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Abstract

Introduction of alien species constitutes worldwide one of the major threats to biodiver-
sity, particularly in freshwater ecosystems. In France, the number of alien aquatic plant
and animal species has increased exponentially over time in freshwater ecosystems and
shows no sign of decreasing. For fish only, more than 40 alien species have been either
voluntary or involuntary introduced in the past decades. About two-thirds are still pres-
ent today and at least 26 are naturalized. As in many European countries, the fish intro-
duction history in France switched from voluntary introduction in the nineteenth century
(aquaculture, sport fishing, and management of ecosystems) to unintentional but human-
aided introductions (aquarium trade and global ship transport). The negative impacts of
alien species on native species and ecosystems are most often unknown in France and
needs further studies to develop a functional policy on alien species introductions and the
protection of aquatic ecosystems integrity. The information gathered allow discussing the
possible reasons explaining whether an alien species is able or not to establish sustainable
populations in France and thereafter became invasive, such as gobies recently arrived.

Keywords: inland waters, invasive species, gobies, climate change

1. Introduction

Introduction of alien species (also sometimes called non-native, transplanted, or exotic with
a slightly different meaning, see Table 1) constitutes worldwide one of the major threats to
biodiversity, with alteration or destruction of habitats, pollution, overexploitation, and climate
change [1, 2]. In freshwater ecosystems, the introduction of fish is considered as a significant
component of human-caused environmental changes [3]. The rate of introductions has strongly
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Term Definition

Non-native or foreign Species not occurring naturally in a geographic area

Exotic Species introduced from other biogeographic realms

Indigenous or native A species occurring naturally in a specific geographical area without human intervention

Introduced population ~ Population that arrives at locations not normally achievable by that species, with
intentional or accidental human assistance

Naturalized Self-sustaining populations in the wild of a non-native species

Invasive Non-native species that spread and cause significant ecological changes or cause severe
economic losses

Translocated Species that is transported from a region where it is native to another part within the same
country

Table 1. Definitions of the main terms used in the literature on fish introduction (modified after [16, 18, 34].

increased in the past century [4-7]. In France, for instance, the number of alien aquatic plant and
animal species has increased exponentially in freshwater ecosystems from less than 10 prior to
the beginning of the nineteenth century up to 148 today and shows no sign of decreasing [7].

For fish, the main causes of introduction of alien species are aquaculture [3, 6, 8], commer-
cial and recreational fisheries [9, 10], aquarium fish market [11], and management of aquatic
ecosystems [3, 12]. Introductions could also result from a spread following the human modi-
fications of hydrosystems, such as the construction of canals [3, 13] or dams [14] that allow
species to disperse by their own means or transported by ship ballasts [3, 15]. Today, more
than 600 freshwater fish species have been introduced into areas outside their native range
globally [16], which resulted in that more than half of the river basins across the world host at
least one alien fish species [17]. Among these 600 species, Toussaint et al. [18] found that 14 are
present into at least one of the 1054 river basins studied in the 6 biogeographic realms defined
by [19]: Afrotropical, Australian, Nearctic, Neotropical, Oriental, and Paleartic. Three species
are present in all six realms: rainbow trout (Oncorhynchus mykiss), common carp (Cyprinus
carpio), mosquitofish (Gambusia affinis), and three more, goldfish (Carassius auratus), sea trout
(Salmo trutta), and Eastern mosquitofish (Gambusia holbrooki) in five realms [18]. These few
alien species contribute the most to the global homogenization pattern, whereas most intro-
duced species have low impact on the global change in dissimilarity, i.e., beta-diversity [18].
The authors thus concluded that focusing conservation efforts in controlling the spread of
these few species may be more relevant to counteract the global homogenization trend [18].

Most often, exotic species freshly introduced are not able to survive in their new environment
and it is generally considered that only a low percentage succeeds to establish sustainable pop-
ulations and become invasive [1, 20]. However, Garcia-Berthou et al. [21] found that the aver-
age percentage established of the 123 alien aquatic species into six European countries (United
Kingdom, France, Spain, Sweden, Germany, and Italy) is 63% (167 of 264 introductions), much
higher than the 5-20% suggested by Willamson’s “tens” [21]. Once established, the eradication
of a freshwater non-native species is almost impossible [17], which is a real problem because it
is still today very difficult to prevent new introductions and to predict the success and effects
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of invading species [20]. There is indeed no consensus about what makes a successful invader,
even though some biological attributes have been proposed, among which a high environmen-
tal tolerance (e.g., eurythermal and euryhaline), a high genetic variability, a short generation
span, a rapid growth, an early sexual maturity, a high reproductive capacity, and a broad diet
[22]. Based on the analysis of 10 life-history traits between 13 non-native and 46 native fresh-
water fish species inhabiting the Central European biogeographical region, Grabowska and
Przybylski [23] found that the former were significantly different from the latter. Non-native
species tend to be small or medium in size, have a short longevity and mature early, a rather low
fecundity but with large eggs, spawn at least twice each year over an extended reproductive
season, and exhibit some form of parental care. MacDougall et al. [24] assume that the diver-
gence in at least one biological attribute (on the basis that it results in a “fitness difference”) can
better explain invasion success than a particular suite of specific life-history attributes [23]. For
instance, the gibel carp (Carassius gibelio) possess a unique reproductive attribute (the eggs can
be activated by the sperm of other cyprinid species, allowing the production of progeny in the
absence of conspecific males), which probably partly explain why it is one of the most success-
ful invader in Poland and more generally in Central Europe [23]. More broadly, the theory of
MacDougall et al. [24] belongs to a vein of interest related to the ecosystem naiveté, with at least
two hypotheses that can be extended to freshwater fish even if the latter has been mostly tested
for terrestrial plants. Ricciardi and Atkinson [25] proposed the phylogenetic distinctiveness
hypothesis: larger impacts are caused by exotic species that add novel taxa to the community.
The evolutionary naiveté hypothesis [26, 27] assumes that impact of exotic species depends
on the recipient community’s evolutionary experience with functionally similar species. Both
hypotheses have originally been produced to explain the ecological impact of exotic species but
can also be used to investigate their success in terms of establishment.

The success or failure of an alien species relies probably partly on its biological attributes (or
on one or a few specific attributes) but also depends on the recipient ecosystem characteristics,
including both biotic and abiotic factors [20, 28, 29]. All aquatic ecosystems seem potentially
colonizable even though some might be more susceptible to invasion: simple systems (i.e., with
rather low native species richness) or complex systems (i.e., species-rich communities) [17], geo-
graphically and historically isolated environments (e.g., islands), disturbed or anthropogenic
habitats, or regions where no co-adapted foes, including competitors, predators, parasites, or
diseases are present [30]. At last, the human-mediated propagule pressure (the number of indi-
viduals introduced as well as the frequency of introductions in a given area) is positively cor-
related with the establishment of alien species [1, 17]. Commensalism with human activity has
also been found as one of the most consistent attribute of the success of invasive species [22, 30].

Most alien fish species have generally low impacts on native species and ecosystems [1],
but high-impact invaders comprise at least 10% of the total number of invaders [31]. The
main consequences of alien species on native species and ecosystems are varying and non-
exclusive: hybridization, predation, competition, extirpation, dissemination of diseases and
parasites, habitat change, and food web alteration [3, 12, 15, 32, 33]. In metropolitan France,
more than one-third of the freshwater fish species are alien [7, 34]. Even though none has yet
been documented in France as the cause of native species extinction, several of them are well
known as causing major ecosystem disturbances.
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The aim of the present chapter is first to reassess the knowledge acquired on alien fish species
in France in the past years, and second to focus on the recent invasions of gobies in the north-
east of the country [35] to dissect possible factors enhancing successful invasion.

2. Alien species in Europe and France

Several atlas and field guides have been written on the European fish fauna, among which the
last and most completed was published 10 years ago [36]. It appears that this fauna is one of the
poorest across the world as these authors only recognized 579 species in European freshwaters
west of the Urals, particularly in comparison with the 13,000 freshwater fish species described
in the world [19]. Among these 579 species, 33 have been introduced from regions outside
Europe (North America and Asia in a large majority [37]), of which 28 are established [36].
Besides, much more species have been moved between European countries [34]. Consequently,
Leprieur et al. [17] have highlighted that western and southern Europe regions are among the
six areas where introduced species represent more than a quarter of all species. A database
developed from the project DAISIE (Delivering Alien Invasive Species Inventories for Europe)
was launched about a decade ago [38], and includes now more than 12,000 alien animals and
plants in Europe (http://www.europe-aliens.org/). A total of 162 alien fish species (including
diadromous) are listed in European freshwaters (an update of the 136 analyzed in [39]), among
which 3: the round goby (Neogobius melanostomus), the pseudorasbora (Pseudorasbora parva),
and the brook trout (Salvelinus fontinalis), are classified within the 100 of the worst alien species.

The French fish fauna has also been extensively studied in the past decades (e.g., [40-43].
Traditionally about 80 species were recognized [34], yet with the advent of the DNA barcod-
ing and integrative taxonomy [44] several taxonomic revisions have been done: some new
species have been described [45-47], others have been invalidated [48]. For instance, it was
thought that the Northern pike (Esox Lucius) was the only species present in Europe, but recent
integrative analyses based on both morphological and molecular characters concluded that
three species are actually present in France, the Northern pike (which is the most common),
E. aquitanicus (from the Charente to the Adour drainages), and E. cisalpinus (mostly in the
Lake Geneva). Besides, more than 40 alien species have been either voluntary or involun-
tary introduced in the past decades in France [42]. Nearly one-third are no longer present in
France (or their presence is very doubtful), among which several salmonids (Oncorhynchus
tschawytscha, O. kisutch, and Coregonus spp.) and centrarchids (Pomoxis spp., Lepomis spp.) [42].
Among those that are still present today, most have established self-sustaining populations
(Table 2); even though some occupied a very restricted area, such as the rock bass (Ambloplites
rupestris) [49]. Few other alien species are probably not established, such as the rainbow trout
Oncorhynchus mykiss or the grass carp Ctenopharyngodon idella. In total, the fish species richness
has increased in the past decades [49] and there are today more than 100 species inhabiting
France, which belong to 26 families. The two most speciose families are Cyprinidae (n = 40)
and Salmonidae (n =9), whereas 12 are monotypic, among which Gadidae [50].

The timing and reasons of introductions of alien species in France are, in general terms, simi-
lar to other European countries [3, 16, 34], such as in Belgium [51], Germany/Austria [52, 53],
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Latin name Date of first  Vectors of Native French name References
observation  introduction range
in France

Ameirus melas 1871 Escape: from the North Poisson chat [5, 40, 42]
“Museum National America
d’Histoire Naturelle”

Carassius auratus Around 1750 Release: ornamental Carassin doré [5, 40]
purposes

Carassius gibelio Around 1850 Release: aquaculture Carassin argenté [5]

Coregonus albula 1860 Release: recreational Petite marene [5, 40]
fishing

Gambusia affinis 1924 Release: anti-mosquito Gambusie [5, 42, 40]
biological control

Lepomis gibbosus 1977 Release: recreational North Perche soleil [5, 42, 40]
fishing America

Micropterus 1890 Release: recreational Black-bass a grande [5, 42, 40]
salmoides fishing bouche

Ponticola kessleri 2011 Dispersal: shipping Ponto- Gobie de Kessler [35, 42]
caspian

Pachychilon pictum  Around 1980 °? Epirine lippue [5,42]

Pseudorasbora parva Around 1978  Escape: from Pseudorasbora [5,42,91]
aquaculture
production unit
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Latin name Date of first  Vectors of Native French name References
observation  introduction range
in France
Salvelinus 1886 Release: recreational Cristivomer [5, 42, 40]
namaycush fishing
Sander lucioperca Around 1880 Release: recreational Sandre [40-42]
fishing
Silurus glanis 1857 ? Silure glane [5, 40, 42, 92]
Umbra pygmea 1910 Release: aquaculture Umbre pygmée [5, 42, 93]
Vimba vimba 1989 Dispersal Vimbe [5, 42]

Silurus glanis is included in this table but its alien status remains questionable. Vectors of introductions have been classified
into: Dispersal (range expansion by active or passive means from populations of neighboring countries. It includes
accidental transport by human means), Escape (escaped from captivity) or Release (deliberately released into the wild)

Table 2. List of alien fish considered as naturalized in French inland waters.

Bulgaria [55], Poland [56], or Norway [57]. The first species that was introduced in France is
the common carp Cyprinus carpio in roman times, followed by the goldfish Carassius auratus
[41, 42]. Nevertheless, this is only during the second half of the nineteenth century that more
frequent introductions occurred under the auspices of the Imperial Society of zoological accli-
matization (“Société impériale zoologique d’acclimatation”) [41, 42], which was established in
1855 [34]. Introductions were first motivated by research curiosity and to improve fish stocks
for fishery. Introductions concerned exclusively European and North American fish, among
which various salmonids and centrarchids [41, 42]. Then, new species were deliberately intro-
duced to improve the fish market economy by diversifying the market of native species, for
sport fishing, to act as biological control agents of algal blooms in eutrophic ecosystems, or
to control mosquitoes [3]. More recently, because of stricter legislation and change in fish-
eries management practices away from stocking with non-natives [34], the main pathways
for alien fish introduction are via either the ornamental trade and subsequent unintentional
introduction [6, 11] or angling practices, such as for the asp (Aspius aspius), which is one of the
three alien species that showed the most spectacular colonization in France during the past
decades [49]. Besides, several introductions were accidental (e.g., during stocking events),
which is probably the case for species not favored for fishing, such as Pseudorasbora paruva,
Pachychilon pictum, and pumpkinseed Lepomis gibbosus [49]. Other introductions result from
natural species range expansion accelerated by several human activities and infrastructures,
such as fluvial transport and artificial canals [56]. In conclusion, the attitude to the introduc-
tion of non-native fish have changed over time from efforts made to seek out and introduce
new species actively to the protection of hydrosystems face from all new species [33, 34].

The negative impacts of alien species on native species and ecosystems, as for other countries
[16], such as Belgium [51], Norway [57], Bulgaria [55], or Poland [56], are most often unknown
in France and needs further studies [5, 41, 42] to develop a functional policy on alien species
introductions and the protection of aquatic ecosystems integrity [51]. The recent European Union
legislation addressing the problem of invasive alien species or IAS (EU Regulation No. 1143/2014)
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identifies different types of intervention including prevention, early warning, and rapid response.
It required member states to develop a list of invasive alien species of concern in addition to a list
of Union concern (see EU 2016/1141 and 2017/1263). These lists are dynamic at the Member State
and EU levels and need scientific evidences to identify and prioritize IAS of regional and indeed
global concern. We still need a quantitative methodology to assess potential impacts of invasive
fish even if some recent proposals have been done [58, 59].

2.1. Two alien fish species intentionally introduced but not acclimatized: the
rainbow trout and grass carp

The rainbow trout (Oncorhynchus mykiss), which is a salmonid originating from the west coast
of North America, was one of the first fish species to be domesticated and introduced globally:
today it is present in more than 90 countries [60, 61]. In France, it was first introduced in the
beginning of 1880 for angling [41]. Thereafter, with the control of artificial production, it has
become one of the leading species in inland European aquaculture [62] and accounts for more
than three-quarters of the French fish production [61]. Yet, rainbow trout is still considered
non-established in France [49], and in most European countries, except in few Norwegian
drainage basins where only six self-reproducing populations are confirmed by the mid-1990s
[57], as well as in few Alpine rivers in Austria, Slovenia, Switzerland, and Italy [36]. The failure
of rainbow trout to establish in most parts of Europe may to a large extent be caused by its
susceptibility to whirling disease, a myxozoan parasite Myxobolus cerebralis [57]. Nevertheless,
even though it is not established, it is still very common in France, because of escapees from
aquaculture and intentional releases in lakes, rivers, and particularly private ponds for sport
fishing [16, 51]. The impacts of rainbow trout on native species and ecosystems is poorly
documented in France [5], but it is generally considered that this species do not show severe
environmental impacts across Europe [3].

The grass carp (Ctenopharyngodon idella) is native from East Asia and was first introduced in
France in the end of 1950s [41], similar to other European countries [34]. As rainbow trout
and two Asian carps (silver carp Hypophthalmichthys molitrix and bighead carp H. nobilis), the
grass carp does not breed in natural conditions in France because it requires very specific con-
ditions that are not met in this country: large rivers with a strong current (1 m/s), important
and rapid water level variations (1-2 m), water temperatures comprised between 20 and 25°C
during several weeks in summer, and long unregulated water courses in which the pelagic
eggs can incubate [63]. Yet, easy artificial reproduction has allowed this species to be spread
in numerous countries [55], even though it is only very occasionally found in open waters in
France [63] or Belgium [51]. However, it is present in numerous ponds across France [63]. The
impact of grass carp is poorly document in France [41, 63]. Yet in other countries, it is consid-
ered that several parasites were transferred, which infested the common carp in Bulgaria [55]
and Poland [56]. More generally, it is considered that grass carp can significantly influence
native ecosystems because of their prevalence in some water bodies [56]. For instance, they are
reported to destroy the spawning grounds of native phythophilous fish species through for-
aging on macrophytes, which could led to the decreased of fishing of some species in several
lakes or depletion of wild fowl fauna, particularly those feeding on soft aquatic vegetation,
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e.g., coot, Fulica atra, and swan, Cygnus sp. [56]. Nevertheless, it is important to mention that
the use of grass carp has allowed in certain cases to effectively control macrophyte develop-
ment while avoiding the use of more costly and environmentally unacceptable alternatives
such as insecticides or herbicides [16].

These two examples illustrated what has occurred in the past in France (and more gener-
ally in Europe) to improve angling, aquaculture production, and management of ecosystems.
Today, it would be a futile and potentially a controversial exercise to try to eradicate these
two species and more generally already established alien fish species because of high expense,
difficulty of success, and the likelihood of imposing substantial collateral damage [56, 64].
However, as the possible outcomes of introductions are still very poorly documented, the
precautionary approach (“guilty until proven innocent”) is most appropriate for dealing with
new alien species introductions [3, 51]. Because, nowadays, aquaculture is the main pathway
of initial introduction of new fish species in Europe [6], one possible way to decrease risks
while increasing production [16] would be therefore to rely more on the production of local
species with valuable qualities such as pikeperch (Sander lucioperca) or European perch (Perca
fluviatilis) ([54], Teletchea et al. 2009).

2.2. One unwanted invasive species: Pseudorasbora parva

The topmouth gudgeon is a small cyprinid originating from East Asia, including Japan, the
Korean section of the Amur River Basin, China (basins of the rivers Yangtze and Hoanghe),
and Taiwan [65]. It was accidentally released in Europe in early 1960s with stocking material
of Asian herbivorous cyprinids [51, 56, 65-67]. Then, because of both stocking and natu-
ral range expansion, it has rapidly spread across Europe [51, 56, 67] and more generally
in numerous countries in the world, being now classified as a worldwide pest [66]. It still
continues today to expand its range, and represent one of the most common alien species in
France [49]. Similarly, following its introduction into lakes in the UK in 1996, populations
appear to establish rapidly and become dominant in the fish community (often >97% by
number) [64]. The reason for its success is its very high reproductive rate, which gives rise
to dense populations of fish that compete with fry of other species [65]. Besides, this species
is opportunist and has a wider ecological and physiological tolerance than many European
fish species and can survive to a moderate degree of pollution, elevated temperatures, and
low water levels. The ability to spawn on any smooth-surfaced object, such as branches,
leaves, and artificial substrata, is another important factor likely to have contributed to the
rapid dispersal of this species [65]. The impact of the topmouth gudgeon is poorly docu-
mented in France [42]. Yet, in other countries, it has been shown that it can compete for food
with other species such as Aphanius anatolie and Orthrias sp. [65]. It was also described that
populations of Leucapius delineatus decreased when topmouth gudgeon increased, the latter
being a vector of a lethal pathogen for the former [49, 64, 65]. More generally, their high
abundance provokes concerns of detrimental ecological impacts through, for example, high
competition for resources such as food and spawning habitat, and they become a pest spe-
cies to anglers [64]. The topmouth gudgeon is included in the list of exotic species of concern
in the framework of European Union legislation addressing the problem of invasive alien
species (EU Regulation No. 1143/2014).
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3. Recent invasion of gobies: why?

The recent, spectacular invasion of French hydrosystems by gobies is a good medium to dis-
cuss about what makes the success of an invasion. Since 2007, four freshwater Gobiidae species
have been introduced in French hydrosystems: the tubenose goby (Proterorhinus semilunaris)
in 2007, the bighead goby (Ponticola kessleri) in 2010, the round goby (Neogobius melanostomus)
in 2011, and the monkey goby (Neogobius fluviatilis) in 2015. All that Ponto-Caspian species
have moved in Europe with a contiguous East to West range expansion, with a spread from
the Black Sea to the Rhine Delta observed as early as in the 1960s for the tubenose goby. Here,
we focused on the round goby that reach locally high densities in many locations of the Upper
Rhine and the Moselle River [35, 68]. This species has begun to spread in the 1990s [69]. It was
observed for the first time in a downstream section of the Upper Rhine in Germany (between
Diisseldorf and Cologne) in 2008, upstream of the confluence with the Neckar in 2010, in the
French Upper Rhine (the Gambsheim fishway) in 2011 and in Basel harbor, 143 km upstream
the Gambsheim fishway, in 2012 [35, 70]. Five years after its first observation, the round goby
represented in several locations along the Upper Rhine more than 80% of the total catch by
electrofishing (100 fishing points). The relative density of the round goby never fall below
25% of the total catch 1 year after its first observation, with a maximum value reaching 90%
in a location dominated by rip-rap embankment [68]. This population dynamic is an amazing
success that we dissected considering first the species bio/ecological traits and secondly the
characteristics of its recipient ecosystems.

3.1. A profile of invader

Potential reasons for the proliferation of the round goby include (1) its reproductive success,
(2) its singular behavior by comparison with native species, and (3) its tolerance to a wide
range of physicochemical conditions. The fecundity per round goby female during a reproduc-
tive season ranges between some hundreds and a maximum of 5200 eggs that are divided in
up to six spawns per year (unpublished results and values reported in [71, 72]). This number
of eggs is not important by comparison with native species but the round goby exhibits two
characteristics that make them prolific: multiple spawning combined to a protracted reproduc-
tive season and some forms of parental cares [73, 74]. The male occupies and defends a nest—
an enclosed cavity —to which females are attracted to spawn adhesive eggs on the undersize
of rocks [75-77]. In laboratory experiments conducted in Canada, up to three females were
selected by a male and spawned sequentially in a nest [78], but field observations reported that
up to 15 different females could enter a nest to spawn [76]. Inside the nest, eggs are regularly
inspected by males and constantly ventilated using pectoral and caudal fins. In Europe, gobies
are the most typical species of guarders—nest spawners according to the typology of parental
investment recently used by [23] in a comparative study between exotic and native fish.

Gobies lack a swimbladder, which makes their positioning in the water column predomi-
nantly benthic. They stand at the bottom and are considered bad swimmers in that they cannot
fight against an important current or make jumps. A consequence is that at any stage of their
biological cycle the gobies need numerous shelter and hiding places in their environment.
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Mineral structures (pebble, stones, and blocks) or macrophytes are useful habitats but in
a given environment they would be more frequent in hard substrates as typically rip-rap
embankments [79-81]. Few other native species, such as the European bullhead (Cottus gobio),
the freshwater blenny (Salaria fluviatilis) or the ruffe (Gymnocephalus cernua), have these char-
acteristics [43, 82]. Neogobius melanostomus inhabits a wide range of temperate freshwater and
brackish-water ecosystems [72]. It has also demonstrated its capacity to adapt to local condi-
tions in terms of prey availability [72]. This species exhibits a wide thermal tolerance, ranging
from -1 to 30°C, but its energetic optimum temperature is estimated to be 26°C [72]. They
would also be fairly little sensitive to pollutions. The distinguishing ecological features of the
round goby by comparison with native ones make them singular in the range of bio/ecological
profiles of species in place, a distinctiveness that could promote its success [25].

3.2. Hydrosystems prone to invasions

There are multiple potential and non-exclusive hypotheses to explain the gobie’s success from
the hydrosystem point of view. Among these, we emphasize the ideas (1) that the environ-
ments are not saturated in species and (2) that the rivers were man-modified in a way favoring
the installation of exotic species.

The environments invaded by exotic species are not saturated in species for two main rea-
sons. First, they correspond to hydrosystems that were largely defaunated during the Wiirm
glaciation (80,000-10,000 BP). At the end of this period, the Rhine basin was recolonized by
fish species from refuge areas that were outside ice range extension [83]. This recoloniza-
tion by natural process takes a long time in the Rhine River considering the isolation of this
basin and its geographical orientation with the downstream part to the North. The process
was artificially accelerated these last centuries by human-aided introduction and the open-
ing of the hydrographic basin with canals. Nowadays, the Upper Rhine is the main navigat-
ing way in Europe with two-third of goods transported on that fluvial road (330 millions of
tons per year). Man activities allowed species from refuge area during the last glaciation,
in particular the Ponto-Caspian area, to reach this unsaturated ecosystem. The Rhine has
hence become the main entrance point for the dispersal of many invasive aquatic animal
species in France over recent decades [7]. Another reason why ecosystems are not satu-
rated in species is that pollution and human activities have profoundly modified natural
communities, leaving vacant ecological niches within the hydrosystem. The decline of the
Atlantic salmon (Salmo salar) or the European eel (Anguilla anguilla) in French inland waters
are for example well documented. In conclusion, the ecosystems are not saturated because
the post-glaciation process of recolonization is not achieved and several native species in
place have already declined.

Second, the river stretches that served as entrance point in French hydrosystems are highly
modified in terms of structure, quality, and functioning. The alteration of their habitats has
placed the native species in a situation of anachronism: they are un-adapted to their own nat-
ural environment. The changes of habitats were too fast since the nineteenth century to allow
a real adaptive response from species in place. Most of them disappeared, and the others
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can have a declining level of competition. The resulting consequence is that the remained
native species in place is not efficient to compete with some euryecious and prolific species.
Furthermore, the rule of biotic factors in the success of gobies can be explained from a theo-
retical point of view by the invasional meltdown [84] and the enemy release hypotheses [85,
86, 87]. To be explained, the invasional meltdown can be drawn schematically. The propagule
pressure received by a navigated and highly modified hydrosystem, such as the Rhine, is
so important that a first exotic species always finished successfully. This one became a fac-
tor favoring a second exotic species, for example, because it will decrease the pressure of a
potential predator. The two exotic species can then pave the way for a third exotic species and
so on. This concept could probably be applied to the round goby in that it was preceded by
the invasion of crustaceans and molluscs fed massively by this fish [88]. The enemy release
hypothesis assumes the advantage of the loss of the original parasite burden of an invader.
A recent study [89] revealed that 3 years after its first observation, the round goby hosted
only one macroparasite in the French Upper Rhine, whereas in all other locations along its
invasive pathway or its native range a minimum of three macroparasites were reported. This
is typically an example of the enemy release an introduced species can benefit at least at the
beginning of the invasion process.

4. Conclusions

The main goal of the present chapter is to give an update picture of alien fish species in France
and their fate in the past decades. We dissected how the fish introduction history in France
switched from voluntary introduction in the nineteenth century to unintentional but human-
aided introductions (aquarium trade and global ship transport). The 28 alien fish established
represent one-third of the fish species in France and >25% of the European exotic fish. Four
species of our list are included among the 100 worst invasive species of Europe (DAISIE)
and three others among the 100 worst invasive species of the world (IUCN). The informa-
tion gathered will allow discussing the possible reasons explaining whether an alien species
is able or not to establish sustainable populations in France and thereafter became invasive,
such as gobies. Now and in the near future, natural resource managers have no other choice
than to deal with them because no invasive fish have spontaneously collapsed up to a local
extinction in France.

Author details

Fabrice Teletchea' and Jean-Nicolas Beisel**

*Address all correspondence to: jn.beisel@engees.unistra.fr

1 University of Lorraine, UR AFPA, USC INRA, Vandoeuvre-les-Nancy, France
2 University of Strasbourg, CNRS, ENGEES, LIVE UMR, Strasbourg, France

85



86

Biological Resources of Water

References

[1]

2]

3]

[4]

[5]

[7]

[8]

[10]

[11]

[12]

[13]

[14]

[15]

Kolar CS, Lodge DM. Progress in invasion biology: Predicting invaders. Trends in Eco-
logy & Evolution. 2001;16:199-204

Olden FD. Biotic homogenization: A new research agenda for conservation biogeogra-
phy. Journal of Biogeography. 2006,33:2027-2039

Savini D, Occhipinti-Ambrogi A, Marchini A, Tricarico E, Gherardi F, Olenin S, Gollasch
S. The top 27 animal alien species introduced into Europe for aquaculture and related
activites. Journal of Applied Ichthyology. 2010;26:1-7

Pascal M, Lorvelec O. Holocene turnover of the French vertebrate fauna. Biological Inva-
sions. 2005;7:99-106

Pascal M, Lorvelec O, Vigne J-D. Invasions Biologiques et Extinctions. 11000 ans d’histoire
des Vertébrés de France. Paris: Editions Belin et Quae; 2006. 350 p

Nunes AL, Tricarico E, Panov VE, Cardoso AC, Katsanevakis S. Pathways and gateways
of freshwater invasions in Europe. Aquatic Invasions. 2015;10:359-370

Beisel JN, Peltre MC, Kaldonski N, Hermann A, Muller S. Spatiotemporal trends for
exotic species in French freshwater ecosystems: Where are we now? Hydrobiologia.
2017;785:293-305

Casal CM. Global documentation of fish introduction: The growing crisis and recom-
mendations for action. Biological Invasions. 2006;8:3-11

Lorenzen K. Understanding and managing enhancements: Why fisheries scientist
should care. Journal of Fish Biology. 2014;85:1807-1829. DOI: 10.1111/jfb.12573

Teletchea F. In: Lameed GA, editor. Wildlife Conservation: Is Domestication a Solution?
Global Exposition of Wildlife Management. Croatia: InTech; 2017. DOI: 10.5772/65660

Teletchea F. Domestication level of the most popular aquarium fish species: Is the aquar-
ium trade dependent on wild populations? Cybium. 2016;40:21-29

Crivelli AJ. Are fish introductions a threat to endemic freshwater fishes in the Northern
Mediterranean region? Biological Conservation. 1995;72:311-319

Mavruk S, Avsar D. Non-native fishes in the Mediterranean from the Red Sea, by way of
the Suez Canal. Reviews in Fish Biology and Fisheries. 2008;18:251-262

Johnson PTJ, Olden JD, Vander Zanden M]. Dam invaders: Impoundments facilitate
biological invasions into freshwaters. Frontiers in Ecology and the Environment. 2008;
6:357-363

Manchester SJ, Bullock JM. The impacts of non-native species on UK biodiversity and
the effectiveness of control. Journal of Applied Ecology. 2000;37:845-864



[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Alien Fish Species in France with Emphasis on the Recent Invasion of Gobies
http://dx.doi.org/10.5772/intechopen.73408

Gozlan RE, Britton JR, Cowx I, Copp GH. Current knowledge on non-native freshwater
fish introductions. Journal of Fish Biology. 2010;76:751-786

Leprieur F, Beauchard O, Blanchet S, Oberdorff T, Brosse S. Fish invasions in the world’s
river systems: When natural processes are blurred by human activities. PLoS Biology.
2008;6:0404-0410

Toussaint A, Beauchard O, Oderdorff T, Brosse S, Villeger S. Worldwide freshwater fish
homogenization is driven by a few widespread non-native species. Biological Invasions.
2016;18:1295

Lévéque C, Oberdorff T, Paugy D, Stiassny MLJ, Tedesco PA. Global diversity of fish
(Pisces) in freshwater. Hydrobiologia. 2008;595:545-567

Moyle PB, Light T. Biological invasions of freshwater: Empirical rules and assembly
theory. Biological Conservation. 1996;78:149-161

Garcia-Berthou E, Alcaraz C, Pou-Rovira Q, Zamora L, Coenders G, Feo C. Introduction
pathways and establishment rates of invasive aquatic species in Europe. Canadian
Journal of Aquatic Sciences and Fisheries. 2005;62:453-463

Ricciardi A, Rasmussen JB. Predicting the identity and impact of future biological invad-
ers: A priority for aquatic resource management. Canadian Journal of Fisheries and
Aquatic Sciences. 1998;55:1759-1765

Grabowska J, Przybylski M. Life-history traits of non-native freshwater fish invaders dif-
ferentiate them from natives in the Central European bioregion. Reviews in Fish Biology
and Fisheries. 2015;25:165-178

MacDougall AS, Gilbert B, Levine JM. Plant invasions and the niche. Journal of Ecology;
97:609-615

Ricciardi A, Atkinson SK. Distinctiveness magnifies the impact of biological invaders in
aquatic ecosystems. Ecology Letters. 2004;7:781-784

Diamond J, Case TJ]. Overview: Introductions, extinctions, exterminations, and inva-
sions. In: Diamond J, Case TJ, editors. Community Ecology. New York, New York, USA:
Harper and Row; 1986. pp. 65-79

Cox JG, Lima SL. Naiveté and an aquatic-terrestrial dichotomy in the effects of intro-
duced predators. Trends in Ecology & Evolution. 2006;21:674-680

Shea K, Chesson P. Community ecology theory as a framework for biological invasions.
Trends in Ecology & Evolution. 2002;17:170-176

Facon B, Genton BJ, Shykoff J, Jarne P, Estoup A, David P. A general eco-evolution-
ary framework for understanding bioinvasions. Trends in Ecology & Evolution. 2006;
21:130-135

Sax DF, Brown JH. The paradox of invasion. Global Ecology and Biogeography. 2000;
9:363-371

87



88

Biological Resources of Water

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]
[41]

[42]

[45]

Ricciardi A, Kipp R. Predicting the number of ecologically harmful exotic species in an
aquatic system. Diversity and Distributions. 2008;14:374-380

Eby LA, Roach W], Crowder LB, Stanford JA. Effects of stocking-up freshwater food
webs. Trends in Ecology & Evolution. 2006;21:576-584

Beisel JN, Lévéque C. Introduction d’especes dans les Milieux Aquatiques: Faut-il avoir
peur des Invasions Biologiques? Editons: Quae; 2010. 232p

Copp GH, Bianco PG, Bogutskaya NG, Eros T, Falka I, Ferreira MT, Fox MG, Freyhof
J, Gozlan RE, Grabowska ], Kovac V, Moreno-Amich R, Naseka AM, Penaz M, Povz M,
Przybylski M, Robillard M, Russell IC, Stakenas S, Sumer S, Vila-Gispert A, Wiesner
C. To be, or not to be, a non-native freshwater fish? Journal of Applied Ichthyology.
2005;21:242-262

Manné S, Poulet N, Dembski S. Colonisation of the Rhine Basin by non-native gobi-
ids: An update of the situation in France. Knowledge and Management of Aquatic Eco-
systems. 2013;411:02

Kottelat M, Freyhof J. Handbook of European Freshwater Fishes. Cornol, Switzerland
and Freyhof, Belain, Germany: Kottelat; 2007. 646p

Lehtonen H. Alien freshwater fishes of Europe. In: Invasive Aquatic Species of Europe.
Distribution, Impacts and Management. Netherlands: Springer; 2002. pp. 153-161

Hulme PE, Roy DB, Cunha T, Larsson T-B. Chapter 1. A pan-European inventory of
alien species, implementation and implications for managing biological invasions. In:
DAISIE, Handbook of Alien Species in Europe. Dordrecht: Springer; 2009. pp. 1-14

Gherardi F, Gollasch S, Minchin D, Olenin S, Panov VE. Alien invertebrates and fish in
European inland waters. In: Handbook of Alien Species in Europe. Dordrecht: Springer;
2009. pp. 81-92

Spillmann CJ. Faune de France. 65 Poissons d’eau Douce. Paris: Lechevalier; 1961. 303p

Keith P, Allardi J. Bilan des introductions de poissons d’eau douce en France. Bulletin
Francais de la Péche et de la Pisciculture. 1997;344/345:181-191

Keith P, Persat H, Feunteun E, Allardi J. Les Poissons d’eau douce de France, Collection
Inventaires & biodiversité, Biotope Editions. Meze, Paris: Publications scientifiques du
Muséum; 2011. 552p

Teletchea F. Guide des Poissons d’eau Douce Frangaise. Cours d’eau, lacs et étangs.
Paris: Belin; 2011

Teletchea F. After 7 years and 1000 citations: Comparative assessment of the DNA bar-
coding and the DNA taxonomy proposals for taxonomists and non-taxonomists. Mito-
chondrial DNA. 2010;21:206-226

Denys GPJ, Dettai A, Persat H, Doadrio I, Cruaud C, Keith P. Status of the Catalan chub
Squalius laietanus (Actinopterygii, Cyprinidae) in France: Input from morphological and
molecular data. Knowledge and Management of Aquatic Ecosystems. 2013;408:04



[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Alien Fish Species in France with Emphasis on the Recent Invasion of Gobies
http://dx.doi.org/10.5772/intechopen.73408

Denys GPJ, Dettai A, Persat H, Hautecoeur M, Keith P. Morphological and molecular
evidence of three species of pikes Esox spp. (Actinopterygii, Esocidae) in France, includ-
ing the description of a new species. Comptes Rendus Biologies. 2014;337:521-534

Denys GP]J, Persat H, Dettai A, Geiger MF, Freyhof ], Fesquet ], Keith P. Genetic and
morphological discrimination of three species of ninespined stickleback Pungitius spp.
(Teleostei, Gasterosteidae) in France with the revalidation of Pungitius vulgaris (Mauduyt,
1848). Journal of Zoological Systematics and Evolutionary Research. 2018;56:77-101

Denys GPJ, Geiger MF, Persat H, Keith P, Dettai A. Invalidity of Gasterosteus gymnu-
rus (Cuvier, 1829) (Actinopterygii, Gasterosteidae) according to integrative taxonomy.
Cybium. 2015;39:37-45

Poulet N, Beaulaton L, Dembski S. Time trends in fish populations in metropolitan France:
Insights from national monitoring data. Journal of Fish Biology. 2011,79:1436-1452

Teletchea F, Laudet V, Hanni C. Phylogeny of the Gadidae (sensu Svetovidov, 1948)
based on their morphology and two mitochondrial genes. Molecular Phylogenetics and
Evolution. 2006;38:189-199

Verreycken H, Anseeuw D, Van Thuyne G, Quataert P, Belpaire C. The non-indigenous
freshwater fishes of Flanders (Belgium): Review, status and trends over the last decade.
Journal of Fish Biology. 2007;71:160-172

Rabitsch W, Milasowszky N, Nehring S, Wiesner C, Wolter C, Essl F. The times are
changing: Temporal shifts in patterns of fish invasions in central European fresh waters.
Journal of Fish Biology. 2013;82:17-33

Wolter C, Rohr F. Distribution history of non-native freshwater fish species in Germany:
How invasive are they? Journal of Applied Ichthyology. 2010;26:19-27

Teletchea F, Gardeur N, Psenicka M, Kaspar V, Le Doré Y, Linhart O, Fontaine P. Effects
of four factors on the quality of male reproductive cycle in pikeperch Sander lucioperca.
Aquaculture. 2009;291:217-223

Uzunova E, Zlatanova S. A review of the fish introductions in Bulgarian freshwaters.
Acta Ichthyologica et Piscatoria. 2007;37:55-61

Grabowska ], Kotusz J, Witkowski A. Alien invasive fish species in Polish waters: An
overview. Folia Zoologica. 2010;59:73-85

Hesthagen T, Sandlund OT. Non-native freshwater fishes in Norway: History, conse-
quences and perspectives. Journal of Fish Biology. 2007;71:173-183

Dick JT, Laverty C, Lennon JJ, Barrios-O’Neill D, Mensink PJ, Britton R], et al. Invader
Relative Impact Potential: a new metric to understand and predict the ecological impacts
of existing, emerging and future invasive alien species. Journal of Applied Ecology.
2017;54:1259-1267

Roy HE, Rabitsch W, Scalera R, Stewart A, Gallardo B, Genovesi P, et al. Developing a
framework of minimum standards for the risk assessment of alien species. Journal of
Applied Ecology. 2017:1-13

89



90

Biological Resources of Water

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[71]

[72]

Teletchea F, Fontaine P. Levels of domestication in fish: Implications for the sustainable
future of aquaculture. Fish and Fisheries. 2014;15:181-195

Teletchea F. De la péche a l'aquaculture. Demain, quels poissons dans nos assiettes?
Paris: Editions Belin; ISBN: 978-2701164397. 180p

Turchini GM, De Silva SS. Bio-economical and ethical impacts of alien finfish culture in
European inland waters. Aquaculture International. 2008;16:243-272

Teletchea F, Le Doré Y. Etude sur 1'élevage des carpes dites chinoises en France et plus
spécifiquement sur les questions de leur hypothétique reproduction naturelle dans les
cours d’eau Frangais. 2011. 92p. http://www.gt-ibma.eu/wp-content/uploads/2016/06/
Rapport_final_carpes.pdf

Britton JR, Brazier M, Davies GD, Chare SI. Case studies on eradicating the Asiatic cypri-
nid Pseudorasbora parva from fishing lakes in England to prevent their riverine dispersal.
Aquatic Conservation: Marine and Freshwater Ecosystems. 2008;18:867-876

Ekmekci F, Kirankaya SG. Distribution of an invasive species, Pseudorasbora parva
(Temminck & Schlegel, 1846) in Turkey. Turkish Journal of Zoology. 2006;30:329-334

Rosecchi E, Thomas F, Crivelli AJ. Can life-history traits predict the fate of introduced
species? A case study on two cyprinid fish in southern France. Freshwater Biology.
2001;46:845-853

Gozlan RE, Andreou D, Asaeda T, Beyer K, Bouhadad R, Burnard D, et al. Pan-continental
invasion of Pseudorasbora parva: Towards a better understanding of freshwater fish inva-
sions. Fish and Fisheries. 2010;11:315-340

Manné S. Les gobies d’origine Ponto-Caspienne en France: détermination, biologie-
écologie, répartition, expansion, impact écologique et éléments de gestion. Synthese des
connaissances 10 ans apres les premieres observations dans les rivieres du nord-est de la
France. Agence Francaise pour la Biodiversité. Rapport d’étude; 2017. 65p

Roche KF, Janac¢ M, Jurajda P. A review of Gobiid expansion along the Danube-Rhine
corridor —Geopolitical change as a driver for invasion. Knowledge and Management of
Aquatic Ecosystems. 2013;411:01

Kalchhauser I, Mutzner P, Hirsch PE, Burkhardt-Holm P. Arrival of round goby
Neogobius melanostomus (Pallas, 1814) and bighead goby Ponticola kessleri (Giinther, 1861)
in the High Rhine (Schwitzerland). Bioinvasions Records. 2013;2:79-83

Tomczak MT, Sapota MR. The fecundity and gonad development cycle of the round
goby (Neogobius melanostomus Pallas 1811) from the Gulf of Gdansk. Oceanological and
Hydrobiological Studies. 2006;35:353-367

Kornis MS, Mercado-Silva N, vander Zanden MJ. Twenty years of invasion: A review of
round goby Neogobius melanostomus biology, spread and ecological implications. Journal
of Fish Biology. 2012;80:235-285



[73]

[74]

[73]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]
[86]

Alien Fish Species in France with Emphasis on the Recent Invasion of Gobies
http://dx.doi.org/10.5772/intechopen.73408

Teletchea F, Fostier A, Le Bail PY, Jalabert B, Gardeur JN, Fontaine P. STOREFISH: A
new database dedicated to the reproduction of temperate freshwater teleost fishes.
Cybium. 2007;31:227-235

Teletchea F, Fostier A, Kamler E, Gardeur JN, Le Bail PY, Jalabert B, Fontaine P. Com-
parative analysis of reproductive traits in 65 freshwater fish species: Application to
the domestication of new fish species. Reviews in Fish Biology and Fisheries. 2009;
19:403-430

Miller PJ. The tokology of Gobioids fishes. In: Fish Reproduction. London: Academic
Press ; 1984. pp. 119-153

Maclnnis AJ, Corkum LD. Fecundity and reproductive season of the round goby
Neogobius melanostomus in the upper Detroit River. Transactions of the American
Fisheries Society. 2000;129:136-144

Charlebois PM, Corkum LD, Jude DJ, Knight C. The round goby (Neogobius melanos-
tomus) invasion: Current research and future needs. Journal of Great Lakes Research.
2001,27:263-266

Meunier B, Yavno S, Ahmed S, Corkum LD. First documentation of spawning and nest
guarding in the laboratory by the invasive fish, the round goby (Neogobius melanosto-
mus). Journal of Great Lakes Research. 2009;35:608-612

Ray W], Corkum LD. Habitat and site affinity of the round goby. Journal of Great Lakes
Research. 2001;27:329-334

Young JA, Marentette JR, Gross C, McDonald JI, Verma A, Marsh-Rollo SE, Macdonald
PDM, Earn DJD, Balshine S. Demography and substrate affinity of the round goby
(Neogobius melanostomus) in Hamilton Harbour. Journal of Great Lakes Research. 2010;
36:115-122

Borcherding J, Staas S, Kriiger S, Ondrackova M, Slapansky L, Jurajda P. Non-native
Gobiid species in the lower River Rhine (Germany). Journal of Applied Ichthyology.
2001;27:153-155

Bruslé ], Quignard J-P. Ecologie des poissons d’eau douce européens. Paris: Editions Tec
& Doc; 2001

Oberdorff T, Hugueny B, Guégan JF. Is there an influence of historical events on contem-
porary fish species richness in rivers? Comparisons between Western Europe and North
America. Journal of Biogeography. 1997;24:461-467

Simberloff D, Von Holle B. Positive interactions of nonindigenous species: Invasional
meltdown? Biological Invasions. 1999;1:21-32

Williamson M. Biological Invasions. London: Chapman & Hall; 1996

Torchin ME, Lafferty KD, Dobson A, McKenzie V, Kuris AM. Introduced species and
their missing parasites. Nature. 2003;421:628-630

91



92

Biological Resources of Water

[87]

[88]

[89]

[90]

[91]

[92]

[93]

Prenter ], MacNeil C, Dick JTA, Dunn AM. Roles of parasites in animal invasions. Trends
in Ecology & Evolution. 2004;19:385-390

Brandner J, Auerswald K, Cerwenka AF, Schliewen UK, Geist J. Comparative feeding
ecology of invasive Ponto-Caspian gobies. Hydrobiologia. 2013;703:113-131

David GM, Staentzel C, Schlumberger O, Perrot-Minnot MJ, Beisel JN, Hardion L.
A minimalist macroparasite diversity in the round goby of the Upper Rhine reduced to
an exotic acanthocephalan lineage. Parasitology. 2018; in press

Manné S, Poulet N. First record of the western tubenose goby Proterorhinus semilunaris
(Heckel, 1837) in France. Knowledge and Management of Aquatic Ecosystems. 2008;
389:03

Allardi J, Chancerel F. Note Ichtyologique-Sur la présence en France de Pseudorasbora
parva (Schlegel, 1842). Bulletin Francais de la Péche et de la Pisciculture. 1998;308:35-37

Persat H, Keith P. La répartition géographique des poissons d’eau douce en France: Qui
est autochtone et qui ne l'est pas? Bulletin Francais de la Péche et de la Pisciculture.
1997,344/345:15-32

Verreycken H, Geeraerts C, Duvivier C, Belpaire C. Present status of the North American
Umbra pygmaea (DeKay, 1842) (eastern mudminnow) in Flanders (Belgium) and in
Europe. Aquatic Invasions. 2010;5:83-96



