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The spread of non-native species is nowadays recognized as a major threat to the
biodiversity of freshwater ecosystems. However, for a very long time the introduction
and acclimatization of new species has been perceived mainly as a source of wealth
for human societies. Here, we examined the establishment of non-native fish species
in the Seine River basin from a historical perspective by adopting a twofold approach.
In a first step, at the whole basin scale, considering various written and archeological
sources, we traced the chronology, over the last millennium, of the establishments of
non-native species. In a second step, by analyzing fish monitoring from several hundred
sites covering the diversity of rivers and streams, we examined the changes in numbers
and abundance of non-native species in local fish communities over the last three
decades. The first documented species introduction dates back to the 13th century
but it is from the middle of the 19th century that the introduction attempts accelerated.
Today, these introductions have reached an unprecedented level and 46% of the
species recorded in the basin are non-native. During the last three decades, non-native
species have continued to increase within fish communities both in terms of number
of species and abundance of individuals. The most pronounced increases are noted
on large rivers and sites where anthropic pressures are strong. Waterways connecting
European basins, globalization of trade, and ongoing climate change provide a general
background suggesting that the increase in the proportion of non-native species in the
fish communities of the Seine River basin is likely to continue for several decades.

Keywords: alien species, exotic species, historical biodiversity, ecological trajectory, Seine River, river fish
community

INTRODUCTION

The establishment of non-native species is now pervasive around the world and has progressively
emerged as one of the major threats to biodiversity (IPBES, 2019; Pysek et al., 2020). The incidences
of non-native species on ecosystems can be numerous and extensive, especially when they exhibit a
high degree of invasiveness (Mooney and Cleland, 2001; Simberloff, 2011). Non-native species can
cause massive declines in some native species through competitive or predation interactions, even
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leading to their extinction (Corbin and D’Antonio, 2004;
Bellard et al, 2016; Doherty et al., 2016). They can alter
environment and consequently deeply reshape pre-existing
biological communities and ecosystems (Dassonville et al.,
2008; Emery-Butcher et al., 2020). They can induce genetic
modifications in native populations through hybridization
processes (Rhymer and Simberloff, 1996; Muhlfeld et al., 2009).
They can be vectors for pathogens and parasites that may
adversely affect native species (Lymbery et al., 2014). They
can lead to deep restructuring in food webs notably through
cascading effects (David et al., 2017). Beyond these, non-native
species are also likely to generate socio-economic damages,
for example by reducing crop production or fisheries yields,
disrupting transport or water supply infrastructures or directly
affecting human health (Pejchar and Mooney, 2009; Mazza et al.,
2014; Pysek et al., 2020).

These issues are especially acute in freshwater ecosystems,
where non-native species seem to generate more significant
ecological and socioeconomic impacts compared to their
terrestrial counterparts (Sala et al, 2000; Moorhouse and
Macdonald, 2015). Yet, while the ascertained or anticipated
negative consequences of species introductions are increasingly
highlighted, this has not always been the case, and for a long
time the acclimatization of new non-native species was primarily
perceived as a source of wealth for human societies, by providing
greater production of livestock and crops, developing natural
environments and as recreational resources (Anderson, 1992;
Gozlan, 2008). This applies particularly to freshwater ecosystems
where, very early on, some fish species were translocated
outside their native range, in association with the emergence
and development of fish farming (Hoftmann, 1995, 2005;
Balon, 2004).

In this article we investigated the long-term dynamics of non-
native fish establishment in the Seine River basin, a Western
European territory where freshwater ecosystems were early used
and transformed by human societies. For this purpose, we
adopted an approach considering two nested and complementary
temporal and spatial scales to address this issue. In a first step,
considering the whole basin, we traced the chronology, over the
last millennium, of the establishments or attempted introductions
of non-native fish species by compiling various written and
archeological sources. This approach provides a comprehensive
but coarse overview of the occurrence of non-native species
over the past centuries in the basin due to the difficulty in
obtaining quantitative and spatially extensive information for the
earliest periods. In a second step, by analyzing fish monitoring
data from several hundred sites covering the diversity of rivers
and streams within the Seine River basin, we examined the
changes in numbers and abundance of non-native species in
local fish communities over the last three decades. By providing
accurate quantitative and spatialized data, this second approach
allows us to detail and add more nuance to the temporal
trends reported by the longer-term approach by focusing on the
most recent period.

Over the past millennium, we hypothesized that the
establishment of non-native fish species has steadily increased
and even accelerated. For the most recent period, and in line with

the previous hypothesis, we postulated that the increase in non-
native species within local communities also amplified during the
last three decades despite increasing regulations to restrict their
introduction. Further, we believe that these trends could vary
greatly among rivers, with stronger increases on larger rivers and
those subject to heavy anthropogenic pressures, potentially more
prone to non-native species establishment.

MATERIALS AND METHODS

The Seine River Basin

The Seine River basin extends over more than 76,000 km? in
the northwest of France. Its average flow is nowadays 450 m?
s~! in the upstream part of its estuary, with a pluvial/oceanic
hydrological regime. More than 95% of the basin is within a
large sedimentary basin at low elevation (<500 m) (Flipo et al.,
2021). The natural conditions in the basin facilitated an early
development of a large human population. As early as the Middle
Ages, man had a strong imprint on watercourses, in particular
with the widespread establishment of water mills, the expansion
of fish ponds, and later the construction of canals connecting
the Seine basin with its neighboring basins (Billen et al., 2007;
Leuven et al., 2009). The human impact increased considerably
from the 19th century onward with the industrialization, the
systematic channelization of large rivers and the regulation of
their flows, the intensification of agricultural practices and the
strong growth of human populations, particularly in the large
urban areas located around Paris and its suburbs and along the
major waterways (Meybeck et al., 2018; Flipo et al., 2021). The
total human population of the Seine basin increased from ca. 3
million people in the 13th century, to 8 million around 1900 and
to 16.7 in 2015 (Billen et al., 2009; Flipo et al., 2021).

Comprehensive Approach: The Whole
Basin During the Last Millennium
In order to list the non-native species recorded in the basin
and document their timing of introduction, we used historical
written and archeological sources. In particular we explore the
CHIPS database which compiles information retrieved from
the analysis of historical archives and includes data related to
past fish species distribution in the Seine River basin for the
period between the 16th and the mid-20th century (Beslagic
etal., 2013). More recent complementary sources of information
have been mobilized (species distribution atlases, mentions
from anglers, reports, etc.) for the most recently introduced
species. Occasionally, we also integrated archeological data
to consolidate or to complement the information provided
by written sources (Beslagic and Belliard, 2014). Thereafter,
following Copp et al. (2005) we used the word “introduction” in
a broad sense, meaning the appearance of a species in a new place
because of mechanical transfer (intentional or unintentional)
by man, or after overcoming or removing colonization barriers
(e.g., following the creation of a canal connecting initially
isolated basins).

For each species we determined the date of introduction.
For some species the available sources did not allow to
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establish a precise year of introduction or observation. In
such cases, the date was specified in a more approximate way
(generally the corresponding decade). In some cases, the different
sources available provided conflicting information concerning
the possible dates (for example, between archeological data,
mentions to voluntary attempts of introductions and first
observations of individuals in the wild). In such cases we
privileged the first observations of individuals in rivers or lakes
to establish the date of introduction. We also recorded whether
the species was still currently present in the basin, if it was
naturalized (self-sustaining population(s) with successful natural
reproduction) or not and its biogeographical origin (European
vs. non-European origin). For species formerly introduced but
no longer occurring in the basin, in the absence of precise
information, we considered that their extirpation took place in
the decade following their last record.

Detailed Approach: Local Communities

in the Last Three Decades

To investigate in greater detail the most recent changes in
distribution and abundance of non-native species in different
watercourses, we examined the results of electrofishing carried
out between 1990 and 2018 in the Seine River basin (Observatoire
des Poissons du bassin Seine Normandie).! We selected sites
with samples available for at least two different years during
this period, resulting in a dataset including 3,412 fish samples
from 453 different sites. The number of fish samples varied
widely among sites, ranging from 2 for 144 sites to 44 for the
most-monitored site.

Electrofishing was carried out at low flow periods and
followed the guidelines of European standard (CEN, 2003).
The sampling protocols implemented could vary between sites
and occasionally could change over time for a given site. For
each sample, the sampling conditions were described by three
qualitative variables: (1) the sampling strategy (3 modalities:
entire sampling of the study reach; partial sampling of habitat
areas with heterogeneous sizes; point abundance sampling), (2)
the sampling mode (3 modalities: by wading; from a boat; mix
of wading and boat sampling), and (3) the number of successive
passes (3 modalities: 1 passage; 2 successive passages; 3 successive
passages). In addition, for each sample, the sampled area (in m?)
was also determined.

The sites were characterized by the following two variables: the
catchment area (CA) (km?) and the density of inhabitants in the
municipality where the site was located (HDens) (inhab./km?).
The densities of inhabitants were calculated for the year 2015
and assigned regardless of the sampling year. By doing so, we
assumed that the density of inhabitants had changed relatively
little for a given site over the last 30 years and that the most
significant variations in this variable were related to differences
among sites. Thereafter CA and HDens were used as proxies
for river size and local anthropic pressure intensity, respectively.
Across all sites in our dataset, the CA varied between 1.5 and
72,462.4 km? and the human population density between 1 and
21,146 inhab./km?,

Uhttps://www.observatoire- poissons- seine- normandie.fr

We retrieved a set of metrics from each sample to be used
as indicator variables for analyzing the temporal trends of
non-native fish in local communities: number of non-native
species (Spnat), proportion of non-native species (S%pnqt) (i-e.,
number of non-native species/total number of species), absolute
abundance of individuals from non-native species (Ny,;,4) and
proportion of individuals from non-native species (N%yqat) (i.e.,
number of individuals from non-native species/total number of
individuals) in the sample.

We used generalised linear mixed models (GLMMs) to
explore changes in non-native species metrics over years (Bolker
et al.,, 2009; Zuur et al., 2009). In these models we considered
both the site and the sampling conditions as random effects
to account for the non-independence of observations within
sampling sites and protocols. A reasonably high number of
levels is recommended for random variables to properly estimate
their associated variance (Crawley, 2002), which was clearly not
the case with each of our initial sampling condition variables
(three levels for each variable). We therefore constructed a new
variable (Samp) by crossing the three initial variables, reflecting
the various sampling modalities represented in our dataset. Note
that since some modalities of the former variables were never
associated, this new variable only included nine different levels.

In a first step we analyzed the variations in the different
non-native species metrics with GLMMs including the sampling
year (Year) and its quadratic term (Year?) as fixed effects,
and two crossed random effects, the site identity (Site) and
the sampling mode (Samp). This step was designed to detect
overall temporal trends in non-native species variables over the
period 1990-2018. Term Year? was used to test a possible non-
monotonic temporal trend.

In a second step we extended the previous models by adding
CA and HDens, their quadratic terms (CA% and HDens?) and
their respective interactions with Year as fixed effects. This step
was conducted to test whether temporal trends in the non-native
species variables could vary according to site attributes (stream
size or level of anthropogenic pressures).

For all GLMMs, the selection of the most relevant fixed effects
was based on AIC values. A given fixed effect was included
in the final model only if it resulted in a decrease in AIC
value >2 in comparison with the alternative model excluding
this fixed effect.

We implemented binomial GLMMs to predict S%yq: and
N%pnar and Poisson GLMMs to predict Spnee and Nygg.
For models predicting N,,,, we added the sample area as
offset variable (log-transformed because Poisson GLMM uses
logarithmic link) to account for its heterogeneity among samples
(Zuur et al., 2009). Prior to their use in the models, the fixed
effects variables were standardized and transformed to avoid
problems in parameters computation during model setting. The
year was centered to the 2004 value and then divided by the
total number of sampling years (as a result, the transformed
variable varied between —1, corresponding to 1990, and +1,
corresponding to 2018). CA and density of inhabitants were first
logio-transformed and then centered and standardized (leading
to a final variable with a mean value of 0 and a standard deviation
of 1). GLMMs were implemented using the R packages Ime4
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version 1.1-26 (Bates et al., 2015) and MuMIn version 1.43.17
(for marginal and conditional pseudo-R? calculation).

RESULTS

Long Term Trends

We identified 37 different non-native fish species established
in the Seine River basin or which experienced introduction
attempts (Supplementary Table 1). Among them, 28 species
are still recorded from 2000 to 2020, representing 46% of all
species currently present in the entire catchment. However,
6 of these 28 species (Acipenser baerii, Acipenser ruthenus,
Ctenopharyngodon  idella, — Hypophthalmichthys — molitrix,
Oncorhynchus mykiss, and Salvelinus fontinalis) seem to be
maintained only by recurrent release of new individuals (no
known self-sustaining populations).

The common carp (Cyprinus carpio), now widespread, is
the first documented introduced non-native species which was
spread throughout the basin from the 13th century onward
with development of fish farming. Intentional or accidental
introductions of non-native species remained fairly low for a
long time and experienced a sharp acceleration during the second
half of the 19th century (Figures 1, 2). After a phase of decline
in the first half of the 20th century especially between the two
World Wars, these introductions resumed with even greater
intensity in the second half of the 20th century and further in
the last two decades (Figure 2), with a mean number of four
new species arriving per decade for the period 2000-2020 (3.5
species if we consider the species still present in 2020) (Figure 1).
It should be noted that many species introduced during the
second half of the 19th century did not establish and were rapidly
extirpated, which was not the case later on and particularly during
the second wave of introductions starting in the middle of the
20th century (Figure 2). Interestingly, nearly 60% of the species
introduced during the 19th century came from outside Europe
(mainly North America), whereas since the 20th century they
only represented 38%.

Trends of the Last Decades

Twenty-two different non-native species were identified in
electrofishing samples, representing a substantial part of the
overall non-native species recorded in the entire basin. The
importance of non-native species varied greatly between stations
and years. 70% of the study sites hosted non-native species at
least one year. The maximum number of non-native species in
a sample was 6 and the maximum number of individuals caught
was 2.8/m%. The maximum proportions of non-native fish in
samples were 50 and 90% when considering species number or
abundance of individuals, respectively.

Simple models showed a significant trend toward increase
in the number and abundance of non-native species in fish
communities over time (Table 1 and Figure 3). However, the
inclusion of Year? in the models (with a negative coefficient)
suggests that this trend slowed down, and even slightly reversed
in the case of number of non-native species, in recent years
(Figure 3). In a typical situation, models predicted an increase

from 0.40 to 0.67 species (i.e., an increase of 70% compared to
the initial value) and from 0.52 to 2.28 individuals per 1,000 m?
sampled (i.e., an increase of 340% compared to the initial value)
between 1990 and 2018. Although there was a trend toward an
increase in the number and abundance of native species during
the same period (results not shown), our models also proved
that the proportion of non-native species and the proportion
of individuals of non-native species increased significantly over
time with, again, a slight reversal of the trend in the last decade
(Table 1 and Figure 3). These changes were nevertheless very
limited in magnitude for proportion of species (predicted values
0f 0.056 and 0.072 for 1990 and 2018, respectively) and even more
for proportion of individuals (predicted values of 0.0030 and
0.0034 for 1990 and 2018, respectively). Marginal pseudo-R? of
models showed that temporal fixed effects explained a very small,
although significant, part of the variance of the metrics (2.6% at
most), especially for metrics representing proportions (Table 1).

Environmental parameters and their interactions with year
explained a significant part of variation in the importance
of non-native species within fish communities. Overall, non-
native species metrics exhibited higher values as CA and site
human population density increased (Figures 4-6). However,
this general pattern was subject to occasional exceptions such
as the case of the abundance and proportion of individuals
from non-native species which did not show clear variations
with the CA at the beginning of the monitoring (Figure 5).
The importance of interaction effects between year and CA (all
models) and year and density of inhabitants (N4 and N%jar
models only) indicated that the temporal dynamics of non-
native species varied strongly according to the environmental
characteristics of the sites, with a stronger progressions when
river size and level of anthropization increased (Figures 4-6).
Model responses even suggested a slight decline in all non-native
species metric over time for smaller watersheds (a few tens of km?
or less) (Figures 4, 5).

DISCUSSION

Long Term Evolution at Basin Scale

For a long time, the fish biology literature mentioned the
precursory role of Roman civilization in the diffusion of non-
native fish species throughout Europe, and particularly common
carp (Balon, 2004; Keith et al,, 2011). By crossing historical
and archeological sources, Hoffmann questioned this standpoint
and demonstrated that the diffusion of the carp in Europe
took place later and progressively extended during medieval
times in connection with the development of pond fish farming
(Hoffmann, 1995, 1996). More specifically, for the Seine River
basin the first written and archeological mentions date back
to the 13th century and suggest that the carp is most likely
the first fish species that was intentionally introduced into the
watershed (Beslagic, 2013). Furthermore, it is worth noting that
the native status of some species remains unclear, in particular
for some widely distributed European species that could have
been translocated from one basin to another in a remote past.
As an example, following Kottelat and Freyhof (2007) and
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longer observed (extirpated).
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FIGURE 1 | Number of new non-native species recorded per decade in the Seine River basin for successive periods. Species are distinguished according to
whether they have established self-sustaining populations (naturalized), remain present through repeated introductions of new specimens (non-naturalized) or are no

[1900-1950]
[1950-2000]

[2000-2020]

Olivier and Carrel (2020), we considered the European bitterling
as native, but recent work suggests that this species could have
been introduced in Western Europe following the diffusion of the
common carp in fish ponds (Van Damme et al., 2007).

We hypothesized that, over the long term, the establishment
of non-native fish species had steadily increased and even
accelerated. Our results only partially support this hypothesis
insofar as we observed two phases of accelerating fish
introductions (the second being indeed more pronounced than
the first) separated by a period of relative slowdown. The
second half of the 19th century, constituted a first phase in
accelerating the establishment of new species over the basin,
driven both by scientific and technical advancements and a
collective desire led by the public authorities to improve the
production of natural systems through the establishment of
species from other countries. This period was indeed marked by
important advancements in fish biology and physiology, allowing
a better control of their rearing conditions. The control of
artificial reproduction has considerably facilitated the diffusion
of fish species in the form of embryonated eggs, in particular for
salmonids which are difficult to transport as juveniles or adults
(Haxo, 1853; Vivier, 1956). In 1854, French Zoological Society
of Acclimatisation was founded, with one of its main sections
dedicated to freshwater species (Luglia, 2015). This resulted in
numerous attempts to introduce new fish species, often from

North American origin, motivated both by scientific curiosity
and the desire to improve production in rivers, lakes and ponds
(Keith et al., 2011). Remarkably, many of these attempts have
failed more or less quickly and few of the species introduced
at that time are still present today. It shows that although
the rearing and spawning of species were well known and
managed, their ecological requirements were generally neglected,
leading to numerous introduction attempts into poorly suitable
ecosystems. The number of attempts to introduce new species
decreased considerably at the beginning of the 20th century
(even if, contrary to the previous period, all these attempts
resulted in a lasting establishment) probably in connection with
the disruptions generated by the two World Wars. Furthermore,
since the end of the 19th century, the scientific community
has been stirred up by debates questioning the relevance of
non-native species introductions, firstly in terms of their real
economic benefits and then more broadly regarding the threats
they may represent for ecosystems and native species (Luglia,
2015). Thus, at the turn of the 19th and 20th centuries, the French
Zoological Society of Acclimatization gradually approached fish
introductions with increasing caution, favoring instead measures
such as reducing pollution or restoring ecological continuity to
ensure a proper management of freshwaters (Luglia, 2014).

The establishment of non-native species started again, with
even more strength, in the second half of the 20th century
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B Recorded non-native species
B Extirpated non-native species (cumulative number)
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FIGURE 2 | Number of recorded non-native species and cumulative number of extirpated non-native species per decade between 1850 and 2020.
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TABLE 1 | Summary of the GLMMs examining variations in the four metrics describing non-native species richness and abundance according to the sampling year (Year
and its quadratic term Year?) Site identity (Site) and sampling mode (Samp) are used as Random effects.

Snnat S‘%nnat Nnnat NOA’nnat

Coef p-value Coef p-value Coef p-value Coef p-value
Predictors
Intercept —0.398 <0.001 —2.450 <0.001 —6.447 <0.001 —5.647 <0.001
Year 0.232 <0.001 0.127 0.053 0.742 <0.001 0.057 0.027
Year? -0.262 0.002 -0.235 0.008 -0.377 <0.001 —0.094 0.004
Random effects (variance)
Site 0.792 0.487 5.096 5.167
Samp 0.133 0.066 0.187 0.453
Pseudo-R?
Marginal 0.009 4.8 e-04 0.026 3.4 e-05
Conditional 0.493 0.0453 0.991 0.143

The variable Year was previously transformed (see section “Materials and Methods”).

and since the beginning of the 21st century has reached an
unprecedented level with the arrival, on average, of four new
species per decade (even if not all of them will probably become
established). Contrary to the 19th century, when there was
a coordinated joint determination of public authorities and
the scientific community, recent introductions appear to occur
according to much more disparate modalities and motivations
(Keith et al., 2011). Some of them were driven by zootechnical
concerns such as bighead carp (H. molitrix) and grass carp
(C. idella) initially introduced to regulate the development of

algae and macrophytes in water bodies or exotic sturgeons
to diversify fish farming production. Others were promoted
by anglers as in the case of pikeperch (Sander lucioperca),
grayling (Thymallus thymallus), or European catfish (Silurus
glanis). However, several introductions seem to have occurred
unintentionally, in particular through the transfer of restocking
fish containing unwanted species (e.g., Pseudorasbora parva or
Umbra pygmaea).

In addition to intentional and unintentional direct
introductions, the transport of biological organisms by
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TABLE 2 | Summary of the GLMMs examining variations in the four metrics describing non-native species richness and abundance according to the sampling year (Year
and Year?), the catchment area (CA and CA2), the density of inhabitants (HDens and HDens?), and their interactions.

Snnat S%Jnnat Nnnat N‘%nnat

Coef p-value Coef p-value Coef p-value Coef p-value
Predictors
Intercept -0.219 0.011 —2.495 <0.001 —6.482 <0.001 -5.576 <0.001
Year 0.219 <0.001 0.151 0.015 0.666 <0.001 0.024 0.368
Year? —0.226 0.008 -0.185 0.039 —0.340 <0.001 - -
CA 0.312 <0.001 0.247 <0.001 0.128 <0.001 0.219 <0.001
CA? —0.092 0.012 - 0.129 <0.001 0.082 <0.001
HDens 0.139 0.021 - - 0.215 0.073 0.276 0.020
HDens? - - 0.094 0.002 - - - -
Year: CA 0.186 <0.001 0.145 0.008 0.276 <0.001 0.230 <0.001
Year: HDens — — — —0.144 <0.001 0.082 <0.001
Random effects (variance)
Site 0.723 0.434 5.010 4.821
Samp 0.020 0.013 0.157 0.366
Pseudo-R?
Marginal 0.085 0.009 0.045 0.006
Conditional 0.482 0.045 0.991 0.138

Site identity (Site) and sampling mode (Samp) are used as Random effects. The variable Year, CA and HDens were previously transformed (see section “Materials and

Methods”).

commercial shipping and opportunities for colonization
through navigation waterways connecting previously isolated
river basins appear as a major driver for the spread of non-native
freshwater species. This phenomenon is becoming all the more
relevant since most of the major rivers in western and central
Europe are nowadays interconnected, favoring the exchange of
numerous species (Copp et al., 2005; Keller et al.,, 2011). For
the Seine River basin, the role of canals connecting basins in
the colonization of the ruffe (Gymnocephalus cernua) and the
nase (Chondrostoma nasus) during the 18th and 19th centuries
had already been described (Nelva, 1997). The very recent
arrivals of the asp (Aspius aspius), the round goby (Neogobius
melanostomus), and tubenose goby (Proterorhinus semilunaris)
seem associated with this phenomenon and more broadly with
commercial river traffic. Indeed, the first areas where these
species were observed in the basin closely match the river reaches
mostly affected by commercial navigation and are in line with
a general East-West extension across Europe along the main
waterways (Beisel et al., 2017).

In some ways, the considerable increase in non-native species
since the middle of the 20th century may seem paradoxical
insofar as it takes place during a period when regulatory actions
and measures have been progressively strengthened to limit
or even prohibit the introduction of non-native species (Copp
et al,, 2005; Sarat et al, 2015). In fact, this trend observed
for fish from the Seine River basin illustrates of a much more
global phenomenon combining globalization of commodities
and people circulation and artificialization of ecosystems leading
to a rapid expansion of a wide variety of non-native species in
most continents (Meyerson and Mooney, 2007). Moreover, the
temporal pattern of non-native fish introduction marked by a first
wave at the end of the 19th century and a second acceleration

phase even more pronounced from the middle of the 20th century
is not specific to the Seine basin and is found in a rather similar
way in other European or North American areas (Copp et al,
2005; Wolter and Réhr, 2010).

A commonly cited rule of thumb, the so-called tens rule,
postulates that only 10% of species introduction attempts result in
a successful establishment and that only 10% of these established
species become invasive (Williamson and Fitter, 1996). Our
long-term results for fish from the Seine basin clearly conflict
with the first postulate of the tens rule regarding the rate
of successful introductions, since the number of species that
seem to be naturalized in the basin exceeds 50% of the known
attempts at introduction or colonizations. It is possible that some
introductions escaped from our census, especially when they
are unintentional or illegally conducted, and that some species
currently considered as well established could eventually become
extinct. These two possibilities would lead to a lower estimate of
the rate of successful introductions, but very unlikely enough to
approach the 10% level.

An invasive species is a species that, by colonizing a
new environment (with or without the help of humans),
modifies living communities, the functioning of ecosystems
and potentially affects the human activities occurring therein
(Mooney and Hobbs, 2000). A list of invasive exotic species has
been established at the European level (European Commission,
2016, 2019) including four freshwater fish species, two of
which occurring in the Seine River basin. There is also a list
for metropolitan France established by the Muséum National
d’Histoire Naturel - INPN,* which includes eleven species, eight

“https://inpn.mnhn.fr/espece/listeEspeces/statut/metropole/] accessed on January
20, 2021.
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of which being present in the Seine basin (see Supplementary
Table 1). Considering the French list, which seems better suited
to the context of the Seine basin, it may be considered that 36%
of the fish species naturalized in the basin are potentially invasive.
Once again, this assessment is substantially higher than statement
of the tens rule. These observations are consistent with several
previous studies suggesting that invasiveness potential would
be higher in freshwater fish compared to commonly accepted
assessments (Garcia-Berthou et al., 2005; Ruesink, 2005; Leprieur
et al., 2009; Lapointe et al., 2012).

Recent Changes in Local Communities

While, at the scale of the whole Seine River basin, non-native
species represent almost half of overall recorded species, their
proportion in local communities remains much lower. Typically,
non-native fish currently account for a few percent of the
total species number and less than 1% of individuals in local
communities, but there are considerable disparities between sites.
This discrepancy between basin and local scales in the fraction of

non-native species illustrates the fact that many of these species
still have very restricted distribution ranges and small population
sizes. Interestingly, we found that 30% of the study sites never
hosted any non-native species during monitoring, suggesting that
a substantial portion of the rivers in the basin have not yet been
colonized by them.

We postulated an amplification of the increase in non-native
species within local communities during the last three decades.
Our results only partially support this hypothesis. We found
indeed a general increase in non-native species in communities
over the past three decades both in terms of number of species
and abundance of fish individuals, but this trend tended to
slow down, and even reverse slightly for some metrics, in
recent years. While the values of the species numbers and
individual abundance of non-native fish predicted by our models
remain modest, their increases from the initial 1990 levels
appear to be quite dramatic (increases of 70 and 340% for the
number of species and abundance of individuals, respectively).
Although over the same period native species have also increased,
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FIGURE 4 | Predicted values of non-native species number (A) and
proportion of non-native species (B) as a function of sampling year and
catchment area from the models presented in Table 2. Predictions were
calculated by considering a density of inhabitants equal to the average value
observed in our data set.

the proportion of non-native fish species and individuals in
communities have grown overall.

The progressive increase of non-native species within river fish
communities is a widespread phenomenon reported worldwide
(see Taylor et al., 2001; Mercado-Silva et al., 2006; Matsuzaki
et al., 2013; Carosi et al,, 2015; Liu et al, 2017, e.g., for few
examples). In French river fish communities, several recent
studies show an increase in species number and density of
individuals over the last decades related to multiple factors
including global warming, improved water quality and the
expansion of non-native species (Daufresne and Boét, 2007;
Poulet et al., 2011; Maire et al., 2019; Santos et al., 2021).
Our results are in line with these findings and suggest, for
the Seine River basin, a stronger progression of non-native
species compared to native ones in local fish communities over

FIGURE 5 | Predicted values of abundance of individuals from non-native
species (per m2) (A) and proportion of individuals from non-native species (B)
as a function of sampling year and catchment area from the models presented
in Table 2. Predictions were calculated by considering a density of inhabitants
equal to the average value observed in our data set.

the last three decades. This trend could be explained by the
regular arrival of new species and their spread by the progressive
colonization of favorable areas remaining unoccupied until now.
But it could also result from long-term environmental changes
(e.g., hydroclimatic changes, changes in land use, etc.) which
would make rivers more favorable to some species and which
would have benefited non-native species more than native ones.
On the basis of our results, it is not possible to determine
the contribution of these two phenomena, but it is likely that
they acted jointly.

In accordance with our starting assumption, our results
suggest that sites located on large rivers and those heavily
exposed to anthropogenic pressures support more non-native
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FIGURE 6 | Predicted values of abundance of individuals from non-native
species (per m2) (A) and proportion of individuals from non-native species (B)
as a function of sampling year and density of inhabitants from the models
presented in Table 2. Predictions were calculated by considering a catchment
area equal to the average value observed in our data set.

fish species and have also experienced a greater increase in
these species over the past few decades. The positive relationship
between non-native fish species and river size is a widespread
pattern encountered on a global or continental scale between
river catchments and on a regional scale between different river
sections (Marchetti et al., 2004; Blanchet et al., 2009; Milardi
etal., 2019). Two hypotheses are generally put forward to explain
this positive relationship. The first one considers that when the
size of a system is greater, its chances of being reached and
thus colonized by a new species increase. The second hypotheses
considers that areas supporting more native species offer better
ecological conditions and more abundant resources — which is
the case for large rivers compared to smaller ones — and are

consequently also more favorable to the establishment of non-
native species (Fridley et al., 2007).

The link between the establishment of non-native species
and the intensity of human pressures and activities is also a
widely acknowledged pattern (Meyerson and Mooney, 2007).
Regarding more specifically freshwater fish, this situation has
led to the use of non-native species as indicator of health
and integrity of rivers and lakes, as their presence can both
provide a symptom of anthropogenic alteration and become a
source of disturbance for ecosystems (Kennard et al., 2005).
The greater incidence of non-native species in highly human
impacted ecosystems can first be explained by the higher human
densities and activities which logically increase the probability
for transferring new species either by direct introductions or by
facilitating the transport and diffusion of biological propagules.
It can also be explained by the weakening of the anthropized
ecosystems and their biological communities which then become
less resistant to the colonization of new species. Moreover,
regarding freshwater ecosystems specifically, human impact
frequently results in eutrophication, which seems to promote
the establishment of tolerant non-native species (Strayer, 2010).
The population density we used in our analyses is a global
and very coarse indicator of human pressures, closely linked to
urbanization issues. Consequently it probably fails to account
for certain pressures such as diffuse agricultural pollution, which
can be particularly intense in some sparsely inhabited parts of
the basin. In addition, human population density alone does
not allow identifying which type of activities or facilities might
be particularly involved in the establishment of non-native
fish. Numerous studies have pointed out the determining role
of navigation and its associated infrastructures in the arrival
and diffusion of non-native freshwater species (Copp et al.,
2005). Ponds and reservoirs also appear as key habitats for the
naturalization of certain species that are subsequently likely to
colonize the hydrographic network (Havel et al., 2005; Clavero
and Hermoso, 2011). These mechanisms are certainly operating
in the Seine basin and their relative contribution deserves to be
addressed in further details.

Perspectives

Our results clearly indicate that in the Seine River basin, the
establishment of non-native species has tended to strengthen
and even accelerate both on the scale of the entire basin over
the last millennium. Considering that the spread of non-native
species is favored by the globalization of the circulation of people
and commodities and by the artificialization of ecosystems, it is
very likely that the arrival of new fish species in the Seine Basin
will continue at a steady rate, at least for the coming decades.
In Europe, we are currently witnessing a spreading process of
aquatic species from east to west of the continent favored by
the progressive implementation of connections between the large
river basins previously isolated (Copp et al., 2005). In this context,
several fish species have already reached the Seine basin, some
of them very recently. Others, such as Romanogobio belingi,
Ballerus sapa, Ponticola kessleri, or Neogobius fluviatilis, are now
present on the neighboring Rhine or the Maas catchments (Keith
et al,, 2020) and could colonize the Seine River in the near
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future. The Amur sleeper Perccottus glenii in full expanding
phase in Eastern and Central Europe could also arrive quite soon
(Reshetnikov, 2010).

Since the first half of the 20th century, French regulations
have been progressively strengthened to restrain or even prevent
direct introductions of non-native species into rivers. Our
results show that these regulation systems have not been
sufficient to slow down the arrival of new species in the
Seine River basin. Nevertheless, it can be assumed that without
their implementation, the number of non-native species would
currently be much higher. Furthermore, it should be noted that
non-native species introduction are still possible in closed water
bodies from which they can escape and reach the hydrographic
network. This concern becomes even more critical as the trade in
ornamental species (for aquariums and garden ponds) is growing
(Evers et al., 2019).

The results obtained at local fish community level for the
last three decades add nuance to the whole-basin view of the
extent of non-native species establishment, with implications
on management. The slight decline in the establishment of
non-native species in fish communities in recent years raises
questions. Is this an encouraging result of the regulatory and
management measures already in place, or is it just the result of
natural fluctuations in a general trend of increase? The recent or
probable arrival of several species with a high invasive potential,
mentioned above, would rather lead to support the second
hypothesis. Large rivers and sites under high anthropogenic
pressures support more non-native species and have experienced
the greatest increases. These environments should therefore
deserve special attention in order to limit their potential role
as a source for non-native species, contributing to their wider
expansion in the hydrographic network. Our results also suggest
that reducing specific anthropogenic pressures could help to
mitigate the establishment of non-native species. However, the
proxy we used to describe the pressure level is too coarse to
identify precisely the human pressures and activities that would
constitute the best drivers. The decrease over the last three
decades in the importance of non-native species in small streams
is a noteworthy observation suggesting that their progression
is not an absolutely inexorable trend, at least on a local scale.
Our analysis did not allow for the determination of the factors
responsible for this decrease. Their identification would be
important to support more informed management measures that
can be applied to other rivers.

Ongoing climate change is likely to deeply affect the
distribution and colonization dynamics of non-native species
in the basin (Rahel and Olden, 2008). Warming of water
temperatures should negatively affect the few cold-water non-
native species, but for many warm-water non-native species,
these new conditions should result in population growth and
spatial spread, particularly in the upstream direction (Carosi
et al,, 2021). In this context, large and highly anthropized rivers
which represent reservoirs of non-native species could play a
determining role in this colonization dynamic. In the long term,
climate change could also result in new ecological conditions
that would become favorable to species that are not yet able
to establish in the region. Finally, warmer and drier conditions

could encourage the construction of infrastructures such as
dams or reservoirs to ensure water supply and irrigation, which
potentially constitute hotspots for the development of invasive
species (Havel et al., 2005).
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