aquatic birds, including some
endangered species (Scaravelli 2002, Tinarelli 2002). It has been hypothe-
sized that the species has a role in the epidemiology of leptospirosis (Michel
et al. 2001), although it is less important for the spread of the bacteria in
the environment compared to other species as rats (V. Guberti 1999, personal
communication).

A recent national survey on the economic losses due to the coypu in Italy
showed that in 6 years (1995-2000) damage to the riverbanks exceeded €10
millions and impact on agriculture reached €935,138 (Panzacchi et al. 2007).
At present, the eradication from Italy is considered impractical, because the
population is well established and widespread, and permanent control is the
most common management policy. In the period covered by the survey
(1995-2000), control activities involved the removal of 220,688 coypus and
a cost of €2,614,408; however, this effort did not seem to have successfully
contained either the expansion of the rodent or its damage at a national
level (Panzacchi et al. 2007). However, local experiences indicated that
well-planned control programs can slow down coypu population increase or
manage to eradicate isolated populations (Velatta and Ragni 1991, Bertolino
et al. 2005).

The muskrat is confined to very few wetlands of north-eastern Italy. Cases of
natural expansion of the Slovenian population have been observed, causing the
establishment of the species in some localities of Friuli-Venezia Giulia (Lapini
and Scaravelli 1993). The present distribution in the country is still very limited
and no impacts are recorded so far (Fig. 1b).

The first breeding farms of American minks in the country were established
in the 1950s; nowadays there are less than 30 farms, mostly in central
and north-eastern Italy. Feral populations originated by individuals that
escaped from captivity or were released are recorded in four areas: Friuli
(Bon et al. 1995), Ronco River (Emilia-Romagna region; D. Scaravelli 2002,
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Fig. 1b  Distribution of the muskrat in Italy (Spagnesi and De Marinis 2002).

personal communication), Aniene valley (Latium region; Angelici et al. 1998),
and Flumendosa River (Sardinia Island; A. Deiana 2001, personal communica-
tion) (Fig. 1c). It is not yet clear which populations are self-sustaining (repro-
duction has only been observed in Latium), but data of its constant presence
reported for Sardinia and Ronco River seem to confirm that there are several
naturalized populations in the country.

Fur farms are often the objects of raids by animal liberation activists who
enter the captive-centers during the night, opening cages and releasing
the animals. In Italy, in the last 6 years more than 30,000 individuals were
released in this way in five areas (Table 2). Most of the animals died
from predation, starvation, or were killed by cars, killed illegally, or recaptured.
It is known that animals adapted to captivity usually show reduced fitness
under natural conditions (Tufto 2001); however, it cannot be excluded that
some of the released individuals gave rise to small populations that went
undetected.
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Fig. 1c  Distribution of the American mink in Italy (Andreotti et al. 2001).

Table 2 American mink released in Italy from fur farms by the animal liberation
activists in 2000-2005.

Province Region Year Animals released
Parma Emilia-Romagna (NE Italy) ? 5,000
Forli-Cesena Emilia-Romagna (NE Italy) 2001 3,000
Treviso Veneto (NE Italy) 2002 5,000
Ferrara Emilia-Romagna (NE Italy) 2003 20,000
Padova Veneto (NE Italy) 2005 200

THE REASON OF A SUCCESS

The three species here considered are among the most successful invaders
in Europe; the mink and the coypu are included in the IUCN list of the “100
worst alien species’ (Lowe et al. 2000). According to Ehrlich (1989), successful
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invaders are species able to cross major barriers — in this case with the help
of humans — rapidly establish viable populations and expand both in number
and range in the new habitats relatively quickly. There are several biogeo-
graphic, ecological, biological, physiological, and genetic attributes which
can be used to identify a potential invader. These were reviewed by Ehrlich
(1989) for vertebrates and applied to muskrat by Danell (1996). According
to Ehrlich (1989), successful invaders have broad ecological amplitude; this
assumption has also been supported by Vazquez (2005) who proposed a “niche
breadth-invasion success”” hypothesis, suggesting that generalists are more
successful invaders than specialists. Non-indigenous species more adapted
to occupy human-modified habitats are more likely to establish into the wild
(Sol et al. 2002). Also r-selected species often make successful invaders (Saether
1988).

Coypu, muskrat, and mink have most of the attributes of successful invaders,
as they: (1) have large native ranges; (2) often present consistent populations;
(3) are rapid dispersers; (4) have broad diet and good behavioral flexibility;
(5) show short generation times; (6) are partially gregarious; (7) pregnant
females can colonize new areas; (8) have larger size than local congeneric;
and (9) are all able to colonize human-modified habitats (Table 3).

Table 3 Attributes of successful vertebrate invaders (adapted from Ehrlich 1989,
Danell 1996) and how these apply to the semiaquatic mammals introduced into Italy.

American

Attributes of successful invaders Muskrat Coypu mink
Large native range + + +
Abundant in original range + + 4
Mobile 4 + +
Broad diet + + +
Short generation lines + + 4
Much genetic variability o* 7 P
Gregarious + + _
Female able to colonize alone + +

Larger than most relatives + + +
Associated with man — — _
Able to function in a wide range + + +

of environmental conditions
Able to colonize human-modified habitats

+
+

* Founder animals originated from breeding farms; repeated releases may have avoided
decrease in genetic variability
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CONTROL VS. ERADICATION

Eradication of non-indigenous species is globally acknowledged as a key man-
agement option for mitigating the impacts caused by biological invasions
(Wittenberg and Cox 2001, Genovesi 2005). Many invasive introduced species
have been eradicated worldwide, managing in this way to prevent the impacts
they cause to biological diversity and economy (Simberloff 2002, Genovesi
2005). However, eradication and control in freshwater ecosystems are often
much more difficult than in terrestrial environments, and in fact no eradication
of amphibians, reptiles, plants, or invertebrates have been completed so far in
Europe (Chapter 34).

The main — not to say the only — exception to the difficulty of controlling
non-indigenous species in aquatic environments is the removal of mammal
species, considering that several eradication projects of introduced semiaquatic
mammals have been successfully completed in Europe (Table 4), including the
eradication of the muskrat and the coypu from the UK and of the American
mink at the local scale, such as its removal from the island of Hiimaa, Estonia
(Genovesi 2005), and in the Outer Hebryds (Hebridean Mink Project 2006). The
eradication campaign against the coypus in England during the period
1981-1992 is considered one of the most successful eradication projects carried
out in Europe and the largest completed on mainland in this region (Gosling
1989, Genovesi 2005).

Eradication is most applicable when populations are still small, and thus is
more likely to succeed when realized within a short period after the introduction
(i.e. Bomford and O'Brien 1995). Once a non-indigenous species has widely
established in the wild and population size becomes large, eradication usually
becomes expensive and technically complex (Genovesi 2000). In this case, a
permanent control campaign is an alternative option, and in fact the three
mammal species here considered are controlled in many countries to reduce

Table 4 Eradication programs carried out in Europe on American mink, coypu, and
muskrat. (Sources: Gosling and Baker 1989, Genovesi 2005, Bonesi and Palazon 2007)

Species Country Region Year Outcome
Mustela vison Estonia Hiiumaa Island 1998-1999  Successful
Finland Islands in the 1993-2001  Successful
Baltic Sea
Great Britain 1964-1970  Not successful
Myocastor coypus ~ Great Britain ~ West Anglia 1981-1989  Successful
Ondatra zibethicus ~ Great Britain  Scotland, 1932-1937  Successful
Shropshire,

Sussex, Surrey
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Table 5 European countries where the American mink and the coypu are controlled
or hunted. (Sources: Carter and Leonard 2002, Bonesi and Palazon 2007; Website:
http://www.nwrc.usgs.gov/special/nutria/index.htm)

Species Country Method Year of starting

Mustela vison Belarus Control 1992
Iceland Hunting 1940s
Lithuania Hunting 1980s
UK — Itchen Control 1990s
UK — Thames Control 2002
UK — Western Isles Control/Eradication 2001

Myocastor coypus Austria Control 1935
France Control 1974
Germany Control/Hunting ?
Italy Control ?
The Netherlands Control ?

their impacts. In Table 5, a list of countries in Europe where mink and coypu are
controlled or hunted is reported from two recent reviews published on these
species (Carter and Leonard 2002, Bonesi and Palazon 2007).

However, permanent control can be very expensive, and the cost/benefit ratio
of this management option should be carefully evaluated before starting a
campaign. For example, in Italy the number of coypus removed during control
activities in the year 2000 alone (n = 64,338) almost doubled the number of
animals removed in the entire eradication campaign in England (n = 34,822).
The costs paid in Italy for the management (damage and control operations)
of the coypu in the year 2000 only, accounted for about 75% of the overall costs
of the eradication completed in England and the cost/benefits of the coypu policy
in Italy is thus debatable (Panzacchi et al. 2007). As a consequence, whenever it
is technically feasible, eradication is the best option in comparison to permanent
control, because it is definitive and does not require permanent removal efforts
and the standing costs of management.

TOWARD A NATIONAL STRATEGY TO PREVENT AND MITIGATE THE
IMPACTS OF SEMIAQUATIC MAMMALS IN ITALY

The best strategy for preventing the negative consequences caused by biologic
invasions is based on a hierarchical approach that comprises: (1) prevention of
non-indigenous species introduction; (2) in the case that prevention fails,
prompt eradication of the introduced species; and (3) when eradication is not
feasible, spatial containment and/or population control campaign (Wittenberg
and Cock 2001, Genovesi and Shine 2004). In the case of the semiaquatic
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mammals introduced into Italy, prevention should be focused on (1) strictly
regulating the existing fur farm facilities, (2) banning farming in not yet invaded
areas, (3) rapidly respond to illegal releases, and (4) contain arrival through
spread of populations established in neighboring countries. Eradication cam-
paigns should become the key management option when prevention fails, or in
the case of isolated populations already established in the country. Large-scale
containment or a control campaign should be planned on solid science, only
after an in-depth analysis of the cost/benefit ratio.

Legal

All the considered species are automatically protected under the Italian legisla-
tion (Law 157/1992), which does not distinguish between indigenous and
non-indigenous species and does not include a clear reference to eradication.
The legal framework should be revised in order to ensure that legal status of
introduced species is compatible with rapid response and mitigation measures.
DPR 357 (modified and integrated by DPR 120) has introduced a general ban
on the release into the wild of non-indigenous species; however, the practical
interpretation of such ban remains unclear, and enforcement is very complex.
Clear guidelines for the implementation of this ban and for a clarification of the
responsibilities following the introduction of this legal tool are thus urgently
needed.

Prevention

The pathway of introduction for the three species is fur farming (both through
accidental escapes and intentional releases by animal liberation activists); pre-
vention should thus focus on stricter rules on farm facilities, in order to prevent
further escapes, and restrictions to farming in critical areas (most vulnerable
habitats, critical areas for expansion, isolated areas not yet invaded). Fencing
and security of existing farms should be verified and improved, and stricter
criteria of fencing should be imposed when issuing licenses to farms. It is critical
that authorization to farms is conditioned to the capacity of the competent
authorities (Provincial Administrations) to verify and periodically control the
adequacy of the facilities. Muskrats and coypus do not have any commercial
interest at present, and stricter rules for farming these rodents are thus not
a priority. The involvement of farmers is critical, and a voluntary code of
conduct should be developed. A memorandum of understanding with the
ATAV (Italian Association of Mink Breeders) should be established.

Rapid response

Rapidity and efficacy of response to new escapes can be increased by defining
clear protocols for the competent authorities in case of escapes or releases. Also
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in this case, the involvement of farmers is an important element of a response
strategy; a system of rapid alert after escapes or attacks should be developed.
Lists of competent authorities and telephone numbers should be provided
to farmers. Decision process for response should be streamlined in order to
ensure that capture of animals is started within 2—3 h after escape. Competent
authorities in areas with mink farms should develop contingency plans and
collect basic equipments (traps, baits, transport cages, nets) for recapturing
animals and transporting these to the farms. Staff should be trained at trapping
and handling mink. Agreements with farmers should also include support
for careful evaluation of damage to fences and support for immediate repairs.
In order to set up a system of rapid alert in case of new introductions or of
expansions of the species into new areas, it would be important to involve key
groups (i.e. angling association, public fish departments, etc.), producing and
circulating informative documentations to enhance rapid identification of the
species and providing contacts for collecting and evaluating observation data.

Eradication

Priority should be given to eradicate populations more likely to expand into new
areas and to isolated populations. Particularly important should be the eradi-
cation of the small populations of the muskrat in north-eastern Italy, because
this could prevent very high costs in the future. Such eradication should then be
followed by a constant rapid detection and response system aimed at containing
new arrivals of muskrats from Slovenia.

Eradication of the mink population recently discovered in Sardinia is particu-
larly urgent, as the removal of this isolated population could prevent severe
impact to the biodiversity of the island that hosts many important bird nesting
areas and important endemic amphibian species. Mink populations recorded
in northern and central Italy have not yet started to expand and the feasibility of
local eradications should thus be evaluated by the competent local authorities
and then rapidly enforced when appropriate.

The widespread distribution of the coypu in Italy makes an overall eradica-
tion an impracticable option. However, similarly to the case of the American
mink, eradication of the isolated populations of Sardinia and Sicily is of critical
importance for preventing high costs and severe impacts to the wetlands of
these islands.

Control

When eradication is not feasible — as in the case of the coypu — the need and
efficacy of applying permanent control actions should be evaluated. Control
should not be started only as a response — because damage is recorded — prior to
assessing the cost/benefit ratio of the activities. Control policies should be
planned at an adequate, biologically sound spatial scale, taking into account
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the potential counteracting effects of immigration. Efforts should be concen-
trated in the most vulnerable areas in terms of biodiversity and human activi-
ties. Limiting factors for the species in southern Europe should be identified and
management should be focused accordingly. Efficacy of management should be
constantly evaluated, with particular reference to cost/benefit, and activities
should be reviewed accordingly.

International cooperation

The case of the muskrat, colonizing Italy by its natural spread from the
neighboring Slovenia, shows the importance of international coordination and
cooperation. In parallel with the eradication of the Italian population, it would
be important that Slovenia controls the larger population living in its territory
and keep Italy informed on the expansion patterns occurring toward the border.
On the other hand, the technical experiences gathered in Italy — for example, on
the efficacy and cost/benefit of the coypu control — should be rapidly circulated
to the other European countries sharing similar problems, as for example Spain
(Panzacchi et al. 2007).

CONCLUSIONS

Freshwater ecosystems of Europe — hosting an important portion of the
regional biodiversity — are particularly vulnerable to biological invasions. The
implementation of more stringent policies for preventing and mitigating
the impacts caused by non-indigenous species in these ecosystems is urgent
and critical for preserving European biological diversity. Among freshwater
non-indigenous species, semiaquatic mammals are particularly harmful. In
this chapter, we have identified the main elements of a policy on the three
species present in Italy — the coypu, the muskrat, and the American mink — all
efficient invaders that threaten indigenous species and ecosystems, and affect
human activities.

Priority should be given to prevention, by revising and implementing the
legal framework, strictly regulating fur farms, banning farms in critical areas,
and imposing more efficient fencing devices on farmers. Prompt eradication in
case of escapees and removal of key isolated populations should be the basis of
management. Eradication of the muskrat before it starts to spread is a priority
for the near future. Involvement of the fur farmers is an important element for
prevention and rapid response for new invasions. A better coordination with
neighboring countries is another key element, as shown by the recommended
eradication of the muskrat in north-eastern Italy that could be undermined by
lack of action in Slovenia.

At the European level, it seems important to work toward a restriction of
import and trade of all the three species here considered, taking into account
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that such a measure is legally justified on the basis of a science-based risk
assessment.

The case of the semiaquatic non-indigenous mammals present in Italy
provides a practical example of the elements to be developed in a national
strategy on invasive species. The general approach described for the three
non-indigenous mammals follows the guiding principles developed under the
Convention on Biological Diversity, and the approach defined by the European
Strategy on Invasive Alien Species: prevention of new unwanted introductions
should be the first line of defense; prompt identification and early eradication
are the best options when prevention fails; control or containment should only
be undertaken when eradication is impracticable or fails.
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Chapter ten

Invasions by plants in the

inland waters and wetlands
of Africa

Geoffrey W. Howard and Florence W. Chege

INTRODUCTION

Africa is a large continent (near 30 million km?) with 53 countries including
several island States. There are many hundreds of small rivers and lake basins
within those countries, while most of the large drainage basins include at least
two countries — up to as many as 13 (UN/Water Africa 2006). Freshwater
wetlands are similarly widespread and variable in size with many of the larger
swamps and floodplains extended into at least two countries. A classic example
is the Nile River Basin, which encompasses parts of ten countries in eastern
Africa, the Horn of Africa, and northern Africa. It includes lakes and impound-
ments at all altitudes, and has a great variety of wetland types, many of which
stretch across those national boundaries (Howard 2007).

Most of Africa is tropical, being between the two tropics at 32° latitude North
and South. North African countries on the Mediterranean coast are more
temperate as are parts of South Africa and its near neighbours. Despite a
great variety of rainfall patterns and ecosystem types, there are very few natural
barriers to the movement of aquatic plant propagules between the States of
Africa (apart from the island States), which is significant when describing and
discussing the distribution and spread of invasive species. Some species of
tropical non-indigenous invasive plants have become widespread in the waters
and wetlands of Africa as a result of both natural and man-enhanced move-
ment. While introductions of non-indigenous species (NIS) to Africa have most
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commonly been brought about by intentional imports, trade, travel, transport,
and tourism, their spread across Africa has often been by the natural movement
of aquatic plants within the major drainage basins — after interbasin transfers by
a variety of means. The political boundaries of nation States are hardly barriers
to this spread so that the likelihood of countries being able to prevent spread is
limited, once a potentially invasive freshwater species becomes established
within tropical Africa (Howard 2004). Temperate species are able to spread at
the northern and southern ends of the continent, but the mainly tropical areas
in between have kept these two extremes largely separate with regard to aquatic
plant invasions by mainly temperate species. However, climate change is
beginning to affect African aquatic systems such that temperate and tropical
areas are less separated — which increases the chances of colonization by
invasive species across previously separated systems.

This introduction describes the background to invasions by non-indigenous
plants in the fresh waters and wetlands of Africa in comparison to those in
Europe. Similar movement of species is enabled by drainage systems between
countries in Europe, but where water systems are more managed and where
species are seen as non-indigenous if they come from outside national borders.
The concept of “‘alien invasive species’’ in Africa is further confounded by
increasing examples of invasions by plants that are truly indigenous to the waters
and wetlands of some part or parts of Africa. These will be treated somewhat
separately below, but there is need for use of the concept of ‘“‘nativeness’” as
referring to an ecosystem or habitat rather than to a country within the waters
and wetlands of Africa. Increasingly of late, there are more examples of waters
and wetlands being invaded by plants that are indigenous to Africa — but not
necessarily indigenous to a particular country or ecosystem within Africa.
Within a country or even an ecosystem, it is clear that, when a system is modified
by human intervention or natural disaster, species that are indigenous to that
system can become invasive because of changes in the nature of that system.
Thus, when African water and wetland systems are significantly affected by
changes in water regime, changes in water quality, changes in vegetation and
herbivorous fauna, or changes in topography and landscape, plant species that
were previously indigenous and part of the native vegetation may react to the
disturbance and so become invasive. We will describe some examples of this later.

TYPES OF PLANTS THAT BECOME INVASIVE

The term “aquatic plants’ is deliberately not used in this context as we wish to
place emphasis on the ecosystems invaded rather than on the taxonomy or
physiology of the plants concerned. Higher plants (Spermatophyta) that inhabit
fresh waters in tropical Africa range from facultative aquatics (hydrophytes)
that are totally dependent upon the presence of freshwater and are unable to
survive without it, to those that rely upon (or tolerate) inundation for some part
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of the annual cycle. Thus, we have followed the system of Mitchell (1985a) and
divided the plants that are the subject of this discussion into three broad types:
floating plants, emergent plants, and submerged plants with the middle group
including some species that are occasionally dependent upon (or tolerant of)
inundation for their growth and spread. Few species are entirely limited to one
category as they often have habitat adaptations to allow survival with changing
water availability. For example, the notorious water hyacinth, while being
primarily a floating plant, can survive as a rooted plant in very shallow water
or with only subsurface inundation. These categories are more useful for the
consideration of detection and for the management of invasions than as tight
biological boundaries.

The range of species considered describes the range of macrophyte types,
situations, threats, and management challenges for species that invade the
waters and wetlands of Africa, and is not meant to be all-inclusive. Tables 1
and 2 list the species mentioned with some records of their range or potential as
invaders. Information about the plant species that invade African waters is
limited and skewed in distribution across species, countries, and ecosystems.
The most widespread invaders have an extensive literature that describes their
distribution and impacts and sometimes their control, while others are barely
known and so are infrequently mentioned. Some countries, notably South
Africa, have many data and publications about invasive plants with excellent
references for recognition and management. Other countries are beginning
to assemble national listings and distributions of invasive species but have
published little. Some information is available from international publications
and websites, but there are few that focus on the continent of Africa.

Information for Tables 1 and 2 and for the discussion has been derived mainly
from personal observations, records, and communications over the last 30
years. Additional information has been derived from Howard (1985), Mitchell
(1985a), Pieterse and Murphy (1990), Cronk and Fuller (2001), Henderson and
Cilliers (2002), Howard and Matindi (2003), Weber (2003), and the following
websites: Aquatic, Wetland and Invasive Plant Database, Global Invasive
Species Database, Global Invasive Species Information Network, Smithsonian
Environment Research Center — Aquatic Invasions Research Directory. These
tables include species that are regarded by the authors (and others) as invasive
and do not include all those that are known in Africa to be “aquatic weeds” in
general or in specific situations relating to agriculture, water management and
use, human health, and development.

FLOATING PLANTS

Mitchell (1985b) used the term “obligate acropleustopyhte” to typify the float-
ing water plants that cannot grow well in other situations and listed ten or
so species indigenous to Africa as well as four genera of the “duckweeds”
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(Lemnaceae). He also listed the four infamous pan-tropical invasive species
[Eichhornia crassipes (Mart.) Solms, Pistia stratiotes Linnaeus, Salvinia molesta
D. S. Mitch., and Azolla filiculoides Lam., see Table 1], which all probably origi-
nated in Central/South America. One of these, P. stratiotes, has been known in
Africa for centuries and has local names and traditional uses in some parts of
the continent (hence its occasionally-used common name of “Nile cabbage’).
Nevertheless, P. stratiotes is regarded as an NIS in Africa and has spread across
the watery ecosystems of the continent as aggressively as the other three. All
four of these pan-tropical floating invasive plants are present in most of the
larger (and many of the smaller) river systems and lakes of Africa. However,
some water bodies are still free of all or some of these (e.g. the Okavango delta in
Botswana and, until very recently, Lake Tanganyika), so there is a need for
prevention of further spread of these four species. For many years, there was a
search for “who introduced water hyacinth’, for example, to a particular
system such as the Congo River or Lake Victoria. Latterly, it is becoming clear
that most of these species have been on the continent for many decades and that
their spread can no longer be attributed to a person, a process, or a date. Low
density and isolated occurrences of these species have been noticed for many
years in the low nutrient waters of some wild rivers, crater lakes, and rift valley
lakes where they could not be regarded as invasive. But in the last few years,
with increased nutrient input from feeder streams and surface run-off, they
have become more obvious as they increase in density and impact — becoming
potentially invasive. Further, the growth of all of these species near human
habitation, towns, and cities has been enhanced by the entry of untreated (or
partly treated) sewage, industrial wastes, and urban run-off after storms which
have made the four infamous floating invasive species more noticeable.

For many years, the passage of floating E. crassipes and P. stratiotes plants
down the Zambezi River upstream of the Victoria Falls was part of the charm of
the scenery. The same is true of other African rivers, such as the Awash River in
Ethiopia and the Pangani and Rufiji Rivers in Tanzania. Now, these are seen
as sources of invasions downstream and of local infestations in backwaters
and slow-flowing tributaries which are “fuelled” by agricultural, urban, and
industrial wastes. Very few of the main river and lake systems in continental
Africa and its island States are free of all four of these species — and the same is
true of the larger wetlands. For example, in Somalia, P. stratiotes is present in
the two large rivers that flow from Ethiopia — the Shebelle and the Jubba, but
E. crassipes is not recorded in the most recent literature from that country
(Thulin 2006). However, E. crassipes is present in several lakes and wetlands
of Ethiopia and it is likely that it will be found in Somalia in the near future — as
it has been in so many other freshwater systems across Africa.

Indigenous floating plant species in Africa are few (although there are many
species of Lemnaceae in Africa, some of them pan-tropical) and most are small
compared to the size that can be attained by the four major “‘alien invasive
species’ when conditions of temperature, humidity, and nutrients are in their
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favour. For instance, G. Howard has recorded water hyacinth plants in a
nutrient-rich bay of Lake Victoria that were 2 m above water and 1 m below;
he also recorded water lettuce plants 60 cm in diameter in a nutrient-rich bay
of Lake Baringo in Kenya. Thus, in a sense, the floating water plant habitat/
niche is empty of large indigenous species and so most easily exploited by
non-indigenous plants — like the four mentioned above.

The impacts of the four main non-indigenous floating species are well-known
(e.g. Mitchell 1985a, Howard and Harley 1998, Howard and Matindi 2003)
as they affect previously open waters, often covering the surfaces of lakes,
ponds, dams, swamps, and even (slow-flowing) rivers with disastrous effects on
biodiversity, water use, and management and people’s access — as well as human
health and economies. The smaller, native floating plants can become weeds
under certain conditions (e.g. farm dams and irrigation run-off canals) and have
the potential to become invasive — but they have rarely done so to date (Table 2).

EMERGENT PLANTS - INCLUDING THOSE ON SEASONALLY-FLOODED
FLOOD PLAINS

This group of plants is very diverse in life form and size in Africa, ranging from
very small sedges (Cyperaceae) to very tall reeds, shrubs, and trees. All are
rooted in soil which is inundated, either above or below ground, at some time in
a year. As the name implies, emergent species have aerial parts that extend
beyond the water surface (Mesléard and Perennou 1996) (those that have leaves
that float on the water surface are considered in the next section). They include
herbs, grasses and sedges, reeds, shrubs, and trees, and occupy the margins of
lakes and rivers as well as forming swamps and marshes in many wetland types.
This group also includes those plants that are tolerant of seasonal flooding
and is made up of representatives of many different plant families. A description
of the range of plants in this group in Africa is given by Thompson (1985) and
the main NIS listed in Table 1, while those that are indigenous are in Table 2.
In this group, there is less impact and perhaps less severity of invasion
compared to the floating plants as the indigenous vegetation leaves little oppor-
tunity for the expansion of new species. However, the spread of catchment
mismanagement and other forms of habitat disturbance (water level and flow
changes, water quality changes, and wetland conversion) have led to several
indigenous and NIS becoming serious threats to biodiversity and development.
One non-indigenous flood plain and riparian shrub species is worthy of
mention as it is steadily spreading and creating serious problems in many
wetlands in Africa. This is Mimosa pigra Linnaeus (the ‘‘giant sensitive plant’’)
which originates from central and southern America but which has been
known in Africa for at least two centuries (and has local names and associated
beliefs in some areas). Mimosa pigra has been relatively widespread although in
low density in the past, but is now appearing as a serious invader of flood plains



Invasive plants in African fresh waters 201

and riverine wetlands in many parts of the continent. It develops dense thickets
that can cover both permanent and seasonal wetlands, as it has done in
northern Australia and South-east Asia (Julien et al. 2004, Triet et al. 2004),
and in doing so it excludes many large vertebrates (including livestock) and
most other wetland plants and completely impedes access and passage in former
open waters and plains.

The (four) indigenous species of Typha Linnaeus (Typhaceae, the Cattail
family, the bulrushes, or reed maces) are notable as they are also spreading
with disturbance and the development of water systems (water supply, irriga-
tion, and hydropower development) in previously dry areas. These reeds are
essentially swamp plants that are only otherwise found on the edges of lakes
and slow-flowing streams. However, they have the capacity to produce millions
of wind-dispersed seeds which can germinate and survive in even small sources
of water and then develop into one-species reed swamps as long as water is
available. Unlike most European reeds, bulrushes in tropical Africa grow
throughout the year and can have a great impact on other wetland vegetation.
Typha domingensis Pers. is capable of aggressive competition with other reeds
(such as papyrus, Cyperus papyrus Linnaeus, and Phragmites Adans. spp.) and
can dominate previously stable swamp communities as a result of water level or
water quality changes. It is very tolerant of increases in salinity and other
dissolved salts in freshwater as well as being able to withstand changes in
water levels — even to the point of becoming dried out for several months.
Other local species of reeds and other swamp and lake vegetation cannot compete
in such situations and so Typha tends to ‘‘take over”, to the detriment of both
larger and smaller wetland plants as well as the fauna that depends on them.

Several species of non-indigenous stream-side and lake-side plants are able to
withstand flooding and so can become invasive as they can occupy a catena of
inundation from almost dry to almost completely submerged. Some of these are
often not seen as primarily wetland species but can nevertheless take on that
role under some circumstances and dominate other wetland and wetland-edge
vegetation. Examples are the non-indigenous wild canna (Canna indica
Linnaeus) and Sesbania punicea (Cav.) Benth., and the indigenous Aeschynomene
elaphroxylon (Guill. and Perr.) Taub. One tropical indigenous (and pan-tropical)
scrambling plant that can become invasive is Ipomoea aquatica Forssk. This
species is rooted in the soil and scrambles on other aquatic vegetation as well
as floating on and above the water surface. While it is seen as invasive in some
situations, it is prized in others as a valuable green vegetable.

SUBMERGED AND FLOATING-LEAVED PLANTS

Denny (1985) refers to this group of wetland plants as “‘euhydropytes” because
of their complete reliance on water and gives examples of the life forms and taxa
found in Africa. All are rooted or anchored in the substrate of a wetland, lake, or
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river and may have leaves floating below or upon the water surface. They are
typified by the “‘pond weeds’ and water lilies, although there are many species
in Africa from the algae, liverworts, mosses, ferns, and angiosperms. Many are
local weeds, especially in agricultural and water supply situations, but few
are invasive.

The NIS of Hydrilla Rich. and Ceratophyllum Linnaeus (see Table 1) are now
well-established in African waters; they can cause problems in both still and
running waters and can be regarded as invasive. A potential invasive species is
Hydrocleys nymphoides (Willd.) Buchen. (from South America), which has been
established as a horticultural decorative plant in some tropical water gardens
and which is occasionally used in constructed wetlands for wastewater treat-
ment. The local species of water lilies (Nymphaea Linnaeus spp., Nymphoides Hill
spp.) can cause local weedy problems but are not considered as invasive and are
valuable as both food and shelter for a wide range of wetland animals. A recent
report of the indigenous, submerged Najas horrida A. Braun and Rendle (Table 2)
becoming invasive in a lake and riverine situation in eastern Africa may require
further attention. A concern with the truly submerged plants is that they are
not noticed as much as others and often become problems that could have been
addressed if they had been identified sooner.

IMPACTS OF WETLAND/WATER INVASIONS BY PLANTS

Invasive species in freshwater ecosystems have negative impacts on biodiversity
as well as on human development and human well-being, including health. The
relationship between invasive plants in Africa and biodiversity in freshwater
ecosystems is quite complex, rarely researched, and so not well-understood.
Most available information is about the effects of aquatic “weeds” (e.g. Mitchell
1985a, Pieterse and Murphy 1990) on water and wetland systems, while
accounts of the impacts of invasive species on biodiversity are often anecdotal.
Floating species are accused of reducing light below them, reducing oxygen in
water, competing with other water plants for space, increasing evapotranspira-
tion from water bodies, altering water flows, and causing changes in wetland
vegetation communities (Howard and Harley 1998, Navarro and Phiri 2000,
Howard and Matindi 2003). All types are capable of changing the structure of
aquatic vegetation through competition above and below water, often to the
detriment of species diversity both of plants and the animals that depend on
them for food, shelter, and breeding sites.

Specific examples of changes include the alteration of vegetation patterns
following some invasions of water hyacinth and the other non-indigenous
floating species. There are situations where these invasive floating water plants
provide platforms for the growth of other plants that would otherwise not
be able to survive on the surface of open waters. Clumps of water hyacinth
can be bound together by semiaquatic sedges and grasses to form larger floating
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mats upon which even terrestrial species can survive and spread as the mats
move with water currents and wind. Adams et al. (2002) described the forma-
tion of mats involving S. molesta and E. crassipes on Lake Naivasha in Kenya and
their association with other organisms. Similar mat formation is sometimes seen
with S. molesta and P. stratiotes and, in some situations, all three combine to
together to form multiple species floating mats.

There is a special relationship between water hyacinth and ‘“hippo grass”
[Vossia cuspidata (Roxb.) Griff], itself an occasional (indigenous) invasive species.
Vossia cuspidata is a widespread wetland species that is rooted at the edges of
lakes, rivers, and wetlands and which has stems that stretch out across the
water surface — floating as far as their buoyancy will allow. While V. cuspidata is
usually restricted in the distance over which its stems can reach, this changes
when E. crassipes forms mats that become ‘“anchored” by the hippo grass,
which then uses their buoyancy to stretch further out into open water. This
has been seen in many situations, particularly at river edges, and can result in
a complete coverage of the water surface from one river bank to the other with
a mat that is anchored by the grass roots. This can then slow or block the river
flow as well as encouraging other plants to establish over the water surface and
change the flowing river to a slow-moving swamp or sudd. Waterbird, fish, and
aquatic invertebrate assemblages may be altered as a result and fisheries,
transport, and water use affected. Similar situations are possible with I. aquatica
and the floating water plants as well as with other emergent species. Often the
submerged plants are placed at a greater disadvantage by these combinations
than they are with one or the other invasive types. Changes in the vegetation
patterns of submerged species are even less well-documented (partly because
they are “out of sight”’). These can be altered by the floating invasive plants, by
the emergent plants, and by other submerged species. Changes in the sub-
merged and emergent vegetation of Lake Naivasha in Kenya over several
decades were described by Harper et al. (1990), who ascribed these changes to
(non-indigenous) invasive freshwater crayfish [Procambarus clarkii (Girard)] as
well as to an infestation of S. molesta and changes in climate. Together with
several species of introduced (non-indigenous) fish and coypu [Myocastor coypus
(Molina)], the crayfish and floating plants (including the more recent infes-
tations of water hyacinth) have wrought significant changes to the ecology
and utility of Naivasha as a centre of tourism, commercial fisheries, irrigated
agriculture, and conservation.

Other impacts of the range of invasive water plants on African waters and
wetlands are listed by, e.g. Howard and Harley (1998), Navarro and Phiri
(2000), Howard and Matindi (2003), and include:

o Direct effects on water flows and availability — affecting water supply, hydro-
power generation, and irrigation

o Changes in water quality with impacts on household, agricultural, and
industry water supply



204 Geoffrey W. Howard and Florence W. Chege

e Blockage of water supply and drainage channels, and alterations to water
storage facilities

o Alteration of access of wildlife and livestock to water and water pastures

o Blockage of peoples’ access to water and transport on water

o Alteration of fisheries in diversity and yields

e Encouragement of intermediate hosts of human diseases such as malaria and
schistosomiasis

e Provision of habitats for venomous animals and predators such a crocodiles

In some cases, there are benefits to be gained from the presence of invasive
water plants in Africa (for human food, livestock food, mulch, biogas, fibre, fuel,
and, occasionally, enhanced fisheries). However, in most cases, the negative
impacts outweigh the benefits unless the introduced species can be proactively
managed to ensure the opposite.

There is a dearth of information and published accounts on the economic
impacts of invasive plants on the aquatic systems of Africa — apart from those
associated with water hyacinth (e.g. Goodland 1995). This arises partly from a
lack of awareness of the threats posed by invasive plants and partly from
available expertise and experience to make the necessary economic assess-
ments. Absence of this important information further holds back awareness
about the threat of invasive species by those decision-makers and policy devel-
opers who are likely to be influenced by economic arguments.

ADDRESSING THE IMPACTS AND THREATS OF INVASIVE
WATER PLANTS

Across Africa, there is a general lack of available information and awareness
products about invasive species in general. Water hyacinth is quite widely
known as are its threats and benefits, but other invasive water plants are hardly
known in most countries. Several countries have begun to address this at
national level, while there are emerging responses at regional levels. The New
Partnership for Africa’s Development (NEPAD) has developed a continent-wide
strategy to address environmental problems (NEPAD 2003), which includes a
sector specific to ‘“‘alien invasive species’” and their management (UNEP 2003).
This strategy is now being further expanded at sub-regional level with the
development of NEPAD Sub-regional Environment Actions Plans — each of
which in the five sub-regions of Africa has a section on invasive species. The
African Convention on the Conservation of Nature and Natural Resources
(see IUCN 2004) is a recent revision of a 1968 agreement between African
States to conserve biodiversity: it has a specific paragraph on the strict control of
introduction of NIS and promotes the eradication of those that have become
established. International agencies, such as the Global Invasive Species Pro-
gramme, United Nations Environment Programme (UNEP), CABI Africa, and
TUCN are developing and distributing information and awareness materials, but
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it will be some time before the whole continent is aware of the nature and extent
of the invasive species problem in fresh waters and has the information to
address it.

There are techniques available for the management of some of the invasive
plants in freshwater systems and this is being addressed in some countries at
national level. However, the distribution of large rivers, lakes, and wetlands, as
mentioned above, crosses many national boundaries. Thus there is need for sub-
regional and international cooperation in this endeavour and a network of
experts and expertise that can eradicate, control, or manage invasive plants in
these vast international ecosystems (the Nile, for example, is the longest river
in the world and its drainage basin covers ten countries). Here it is institutions
like the Africa Union and NEPAD, which can play a part as well as the five sub-
regions and their economic and development commissions. Basic to these
solutions, however, is the concept of the “ecosystem approach” to address the
threats of invasive species. This is beginning to take effect as proposed by
the Convention on Biological Diversity. The ecosystem approach is especially
helpful when deciding upon management actions across borders and in ecosys-
tems where the objectives for that management are the restoration of invaded
ecosystems rather than solely the eradication of the invasive species. Eradica-
tion of invasive water plants is especially difficult (if not impossible) as all
methods — apart from specific biological control — have impact on other organ-
isms and uses of the waters. Eradication is certainly not attainable where
invasive plants have become established in complex ecosystems that are part
of, or connected to, other similar habitats as in the water systems of Africa. In
these circumstances, only management (to reduce populations of invaders and
their impacts) is possible or feasible. Biocontrol is a useful tool (where available)
to manage invasions but it cannot be expected to eradicate invasive species
in the waters and wetlands of Africa or anywhere else. Mechanical control
is feasible in some situations as an option for management of invasive plants,
but the rate of growth and spread of many species in the tropics is so fast that it
is not usually a sustainable solution. Chemical control (using “weedicides”)
is possible, but most often it has negative effects on non-target species and is
ineffective in large and moving water bodies because of dilution effects.

The spread of invasive species in water systems and wetlands in Africa can
be addressed by regional cooperation if there is agreement to try to prevent
“out-of-basin transfers’” of both water and species. Natural spread of invasive
species by water currents and winds within lakes and river systems is inevitable,
so different types of cooperation between States are necessary when they share a
river basin or a lake basin. Joint programmes for management of shared
ecosystems are becoming more possible as regionality is explored, so that
cooperation in addressing the management of invasive species in Africa’s waters
and wetlands should become more likely in the near future. At the same time,
research at government institutions and universities is now including the
dynamics and impacts of plant invasions — so there is hope for the future that
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the knowledge gap will be narrowed, especially if support from such organisa-
tions as the European Commission becomes available.

CONCLUSIONS

Invasions by plants in the inland waters of Africa are a significant threat to
biodiversity and human development. Both non-indigenous and indigenous
species are involved in all aspects of the freshwater environment — both
above, upon, and below the water surface. Detailed information and research
is lacking in many cases and needs to be supported in the future so that the
species and their impacts are better known and so that the ecosystems affected
can be restored. Economic analyses of the impacts of invasive plants on bio-
diversity and development in Africa need to be developed, published, and
distributed, so that these threats can be appreciated by those who develop policy
and make national and regional decisions. Any such information needs to
be disseminated across Africa, so that international and drainage basin
cooperation can be enhanced in the management of invasive species — within
and between countries. The ecosystem approach to understanding the threats,
impacts, and solutions to freshwater invasions is likely to be the most fruitful
and can take into account the cross-border nature of many of the waters and
wetlands of the continent and their catchments. This must be enhanced,
however, by cooperation between the national, sub-regional, and continental
agencies of government and civil society to ensure that the spread and man-
agement of invasive water plants is effective. Europe has developed an invasive
species strategy and has many experts and much technical expertise: perhaps
there are grounds for more cooperation between Africa and Europe in this arena
of conservation and development. African institutions are trying to address this
problem and awareness is growing about freshwater invasions — but it may take
some time before continent-wide solutions are in place.
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Chapter eleven

Non-indigenous aquatic
and semiaquatic plant

species in France

Gabrielle Thiébaut

INTRODUCTION

The invasion of natural communities by introduced plants constitutes one of the
most serious threats to biodiversity (Heywood 1989). What is the current
situation in France? What do we know about these invasions and their conse-
quences? What measures have been implemented to manage non-indigenous
plant species populations? To respond to these questions, the French Ministry for
Ecology and Sustainable Development has supported various biological invasion
research projects (“INVABIO”) and the National Museum of Natural History
entrusted Muller et al. (2004) to evaluate plant species invasiveness in metro-
politan France.

While the invasibility of riparian plants communities, patterns, and causes of
river corridor invasion by non-indigenous plant species have been studied
(Planty-Tabacchi et al. 1995, 2001, Tabacchi and Planty-Tabacchi 2002),
significantly less attention has been paid to the introduced aquatic and semi-
aquatic plants. Biological invasion research in freshwater systems has focused
on a few plants such as Fallopia taxa (Schnitzler and Muller 1998, Bailey and
Schnitzler 2003), Elodea species (Thiébaut et al. 1997, Barrat-Segretain 2001,
2004, 2005, Barrat-Segretain et al. 2002, Greulich and Trémolieres 2002) or
Ludwigia sp. (Dutartre and Oyarzabal 1993, Dutartre et al. 1997, 1999, 2002,
Cazaubon et al. 2002, Cornier et al. 2002, Dandelot et al. 2005). To elucidate the
reasons for the success of non-indigenous species (NIS), studies have gathered
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data on the biology and ecology of emblematic, non-indigenous macrophytes.
Numerous studies and reports have focused on the management of invaders
such as Ludwigia sp. (Dutartre and Oyarzabal 1993, Damien 2002, Fournier
and Oyarzabal 2002, Pipet 2002, Rebillard et al. 2002, Grillas 2004) and, to a
lesser extent, Elodea species (Di Nino et al. 2005).

NON-INDIGENOUS AQUATIC AND SEMIAQUATIC MACROPHYTES
IN FRANCE

Compilation of a species list

The term “aquatic macrophyte” is commonly used for all macroscopic forms of
aquatic vegetation including algae, bryophytes, some pteridophytes, and many
flowering plants (angiosperms). This assemblage contains extremely hetero-
geneous species which survive in similar habitats but result from fundamentally
different evolutionary pathways. Non-indigenous aquatic plants do not belong
to one distinct taxonomic group, but rather form a collection of many plant
taxa.

This chapter does not claim to be an exhaustive review of introduced plants in
metropolitan France, but rather an overview of the present situation. This
review covers aquatic macrophytes in inland waters, excluding marine algae,
such as Caulerpa taxifolia (Vahl.) C. Agardh, as well as woody species (except for
Hibiscus roseus). Some taxa, regarded as non-indigenous by certain authors
(although with a wide margin of doubt), have been included here: Acorus
calamus, H. roseus (three European populations; E. Tabacchi 2005, personal
communication), and Azolla mexicana (formerly known as Azolla caroliniana
Willd). The status of several species from southern Europe varies according to
the author: Vallisneria spiralis, Stratiotes aloides, Scirpus mucronatus, and Scirpus
pungens are protected locally, whereas Dutartre et al. (1997) considered these
species non-indigenous. In addition, van der Velde et al. (2002) considered
Salvinia natans and Octodiceras fontanum as non-indigenous in the Netherlands,
while they are protected in France. Some NIS are well-established, whereas
others are found only occasionally in aquatic environments.

For aquatic macrophytes, several regional floras (Abbayes et al. 1971,
Corillion 1982, Bournerias 1984, Lambinon et al. 1992) and local scientific
journals (Bulletin de la Société Scientifique de Bretagne, Bulletin de la Société
d'Histoire Naturelle de Moselle, Bulletin de la Société Linnéenne de Normandie,
Bulletin de I’ Association Philomathique d’Alsace Lorraine, Bulletin de la Société
des Sciences de Nancy, le Monde des Plantes) were consulted. They provided
information about plant histories in the geographical area, specifically on
whether it is an indigenous or an NIS. Several sources containing information
on NIS were also used (Dutartre et al. 1997, Aboucaya 1999, Muller et al.
2004).
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NIS taxonomic groups and eco-morphological types

My resulting list of NIS, representing 24 families and 58 species in metropolitan
France (Table 1), includes species found occasionally as well some hybrids.
Some aquatic families are well represented, such as Lemnaceae and Hydro-
charitaceae. Furthermore, numerous non-indigenous semiaquatic species were
also present, such as Poaceae and Cyperaceae. As compared to Wallentinus's list
(Wallentinus 2002), 10 additional species, including two bryophytes, have been
identified as NIS in France.

Table 1 List of non-indigenous aquatic and semiaquatic plant species in France and
their vectors of introduction: (a) escaped from aquaria, (b) arrived on seagoing vessels
(ballast water, timber trade), (c) introduced intentionally (ornamentals, pond gardens,
medicinal plant), (d) seed or grain contaminant, (e) wool industry, (f) natural expansion,

(?) unknown source.

Family Vectors

Alga
Hydrodictyon reticulatum (L.) Lagerh. Hydrodictyaceae ?
Bryophyta
Dumortiera hirsuta (Sw.) Nees Marchantiaceae f
Octodiceras fontanum (Bach. Pyl) Lindb. Fissidentaceae f
Pteridophyta
Azolla filiculoides Lam Azollaceae a
Azolla mexicana C. Presl Azollaceae a
Salvinia natans (L.) All. Salviniaceae a?
Vascular plants (monocots and dicots)
Acorus calamus L. Araceae ¢
Althernanthera philoxeroides (Martius) Griseb Amaranthacea a
Aponogeton distachyos Thunb. Aponogetonaceae [¢
Callitriche peploides Nutt. Callitrichaceae ?
Callitriche terrestris Rafin Callitrichaceae ?
Cortadaria selloana (Schultes and Schultes fil.) Poaceae [¢

Ascherton and Graebner
Cotula coronopifolia L. Asteraceae c?
Cyperus difformis L. Cyperacea ?
Cyperus eragrostis Lam. Cyperacea [¢
Cyperus esculentus L. Cyperacea e
Cyperus reflexus Vahl Cyperacea e
Egeria densa Planchon Hydrocharitaceae a
Eichhornia crassispes (Mart.) Solms Pontederiaceae [¢
Eleocharis bonariensis Nees Cyperaceae ?
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Table 1 Continued.

Family Vectors

Elodea canadensis Michaux Hydrocharitaceae a/b
Elodea ernstiae H. St. John Hydrocharitaceae a
Elodea nuttallii (Planchon) H. St. John Hydrocharitaceae a
Fallopia japonica (Houtt.) Ronse Decraene Polygonaceae c
Fallopia sachalinensis (F. Schmidt Petrop.) Polygonaceae c

Ronse Decraene
Fallopia x bohemica Chrtek and Chrtkova Polygonaceae f
Glyceria striata (Lam.) A. S. Hitchc Poaceae d
Heracleum mantegezzianum Sommier and Lev Apiaceae ¢
Hibiscus roseus Thore Malvaceae c
Hydrilla verticillata (L.f.) Royle Hydrocharitaceae a/c
Hydrocotyle ranunculoides L.fil Apiacae a/c
Impatiens balfouri Hooker fil. Balsaminaceae c
Impatiens glandulifera Royle Balsaminaceae c
Juncus tenuis Willd. Juncaceae ?
Lagarosiphon major (Ridley) Moss Hydrocharitaceae a
Lemna aequinoctialis Welw. Lemnacaeae f?
Lemna minuta H.B.K. Lemnacaeae f?
Lemna perpusilla Torrey Lemnacaeae f?
Lemna turionifera Landolt Lemnacaeae f?
Lindernia dubia (L.) Pennel Scrophulariaceae f
Ludwigia grandiflora subsp. hexapetala Onagraceae c

(Hook. and Arn.) Nesom and Kartesz
Ludwigia peploides subsp. montevidensis Onagraceae c

(Spreng.) Raven
Myriophyllum aquaticum (Velloso) Verdcourt Haloragaceae a
Myriophyllum heterophyllum Michaux Haloragaceae a/c
Najas graminea Delile Najadaceae f?
Paspalum dilatatum Poiret Poaceae e
Paspalum distichum L Poaceae f?
Pistia stratiotes L. Araceae a/c
Pontederia cordata L. Pontederiaceae c
Sagittaria latifolia Willd. Alismataceae a/c
Schoenoplectus prolifer Rottb. Cyperaceae ?
Scirpus mucronatus L. Cyperaceae ?
Scirpus pungens Valh. Cyperaceae ?
Spartina alterniflora Loisel Poaceae b/c
Spartina x townsendii H. and J. Groves Poaceae f
Spirodela oligorhiza (Kurz) Hegelm. Lemnacaeae f/a
Stratiotes aloides L. Hydrocharitaceae c
Vallisneria spiralis L. Hydrocharitaceae a
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The composition of the non-indigenous aquatic flora is illustrated in Fig. 1A, with
one alga (hydrodictyaceae), two bryophytes (Marchantiaceae, Fissidentaceae),
three pteridophytes (Azollaceae and Salviniaceae), and 52 vascular plants (34
monocotyledons and 18 dicotyledons). More NIS are monocots than dicots pro-
portionally, perhaps due to the monocots’ high incidence of rhizomatous growth.

Of these non-indigenous plants, helophytes, amphiphytes, floating, and sub-
mersed species represented 20, 20, 19, and 16% of the introduced macrophytes,
respectively (Fig. 1B). Helophytes are emergent plants which occupy per-
manent, standing water, or wet soil. Floating macrophytes are not rooted in
sediment, but live unattached in the water. The life forms within this group
included very small floating or submersed plants with few or no roots (Lemna
minuta and the water fern Azolla sp.). Submersed macrophytes include many
flowering plants, for example Elodea nuttallii and Egeria densa which complete
their life cycle under water.

Invasion histories and pathways

Many aquatic macrophytes were introduced more than a hundred years ago,
while others are more recent arrivals. The majority of introductions took place
at the end of the 19th and at the beginning of the 20th centuries (Table 2). Of all
the introduced species listed here, more than 50% came from America and
almost 40% came from Asia and/or Africa (Table 2).

Taxonomic group

2%

5%

31%
E Alga
(I Pteridophyta
2 I Bryophyte
i
E Monocots
Dicots

Fig. 1A Taxonomic groups of non-indigenous aquatic and semiaquatic plants in
France.
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Eco-morphological type

A: Amphiphyte

G: Geophyte

B Hc: Hemicryptophyte

[l He: Helophyte

B Hy: Submersed Hydrophyte

9%

F: Floating species

9% [@ Th: Therophyte
@ W: Woody species

20%

Fig. 1B Eco-morphological types of non-indigenous aquatic and semiaquatic plants
in France.

Some NIS are only reported occasionally, like Eichhornia crassipes (Planty-
Tabacchi 1993) or Althernanthera philoxeroides in south-west France (Dupont
1989, Georges 2004) or Pistia stratiotes; Pontederia cordata and Hydrilla verti-
cillata were observed only once in an aquatic environment.

The time-lag phenomenon, during which a given population remains small
and geographically restricted, is well documented for riparian species (e.g.
Impatiens glandulifera, Fallopia japonica, Fallopia sachalinensis) or amphiphytes,
such as Ludwigia grandiflora subsp. hexapetala and Ludwigia peploides subsp.
montevidensis (Dutartre and Oyarzabal 1993). The fact that certain introduced
species became aggressive after a lag phase is ecologically significant.

The invasion histories of some NIS are well known:

— The hybrid Spartina x townsendii was first observed in France in 1906
along the Atlantic Coast. The first sighting in south-west France occurred
in 1985 and then spread quickly via mud flats, resulting in hundreds
of hectares being colonised by this species. Moreover, a second North
American species, Spartina versicolor Fabre, not included in our list, has
been reported occasionally. Spartina alterniflora spread, but only around
the Bay of Brest (Goulletquer et al. 2002).

— The two Japanese Knotweed taxa (F. japonica and F. sachalinensis) have
been expanding throughout Europe ever since their deliberate introduc-
tion in the 19th century. The spread has increased dramatically since the
1980s: F. japonica and F. sachalinensis and hybrids have developed in large
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Table 2

NIS origin and introduction date in France. (? = unknown).
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Origin area

First found

Alga
Hydrodictyon reticulatum (L.) Lagerh.

Bryophyta
Dumortiera hirsuta (Sw.) Nees
Octodiceras fontanum (Bach. Pyl) Lindb.

Pteridophyta
Azolla filiculoides Lam.
Azolla mexicana C. Presl.

Salvinia natans (L.) All.

Vascular plants (monocots and dicots)
Acorus calamus L.

Althernanthera philoxeroides (Martius) Griseb

Aponogeton distachyos Thunb.

Callitriche peploides Nutt.

Callitriche terrestris Rafin

Cortadaria selloana (Schultes and
Schultes fil.) Ascherton and Graebner

Cotula coronopifolia L.A

Cyperus difformis L.

Cyperus eragrostis Lam.

Cyperus esculentus L.

Cyperus reflexus Vahl

Egeria densa Planchon

Eichhornia crassispes (Mart.) Solms

Eleocharis bonariensis Nees

Elodea canadensis Michaux

Elodea ernstiae H. St. John

Elodea nuttallii (Planchon) H. St. John

Fallopia japonica (Houtt.) Ronse Decraene

Fallopia sachalinensis (F. Schmidt Petrop.)
Ronse Decraene

Fallopia x bohemica Chrtek and Chrtkova

Glyceria striata (Lam.)A. S. Hitchc

Heracleum mantegezzianum
Sommier and Lev

Hibiscus roseus Thore

Hydrilla verticillata (L.f.) Royle

Hydrocotyle ranunculoides L.fil

Impatiens balfouri Hooker fil.

Cosm. subtropic.

N. America
S-Europe

N. America, S. America,
Australia

N. America

S. Europe, India, Japan.

Asia, N. America,
India

S. America

S. Africa

N. America

N. America

S. America

S. Africa
Pan-tropical

S. America
Tropical Asia and Africa
Tropical America
S. America

S. America

S. America

N. America

S. America

N. America

Asia

Japan

Hybrid

N. America,
Central America

Caucasus

Europe ?

Australia, Asia, Africa
N. and S. America
Himalayas

1989

before 1997
?

1880

1901
before 1997

XIvV

1971
1830
before 1997
before 1997
before 1977

before 1980
1850
XIX
1952
2003
1961

before 1993
1750
1845
1959
1959
1825
1869

before 2003
1906

1993

before 1995
before 1997
1820
1943
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Table 2 Continued.

Origin area

First found

Impatiens glandulifera Royle
Juncus tenuis Willd

Lagarosiphon major (Ridley) Moss
Lemna aequinoctialis Welw.
Lemna minuta H.B.K.

Lemna perpusilla Torrey

Lemna turionifera Landolt

Lindernia dubia (L.) Pennel

Ludwigia grandiflora subsp. hexapetala
(Hook. and Arn.) Nesom and Kartesz

Ludwigia peploides subsp. montevidensis
(Spreng.) Raven

Myriophyllum aquaticum (Velloso) Verdcourt

Myriophyllum heterophyllum Michaux

Najas graminea Delile

Paspalum dilatatum Poiret

Paspalum distichum L.

Pistia stratiotes L.

Pontederia cordata L.

Sagittaria latifolia Willd.

Schoenoplectus prolifer Rottb.

Scirpus mucronatus L.

Scirpus pungens Valh.

Spartina alterniflora Loisel

Spartina x townsendii H. and J. Groves

Spirodela oligorhiza (Kurz) Hegelm.

Stratiotes aloides L.

Vallisneria spiralis L.

Himalayas

N. America

S. Africa

S. America

N. and S. America
Asia, N. Africa and

S. America

N. America

N. America

S. America

S. America

S. America

N. America

S. Europe to E. Asia ?
S. America

Trop. America

S. America

N. America

N. America

S. Africa, Australia?
Paleo Subtrop.

S. America

N. America

hybrid

Asia, Australia

S. Europe, Asia

S. Europe, N. Africa, Asia

1842
XIX
1960
?

1965
before 1997

1992
before 1997
1820-1830

1820-1830

1880
before 1997
before 1997

1937

1965

?

?
1936
1920
1859
1849
19067
1906
?
1834
1787

patches along many riparian and man-made habitats, often far from the

original introduction point (Bailey and Schnitzler 2003).

— Coming from South America, Ludwigia sp. (L. grandiflora and L. peploides)
were introduced by accident in southern France in the 1820s. Long
restricted to the southern part of the country, from Camargue to Aqui-
taine, they have been migrating north for nearly 30 years. Today,
L. peploides has reached the Belgian border. Others have been observed

at sites in Belgium and in the Netherlands (Dandelot 2004).

— In a similar pattern, E. densa, a species first observed in France in 1960
(Feuillade 1961a, b), has spread along the entire Atlantic coast (Dutartre

et al. 1999).
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— An indigenous of North America, Elodea canadensis, first recorded in the
early 19th century in the British Isles (Simpson 1984, 1990), is now
naturalized and widespread in Europe. Elodea canadensis became a persis-
tent weed following its naturalization, choking waterways before declining
to its present, less-abundant (but still common) level (Thiébaut et al.
1997, Barrat-Segretain 2001).

— Another species from North America, E. nuttallii was first found in
Belgium in 1939 and had spread into northern France by the end of
the 1950s (Sell 1959). For the past 30 years it has been colonizing
numerous ponds and streams in metropolitan France, except in the
south-east (G. Thiébaut 2006, unpublished data). Elodea nuttallii is replac-
ing E. canadensis at many sites (Mériaux 1979a, b, Thiebaut et al. 1997,
Barrat-Segretain 2001). Although E. canadensis and E. nuttallii have been
spreading for several years in eastern France, this species is relatively
more problematic in other European countries. For example, E. nuttallii
was classified as one of the “top ten” invasive species in Germany
(F. Klingenstein 2005, personal communication); colonies have been
expanding in Lake Leman in Switzerland since 1993 (Demierre and
Perfetta 2002), in numerous ponds, reservoirs, and streams in Brittany
(Simpson 1990), in Belgium (G. Verniers 2004, personal communication),
as well as in Sweden (D. Larson 2006, personal communication).

I have come to the conclusion that most invasive plant species arrived in France
as a result of human intervention (aquarium plants, ornamental use). Of all the
plants, 38% are ornamentals, by far the dominant vector for introduced plants
(Table 1). Another 17 of the introduced plant species are sold for use in
freshwater aquaria (29% of the aquatic and semiaquatic plants; Table 1).
Among the well-known examples of aquarium plants are certain hydro-
charitaceae species (E. densa, Elodea sp., Lagarosiphon major, H. verticillata) and
some other taxa (Myriophyllum aquaria). Plants which escaped from aquaria
(Hydrocharitaceae, Ludwigia sp., Myriophyllum sp.) easily colonized freshwater
environments. Highly invasive aquatic and semiaquatic species, including
Ludwigia sp. and Fallopia taxa, have resulted to a large extent from either
intentional introduction for ornamental use (outdoor ponds) or use as orna-
mentals after the initial introduction (Table 1). A few species are medicinal
plants (e.g. A. calamus). Spartina alterniflora from the East coast of North America
was introduced accidentally in ship ballast at the end of the 19th century in
southern England, but it was also intentionally introduced into France to
stabilize sand dunes, given its ability to increase sediment accumulation.

NIS distribution in France

Plant distribution varies according to the different climate in each of three
biogeographical zones (Atlantic A, Continental C, Mediterranean M). For
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example, the diploid L. peploides colonises mainly the Mediterranean region of
France (except for the south-eastern part), while the polyploid L. grandiflora
predominates in all the other regions (Dandelot 2004). These data are taken
primarily from Aboucaya (1999), from other publications (Felzines and Loiseau
2003, Muller et al. 2004, Felzines 2004), and from personal data (Table 3).

Of the 11 taxa present in the three biogeographical areas, there are five
widespread invasive and one potentially invasive plants: three riparian species
(F. japonica, F. sachalinensis, 1. glandulifera), two floating species (Azolla filicu-
loides, L. minuta), and a single amphibious species (L. grandiflora). Ludwigia
species are considered to be the most invasive aquatic plants in France. For

Table 3 Classification of NIS according to their invasiveness in France. Data taken
primarily from Aboucaya (1999) and from: Felzines and Loiseau (2003), Muller et al.
(2004), Felzines (2004), and personal data.

M: Mediterranean area, A: Atlantic area, C: Continental zone.

Invasive Potentially invasive

widespread restricted widespread restricted

Acorus calamus L. AC
Althernanthera philoxeroides (Martius) M?
Griseb
Aponogeton distachyos Thunb.
Azolla filiculoides Lam MAC
Azolla mexicana C. Presl
Callitriche peploides Nutt.
Callitriche terrestris Rafin
Cortadaria selloana (Schultes and M
Schultes fil.) Ascherton and Graebner
Cotula coronopifolia L. A M
Cyperus difformis L.
Cyperus eragrostis Lam.
Cyperus esculentus L.
Cyperus reflexus Vahl
Dumortiera hirsuta (Sw.) Nees
Egeria densa Planchon A
Eichhornia crassispes (Mart.) Solms
Eleocharis bonariensis Nees
Elodea canadensis Michaux C
Elodea ernstiae H. St. John
Elodea nuttallii (Planchon) H. St. John C
Fallopia japonica (Houtt.) Ronse Decraene MAC
Fallopia sachalinensis (F. Schmidt Petrop.) MAC
Ronse Decraene

b
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Table 3 Continued.

Invasive Potentially invasive

widespread restricted widespread restricted

Fallopia x bohemica Chrtek and Chrtkova MAC
Glyceria striata (Lam.)A. S.Hitchc AC
Heracleum mantegezzianum Sommier AC
and Lev
Hibiscus roseus Thore A
Hydrilla verticillata (L.f.) Royle MA?
Hydrocotyle ranunculoides L.fil AC
Hydrodictyon reticulatum (L.) Lagerh. MAC?
Impatiens balfouri Hooker fil. AC
Impatiens glandulifera Royle MAC
Juncus tenuis Willd AC
Lagarosiphon major (Ridley) Moss A
Lemna aequinoctialis Welw. M
Lemna minuta H. B. K. MAC
Lemna perpusilla Torrey M
Lemna turionifera Landolt C
Lindernia dubia (L.) Pennel AC M
Ludwigia grandiflora subsp. hexapetala MAC
(Hook. and Arn.) Nesom and Kartesz
Ludwigia peploides subsp. montevidensis C
(Spreng.) Raven
Myriophyllum aquaticum (Velloso) A M
Verdcourt
Myriophyllum heterophyllum Michaux ?
Najas graminea Delile ?
Octodiceras fontanum (Bach. Pyl) Lindb. ?
Paspalum dilatatum Poiret MA C
Paspalum distichum L. MA C
Pistia stratiotes L. M
Pontederia cordata L. MAC?
Sagittaria latifolia Willd. AC
Salvinia natans (L.) All. MA?
Schoenoplectus prolifer Rottb. A
Scirpus mucronatus L. MAC
Scirpus pungens Valh. AC
Spartina alterniflora Loisel A
Spartina x townsendii H.and J. Groves A?
Spirodela oligorhiza (Kurz) Hegelm. A
Stratiotes aloides L. AC

Vallisneria spiralis L. MAC
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the 567 sites investigated in France by Dutartre (2004), Ludwigia sp. were found
in rivers with low water velocity in summer (29%), in shallow wetlands (20%),
in ditches and channels (20%), in ponds and on lake shores (13%), in oxbows
(9%), and in wet meadows (4%).

Many of the NIS listed have a restricted invasion range in France: for example
the hybrid S. x townsendii along the Atlantic Coast or S. alterniflora in Bay of
Brest (Goulletquer et al. 2002). Fifteen species are restricted to Atlantic sites
only, 10 to the Mediterranean zone, and eight to the Continental area. Twelve
species have been observed in both Atlantic and Continental areas, whereas
only five taxa were listed for both Atlantic and Mediterranean areas (Table 3).
Plants normally found growing in rice-fields were often limited in range to
southern France, since the warm climate they need is not found further
north. Invasibility potential is highest in the Atlantic area. In many cases,
tropical-subtropical species thrived in Mediterranean and Atlantic areas but
were absent in colder, northern France.

Numerous NIS (e.g. A. philoxeroides, E. crassipes, P. stratiotes) have spread
worldwide, but are restricted to the Mediterranean zone in France. These
species, sold in the aquarium trade, are potentially invasive (Table 3). Other
species, such as Cotula coronopifolia, are invasive in some habitats (salt marshes,
estuaries) but their low actual invasiveness allows them to be considered as
potentially invasive in the Atlantic area. The number of sites at which a species
occurs is a misleading indicator for degree of invasiveness. Some species, such as
the non-indigenous Lemna sp. or water fern, which are found at a much more
restricted number of sites than Elodea species, for example, are in fact highly
invasive and spreading at those sites.

NIS MANAGEMENT IN FRANCE

Some invasive species are considered to cause ‘“nuisance growth’’, where the
degree of nuisance is judged in relation to the water body management aim (for
transportation, recreation, fishery management, or conservation). The ultimate
goal is to prevent the establishment of new invasive species proactively, while
setting control priorities for established plants. The action plan takes into
account the plants’ actual and potential impact on ecosystem functioning, as
well as the indigenous species and communities present, particularly if rare and/
or ecologically important species are targeted for conservation. Action is recom-
mended only after careful analysis indicates that leaving the spreading species
unchecked will result in greater damage than that caused by control efforts.
In general, the biological invasion control priority is to prevent new infes-
tations from taking hold, especially for the fastest growing and most disruptive
species. NIS that are not rapidly increasing in numbers, proliferating in undis-
turbed habitats, or interfering in areas recovering from disturbance have a
lower priority for control. Large infestations of plants which cause considerable
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environmental impact, such as Ludwigia spp. or Hydrocharitaceae (L. major,
E. densa) have the highest priority for control.

Each site has its own management plan based on individual characteristics.
Hand-pulling has been tested to limit unwanted proliferation of E. nuttallii in a
small stream (Di Nino et al. 2005). In order to fight Ludwigia sp., various
solutions adapted to individual sites were tested: manual removal and/or treat-
ing with herbicides (Dutartre and Oyarzabal 1993, Damien 2002, Fournier and
Oyarzabal 2002, Pipet 2002, Rebillard et al. 2002). The removal operation was
manual at the beginning of Ludwigia sp. colonisation. When it became well-
established, mechanization was necessary (Dutartre and Oyarzabal 1993,
Dutartre et al. 1999). Although chemical treatment can replace or enhance
manual removal operations, it has been used only as a last resort, where water
use and environmental considerations made it possible. In some wetlands in
southern France, salt water has been used to eradicate salt-sensitive L. peploides
(Grillas 2004).

Management plans established early on were the first steps towards sustain-
able management of aquatic environments. However, these efforts are compro-
mised as long as invasive aquatic plant species continue to be sold to
individuals. Stronger enforcement of existing laws, coupled with an intensive
public education campaign, is needed to prevent further NIS introduction.

INVASIBILITY AND INVASIVENESS
Habitat invasibility

Invasibility is an emergent property of an environment, the outcome of several
factors including the region’s climate, the environmental disturbance regime,
and the competitiveness of the resident species (Lonsdale 1999). The actual
invasion of an environment by a new species is influenced by three additional
factors: the number of propagules entering the new environment, the charac-
teristics of the new species, and the susceptibility of the environment to invasion
(Lonsdale 1999).

For example, whether or not cut-off channels are connected to the main river
is probably the essential parameter of colonization by E. canadensis and
E. nuttallii in the Rhone River flood plain. These two species colonize new
areas most often by vegetative fragments transported by water currents
(Barrat-Segretain 2001). Flood disturbances can, in particular, damage or destroy
some resident vegetation and allow for the introduction of Fallopia taxa. In some
cases, restoration work or river management efforts may be considered as
disturbances that facilitated NIS invasion (Schnitzler and Mulller 1998).

Fluctuation in resource availability is identified as another key factor control-
ling habitat invasibility (Davis et al. 2000). In a previous study, I established
that the eutrophication process increases the invasibility of Elodea species while
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inducing competition between Elodea species and indigenous macrophyte species.
Elodea nuttallii and E. canadensis take advantage of eutrophication because they
are adapted for the quick nutrient uptake necessary for growth and can avoid
turbidity by covering the water’s surface (Thiébaut 2005). However, when
increased levels of eutrophication induced the disappearance of submersed macro-
phytes as a result of phytolankton blooms and increased turbidity, they were
replaced by free-floating plants such as duckweed. This type of vegetation allowed
Azolla species to invade, particularly A. mexicana and A. filiculoides. Azolla species
live in symbiosis with the nitrogen-fixing cyanobacterium Anabaena azollae Strass
and are therefore efficient phosphorus removers in the absence of nitrate.

Life history traits of invasive plants

Many studies have focused on identifying plant traits that define invasiveness
(e.g. Goodwin et al. 1999, Vazquez 2005). There have been many attempts in
invasion biology to predict outcomes by focusing on the traits of potential
invaders and of the invaded community. Unfortunately, most of these attempts
have been unsuccessful (Vasquez 2005).

Below is my review of the studies that have evaluated the relationship
between the traits of some emblematic species in France and their invasion
success (Barrat-Segretain et al. 2002, 2004, Barrat-Segretain 2004, 2005,
Barrat-Segretain and Elger 2004, Dandelot 2004, Petit 2004, Thiébaut
2006). However, less is known about the invasiveness of the majority of NIS
and the invasibility of aquatic habitats.

Biological attributes as key factors for invasion

Ploidy level: Invasion outcomes might be influenced by variations in clonal
architecture and ecological attributes of emergent hybrids, as well as differen-
tiated abilities for sexual reproduction. Effective hybridization is known to
increase a species’ invasive potential in its secondary distribution area, if the
parents themselves are invasive (Bailey 2003). For example, hybridization with
local S. maritima (Curtis) Fernald resulted in a sterile hybrid, S. alterniflora being
the seed parent in the cross. Chromosome doubling in this hybrid gave rise to a
new fertile allopolyploid species, S. x townsendii. This new species, genetically
isolated from its parents, is very aggressive (Petit 2004). Similarly, the ploidy
level of Fallopia taxa was studied in north-eastern France. All plants were hybrid
Fallopia x bohemica and male fertile. The population analysed was a mixture
of hexaploids, octoploids, and aneuploids. The seedlings found were octoploids,
indicating the ability of octoploid plants to produce seeds (A. Schnitzler 2006,
personal communication). A possible outcome of hybridization is heterosis or
“hybrid vigour”. Although dissolution of heterosis can occur in hybrid popula-
tions that retain sexual reproduction, vegetatively reproducing aquatic plants
can propagate hybrid genotypes indefinitely. Molecular data demonstrate
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clearly that invasive water milfoil populations in North America have resulted
from hybrization between NIS and indigenous species. These observations
suggest that invasiveness in these aggressive NIS may be linked to heterosis
maintained by vegetative propagation (Moody and Les 2002). In France, no
plant morphologically intermediate between the indigenous M. spicatum
Linnaeus and the non-indigenous Myriophyllum heterophyllum has been
discovered yet, but the potential exists.

Reproductive biology: The reproductive biology of numerous aquatic NIS,
especially in their foreign ranges, is relatively poorly understood. Levels of
inbreeding and other mating-system parameters have been measured in several
emergent species but are lacking for free-floating or submerged taxa. Invasion
capacity may be influenced by the balance between sexual versus clonal repro-
duction. The relative importance of sexual versus clonal recruitment may vary
among populations of clonal plants because reproduction allows populations to
persist in habitats or regions where sexual reproduction cannot occur. For
example, the spread of dioecious E. canadensis or E. nuttallii across Europe
involved only female plants, and male and female S. aloides plants tend to be
confined to different parts of the species’ European range so that sexual repro-
duction is not possible in most populations.

Sexual reproduction generates genotypic diversity which may increase the
adaptive evolution rate during expansion into new habitats. The seeds produced
by sexual reproduction are also more likely to participate in long-distance
colonization than vegetative clonal propagules which are often larger, more
vulnerable to desiccation, lack dispersal and dormancy mechanisms, and there-
fore have less capacity for dispersal (Eckert 2002). Asexual reproduction
includes both seed production without fertilization and vegetative reproduction
(rhizomes, turions, tubers, and stolons). Asexual reproduction is important in
the establishment, growth, and maintenance of NIS. Each aquatic species has
followed a unique evolutionary path representing a complex balance between
sexual and asexual reproduction, levels of genetic variation in offspring, and the
ability to maximize survival. Because of the highly diverse evolutionary histories
of aquatic plants, it is difficult to identify general evolutionary models.

Dispersal of propagules: Gene flow in aquatic plants may be greatly affected by
the discrete and patchy nature of many aquatic habitats and the directional
transport of propagules in running water. Transport of vegetative fragments
may lead more frequently to successful gene establishment than seed dispersal
and may, in part, explain the extensive geographical ranges of many clonal
aquatic species (Barret et al. 1993). Semiaquatic invaders differ from many
aquatic invaders in that seeds are often dispersed via water, whereas aquatic
plants and plant fragments can be dispersed via flotation. In aquatic species,
reproduction occurs primarily from asexually rooting plant fragments. Ludwigia
grandiflora produces viable seeds and plantlets in the south of France (Dutartre
et al. 1997, Dandelot 2004). Stem fragmentation is the main dispersal mode for
Ludwigia spp., Elodea sp. and E. densa. After establishing themselves in the
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bank or channel bottom, prostrate stems grow laterally, rooting adventitiously
at nodes. Water plants excel in this capacity with a variety of vegetative
structures that are highly specialized to function efficiently as propagules,
some being even capable of long-distance dispersal (Dutartre et al. 1997, Thié-
baut et al. 1997, Dandelot 2004). Life history traits, regeneration (regrowth into
viable plants) and colonization (establishment in the sediment) of vegetative
plant fragments, and resistance to water current were compared in two invasive
macrophyte species, E. canadensis and E. nuttallii (Barrat-Segretain et al. 2002).
Both species showed similar resistance to currents, while fragment regeneration
and colonization were only slightly higher in E. nuttallii than in E. canadensis.

Physiological traits as key factors for invasion

Allelopathy: NIS are considered less vulnerable than indigenous species to
phytophagous animals, due to a lack of natural herbivores in their introduced
range or efficient defence mechanisms. For example, Ludwigia spp. are con-
sumed less by herbivores probably due to their high content of saponins and
calcium oxalate (Dandelot 2004). In the same way, a slightly higher palatability
was established for E. nuttallii than for E. canadensis (Barrat-Segretain et al.
2002, Barrat-Segretain and Elger 2004). The difference in palatability between
the two Elodea species was also partly related to the smaller dry matter content
of E. nuttallii. At an intraspecific level, the effect of time of year is also fully
explained by the temporal variability in dry matter content for the Elodea species
(Elger and Wilby 2005). Palatability is a multi-factorial feature of plants,
resulting from chemical (e.g. nutrient content and amount of secondary com-
pounds) and physical (e.g. toughness and hairiness) tissue characteristics.
Despite these studies, there is no comprehensive view of biotic interactions
occurring in fresh waters.

Competition: The success of invasive species has also been attributed to
their ability to displace other species by direct competition. The formation of an
E. nuttallii canopy which shades E. canadensis is a key factor in explaining
the success of E. nuttallii, particularly under eutrophic conditions (Barrat-
Segretain and Elger 2004). Later, Barrat-Segretain (2005) established that
both spatial pattern and development stage of E. canadensis may influence the
outcome of competition with E. nuttallii. The coexistence of the two Elodea species
is enhanced by river disturbances (Barrat-Segretain 2001), whereas E. nuttallii
dominates in less-disturbed waters as a result of its higher growth rate.

Phenotypic plasticity: NIS have been shown to modify resource allocation
through changes in their morphology and physiology. Plant plasticity when
facing fluctuating resources is one characteristic that contributes to competi-
tiveness and invasibility. By changing leaf area, E. nuttallii individuals can
maximize growth and reproduction under a variety of environmental conditions
(F. Di Nino 2006, unpublished data). Phenotypic plasticity may play a key role in
the adaptation of organisms to changing environmental conditions. This trait is
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especially important for aquatic plant species which often spread asexually and
thus lack genetic variation.

A broad ecological tolerance: Wide ecological amplitude seems necessary
because any changes in the water potentially influence all plants in contact
with it; for example, Ludwigia sp. has rather good resistance to frost in Europe.
The growth of E. canadensis is affected by reduced light intensity, contrary to
that of E. nuttallii. Increasing water phosphate levels increased the growth rate
of E. nuttallii (Barrat-Segretain 2004). Elodea nuttallii and E. canadensis have
wide amplitude in nutrient levels (Dendéne et al. 1993, Robach et al. 1995,
Rolland et al. 1999, Thiébaut and Muller 2003, Thiébaut 2005). Adaptation to
dynamic water conditions is apparent in widespread aquatic species such as
Lemna aequinoctialis and L. turionifera which can tolerate extreme ranges in pH
from 3.2 to more than 9.0 (Landolt 1986).

CONCLUDING REMARKS

This review shows that a total of 58 plant species has been introduced into
aquatic environments in France over the last three centuries. Most NIS arrived
in France through human intervention (aquarium or ornamental plant use).
Plant distribution varies according to the different climates in three biogeo-
graphical zones.

Despite several recent contributions concerning biology and ecology in
the rapidly developing field of invasion biology, less is known about the inva-
siveness characteristics of aquatic or semiaquatic species and the specific
features associated with habitat invasibility. This synthesis highlights the gaps
in our understanding and contributes to identifying areas for further research
which should be encouraged in order to prevent biological invasions of aquatic
and semiaquatic species in France, other pa