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Abstract Using both historical and current data, we retrace the long-term evolution
of ﬁsh assemblages in the Seine River basin since 1880, from headwaters to
upstream of the Seine River estuary. Successive phases are observed, related to
anthropogenic impacts on habitat conditions and river water quality. Temporal
trajectories were thus reconstructed on several reaches based on the change of the
proportion of species’ ecological traits, in order to detect the main drivers of
alteration. Contrasted trends occur between large rivers and small streams of the
basin. In this context, migratory ﬁsh declined, whereas the proportion of non-native
species increased in the ﬁsh community of the Seine River.
Keywords Historical ecology, Migratory ﬁsh, Non-native species, Urban impact,
Water pollution
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1 Introduction
The interest in studying the long-term ecological functioning of rivers grew in the
1980s in an attempt to provide a better understanding of the current ecological status
of water bodies [1, 2]. These historical approaches have been boosted since the
2000s with the implementation of the Water Framework Directive, which imposes
the assessment of ecological status of water bodies relative to a former reference
status. The question of deﬁning ecological reference conditions was raised, and
reconstructing trajectories of temporal changes of ﬁsh communities was a way
of addressing this issue. European rivers and particularly the Seine River have
been heavily modiﬁed by human activities. The period around 1850 is considered
as a milestone with the beginning of channelisation for navigation purposes [3],
although mills already greatly impacted streams as early as the Middle Ages, making
historical data necessary to reconstructing long-term changes. Historical written
documents are a valuable source of information, particularly for reconstructing
long-term changes in ﬁsh communities, although their exploitation requires a critical
assessment [4].
Given the many human impacts on rivers and their ﬁsh communities over the
Seine basin, temporal trajectories may differ depending on the time period considered but also the geographical context (e.g. demographic impact, land use changes,
stream size, etc.). In this chapter, we examined ﬁsh communities and their response
to human impacts, over the past 150 years and more recent time periods, and at
different spatial scales, from local river stretches to the whole Seine basin.

2 Various and Complementary Data to Address Time
Trajectories
One of the main challenges in investigating long-term changes in ﬁsh communities is
the availability of reliable data. The electroﬁshing approach, which is used widely
nowadays to sample river ﬁsh communities, began to be applied in the basin in
the 1960s. Unfortunately, the data collected at that time were rarely archived. Some
of these data were nevertheless used to elaborate maps of the distribution and
abundance of species in several areas of the Seine basin around the 1970s. From
the 1980s onwards, electroﬁshing sampling methods began to be standardised, their
application became more widespread and the data collected were better stored.
Annual monitoring was implemented on the Seine River in the Paris region as
from 1990 [5] and then extended to numerous rivers in the whole basin beginning
in 1995 [6]. As a result, changes in ﬁsh communities over the past three or four
decades can be analysed in detail.
To go back further in time, it is necessary to use other data sources such as
historical written sources. These historical written sources are of multiple types
(early scientiﬁc and naturalist literature, ﬁshery laws, administrative surveys on
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ﬁsh stocks, catch records, river engineering projects, observations by ﬁshermen and
anglers, etc.), each type of source having its own advantages and limitations. For the
Seine River basin, a database called CHIPS was developed to gather historical
written sources on freshwater ﬁsh in order to improve knowledge about past species
distribution and composition of communities [7]. While the oldest data stored in
this database date back to the sixteenth century, most of the observations relate to the
period from the nineteenth to the ﬁrst half of the twentieth century and are therefore
complementary to the more recent electroﬁshing data set.
Archaeological remains of ﬁsh, generally obtained from food waste or latrines
in past habitats, provide another potentially useful source of data. They allow us to
address older periods and provide additional information for the periods already
covered by the written historical archives. In the Seine basin, numerous urban and
rural sites have provided archaeological ﬁsh remains for medieval and early modern
periods [8]. While archaeological remains provide insight into the past occurrence
of species, their main limitation concerns the uncertainty about the proximity of ﬁsh
supply sources. It can be suspected that some of the ﬁsh consumed locally were
actually caught in distant waters. The abundance of marine ﬁsh remains, particularly
on sites associated with the nobility and aristocracy, reinforces these doubts. Under
these conditions, it can be assumed that a signiﬁcant proportion of the archaeological
remains, particularly when they concern rare species of high commercial value, were
not obtained from local catches.
We combined these different sources of data (i.e. contemporary, historical and
archaeological) to reconstruct the trajectories of ﬁsh communities in the Seine basin
at different temporal and spatial scales.

3 Non-native Species: An Accelerating Establishment
Combining different sources of information (e.g. palaeontological, archaeological,
written), Persat and Keith (1997) [9] estimated that, before human intervention,
the native ﬁsh fauna of the Seine River basin was likely to include up to 23 strictly
freshwater species, to which 11 diadromous species can be added. Through their
ﬁshing activity, their ability to transport ﬁsh and, more broadly, their action on
their environment, humans are likely to have modiﬁed this native fauna very early.
However, the ﬁrst known introduction of an exotic species into the Seine River
basin concerns the common carp (Cyprinus carpio). Its establishment, linked to the
development of pond ﬁsh farming, has been documented since the thirteenth century
[10, 11]. Since that time, the deliberate or accidental introductions of exotic species
have continued to such an extent that they now account for nearly 45% of the species
recorded in the basin (and even 55% of strictly freshwater species) (Fig. 1). The
second half of the nineteenth century marked the ﬁrst phase of an acceleration in
the establishment of exotic species. It was partly the result of technical and scientiﬁc
progress in ﬁsh breeding – in particular the control of artiﬁcial reproduction of ﬁsh –
thereby facilitating the spread of species in the form of embryonated eggs, which
are easier to transfer than the ﬁsh themselves. More generally, it was in line with a
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Fig. 1 Number of non-native species established per decade in the Seine River basin for successive
periods. Species that were temporarily established and are no longer present in the basin are not
taken into account

collective desire led by the public authorities (see the creation of the French
zoological society of acclimatisation in 1854), to improve the production of natural
systems through the establishment of species from other countries. This period was
thus marked by numerous attempts to introduce species, particularly of North
American origin, many of which resulted in viable establishments.
After a relative decline in the ﬁrst half of the twentieth century, probably due to
the two World Wars but also to the gradual awareness of the potentially detrimental
consequences of alien species on ecosystems, the rate of establishment of non-native
species has accelerated since 1950 (Fig. 1). Compared to the nineteenth century, the
drivers of recent introductions are no longer part of a coordinated global approach.
Some of them are still driven by zootechnical concerns or the development of
recreational ﬁshing; for example, in recent decades, the introductions of pikeperch
(Sander lucioperca), grayling (Thymallus thymallus) or wels catﬁsh (Silurus glanis)
were clearly favoured by anglers. However, numerous introductions have recently
taken place in an accidental manner in association with the acceleration of exchanges
at the worldwide level promoting the spread of biological organisms [12]. In this
respect, for the Seine basin and in line with what is happening for other European
rivers, the establishment of navigation channels, which connect previously isolated
river basins, acts as an accelerator of the arrival of exotic species (and not only ﬁsh)
from Central and Eastern Europe [13]. This modality of colonisation seems to
be involved in the case of the common nase (Chondrostoma nasus), which was
observed as early as the nineteenth century and in the more recent arrival of species
such as the ide (Leuciscus idus), the asp (Leuciscus aspius) and the round goby
(Neogobius melanostomus).
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Despite recent regulations to reduce or prohibit introduction of alien species,
their proportion in the whole Seine basin is constantly increasing, and, since the
beginning of the twenty-ﬁrst century, the rate of implantation of new species has
reached nearly three species per decade (Fig. 1).
Interestingly, there are discrepancies between written scientiﬁc sources and
archaeological sources in terms of species introductions [8]. According to scientiﬁc
and written sources, wels catﬁsh and pikeperch were established in the Seine basin
in the second half of the twentieth century, although attempts to introduce them
were already mentioned as early as the nineteenth century. However, archaeological
remains of these two species, dating from the late Middle Ages, have been discovered in the centre of the basin. This apparent contradiction may in fact reveal a
possible limitation of archaeological sources, as mentioned above (uncertainty
regarding the location of catches). However, these archaeological remains may
also reﬂect an earlier presence than previously assumed, suggesting very old and
repeated introduction attempts, before these two species really became established in
the twentieth century.

4 Migratory Fish: A Dramatic Decline Followed by a Still
Limited Recovery
Historically, 11 diadromous ﬁsh species occurred in the Seine River basin: eel
(Anguilla anguilla), thinlip mullet (Liza ramada), ﬂounder (Platichthys ﬂesus), sea
lamprey (Petromyzon marinus), river lamprey (Lampetra ﬂuviatilis), European
sturgeon (Acipenser sturio), Atlantic salmon (Salmo salar), sea trout (Salmo trutta),
smelt (Osmerus eperlanus), allis shad (Alosa alosa) and twaite shad (Alosa fallax).
For some of them, several authors have mentioned an early decline in Northwestern
Europe as from the Middle Ages [14]. For example, in the medieval period, a sharp
decline of salmon populations coincided with the widespread establishment of water
mills, which prevented access to spawning grounds but also presumably encouraged
overﬁshing [15].
However, the nineteenth century was a turning point for migratory ﬁsh in
the Seine River basin, due to (1) the widespread development of waterways for
commercial navigation and (2) the signiﬁcant increase in populations and human
activities, particularly around Paris. The building of weirs and locks to facilitate
navigation began in the middle of the nineteenth century in the centre of the basin
and gradually spread, over the following decades, on the Seine and its major
tributaries, involving increasingly higher structures. This has led to a gradual
increase in barriers to ﬁsh migration, which has been reinforced for some species
by the simultaneous construction of dams in headwater catchments in order to
regulate river ﬂows. For example, the construction of the Settons Dam on the Cure
River (19 m high), ﬁnished in 1858, deﬁnitively closed off access to the best
upstream salmon spawning grounds [16].
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On the lower Seine River, the Martot dam (currently destroyed) was constructed
in 1864 just upstream of Rouen, followed by the Poses dam a few kilometres
upstream. The latter has been operational since 1886, and, at that time, it was the
largest navigation dam in the basin at 4 m high; it had a major impact by reducing
the accessibility of a large part of the basin. This led, a few years later, to a collapse
of salmon and allis shad stocks, whose spawning grounds were located further
upstream, while species such as twaite shad and smelt, able to reproduce further
downstream, were less adversely affected (Fig. 2). As a result, the most vulnerable
species, i.e. European sturgeon, salmon and allis shad, became extinct in the Seine
River basin at the beginning of the twentieth century.
The degradation of water quality has also contributed signiﬁcantly to the decline
of migratory ﬁsh. From the end of the nineteenth century (and probably well before),
downstream of Paris, several kilometres of the Seine River were affected by a low
oxygen concentration, due to wastewater spills directly into the river. With the
growth of the Paris urban area, this situation deteriorated gradually until the
early 1970s [17]. At that time, the entire lower Seine River stretch, downstream of
Paris, was depleted with dissolved oxygen, with particularly harsh conditions in its
estuarine course. In the estuary, a 125-km-long reach underwent severe hypoxia
(<3 mg/L) for 200–300 days every year, sometimes reaching periods of total anoxia,
particularly in summer and autumn [18, 19]. As a result, the populations of smelt
and twaite shad, two ﬁsh species that are able to reproduce in the lower parts of the
river and which had consequently been less affected by the establishment of dams,
collapsed during the 1950s until their assumed extinction throughout the basin
around 1965–1970.
Overall, the construction of dams on major rivers, in combination with the
considerable increase in pollution downstream of the Seine since the mid-nineteenth
century, has therefore caused a considerable decline of migratory ﬁsh communities,
until the gradual extinction of seven species. At the end of the 1970s, only four
diadromous species were still present in the Seine River basin, L. ﬂuviatilis,
A. anguilla, Salmo trutta trutta and Platichthys ﬂesus, but their populations were
very sparse at that time [20].
Since the mid-1970s, considerable efforts have been made to treat domestic and
industrial sewage and to prevent their direct discharge into watercourses. This
resulted in a gradual improvement in water quality along the Seine River, from the
Paris urban area to the estuary, which allowed the return of diadromous species [17].
The ﬁrst signiﬁcant returns concerned species that reproduce in the downstream part
of the river, such as twaite shad and smelt, whose catches have become regular since
1998 [21]. In the early 2000s, species migrating further upstream, such as salmon or
allis shad, began to recolonise the basin, supported by the gradual installation of ﬁsh
passes on navigation dams and by the improvement of water quality (in relation with
more efﬁcient wastewater treatment), but without any restocking operations [22, 23]
(Fig. 3).
Since 2008, several tens of salmons and allis shads and several hundred sea
lampreys have been observed each year, at the ﬁsh pass installed at Poses (furthest
downstream dam, located about 150 km from the sea) [24]. For these three species,
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Fig. 2 Commercial landings of diadromous ﬁsh on the lower Seine River in Rouen between 1867
and 1894. The number of operating ﬁshing boats is also indicated (from Refs. [21] and [25])

evidence of reproduction has recently been documented at different locations in the
basin. Overall, among the 11 diadromous species historically present in the Seine
basin, only the European sturgeon seems to be deﬁnitively extirpated. However,
the species that have recently naturally recolonised the Seine River basin are still
very vulnerable due to the small size of their populations.
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Fig. 3 Change in the distribution range of allis shad in the Seine River basin since the
mid-nineteenth century
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5 Changes in Local Communities Since the Nineteenth
Century
Several studies have analysed changes in composition of ﬁsh communities in
different localities of the Seine River basin since the late nineteenth and early
twentieth century. Such studies relied on historical sources and more recent scientiﬁc
sampling data [7, 26, 27], and, overall, they examined community changes in about
30 river stretches with varying environmental characteristics (i.e. from small rural
rivers to the lower Seine River). Although the data and methods used in these studies
were not always similar (e.g. analysis on taxonomic structure or consideration of
functional traits, species presence/absence or integration of relative abundance data),
a number of general trends can nevertheless be highlighted regarding the long-term
trajectories of ﬁsh communities (Fig. 4).
These studies concluded that long-term changes vary greatly depending on the
local natural and anthropogenic conditions. However, they also suggest that the most
signiﬁcant changes have been observed in both streams and larger rivers, while
communities in mid-size rivers have remained much more stable.
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Fig. 4 Reconstruction of long-term trajectories of ﬁsh community composition (proportion of
rheophilic/oxyphilic species vs. limnophilic/low-oxygen-tolerant species) for different watercourse
types in the Seine basin. This schematic and simpliﬁed representation was established on the basis
of historical data available for about 30 sites covering the Seine basin (see [7, 26, 27] for original
studies)

Streams located in the periphery of the Seine River basin, in areas where the
human population density has declined quite sharply since the nineteenth century,
are characterised by a long-term increase in the proportion of rheophilic, lithophilic
and oxyphilic species. This trend seems to be the result of the extirpation of some
warm water, limnophilic, low-oxygen-tolerant species, initially present, rather than
an actual increase in rheophilic/lithophilic ﬁsh. In such streams, the long-term
reduction of human population density combined with the improvement of wastewater treatment during recent decades has certainly led to a reduction in organic
pollution levels [28]. The impact of such a reduction of pollution on ﬁsh assemblages
has already been described in other systems [29], and, overall, ﬁsh responses
reported in these cases are consistent with what we have observed. In these areas
of the Seine River basin, ponds were historically widespread [30]. They provided
very suitable habitats for warm water limnophilic ﬁsh and certainly contributed to
the establishment of these species in headwater streams. These aquatic habitats have
declined considerably since the end of the eighteenth century, which may explain,
at least in part, the long-term ﬁsh assemblage trends observed.
A stream located in the centre of the basin (i.e. the Viosne River, 40 km northwest of Paris) shows completely opposite long-term changes in ﬁsh assemblage,
with a strong decline in the proportion of rheophilic, lithophilic and oxyphilic
species. This trend is the result of both the collapse of some typical headwater
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species such as trout (S. trutta) and European bullhead (Cottus perifretum) and
the establishment of eurytopic and warm water species. Compared with the streams
mentioned above, located on the periphery of the Seine River basin, this site
has undergone a completely different change in its environment, shifting in a
few decades from a rural catchment to an urbanised area with a high human
population density. This increase in human pressures has led to deterioration in
water quality and transformations in the morphology and hydrology of the watercourse, which most likely triggered the major changes observed in the ﬁsh assemblage composition.
The large rivers currently used for commercial navigation and located upstream
from the Paris conurbation (e.g. lower Yonne, Marne, Oise and Aisne rivers) show
fairly homogenous long-term changes characterised by a generally modest increase
in the proportion of limnophilic, eurytopic/phytophilic and warm water species.
For these watercourses, the oldest historical sources used to describe ﬁsh communities date back to the late nineteenth century. At that time, the main infrastructures
for navigation (dams and locks) were already in place, and the canalisation of
river courses was already nearly completed. This situation could explain the small
magnitude of long-term ﬁsh community changes detected in such rivers.
In contrast with the other navigated waterways, the lower Seine River, from
Paris to the estuary, experienced much more pronounced and complex changes in
ﬁsh communities. In this part of the Seine River, river sections for which historical
data are available show very similar trajectories. But it is in the Seine section of Paris
and immediately downstream that ﬁsh community changes can be reconstructed
with the greatest precision, due to the greater richness of the historical archives
(Fig. 5). Fish communities deteriorated continuously from the late nineteenth
century to the 1970s or 1980s (depending on sectors and data availability). This
deterioration was evidenced in particular by an increase in the proportion of eurytopic species at the expense of rheophilic species, an increase in the proportion of
species tolerant to oxygen depletion and an increase in the proportion of omnivorous
species at the expense of specialist species (invertivorous and piscivorous ﬁsh). This
trend is consistent with the previously reported deterioration in water quality that
affected the whole lower Seine River during this period. During the late 1960s and
early 1970s, the level of pollution reached its maximum [17], and the Seine downstream of Paris experienced widespread and repeated periods of severe anoxia. As a
consequence, only a small number of species, tolerant to low dissolved oxygen
contents, remained [31]. This deterioration of ﬁsh assemblages was probably also
accentuated by the development of the waterway during this period, which was
marked in part by an increase in the river canalisation (removal of islands and side
arms, deepening of the navigation channel) and the gradual increase in the height of
dams and locks. The 1990s and subsequent decades have seen a shift in this trend,
which is illustrated by a return of specialised and intolerant species (rheophilic,
oxyphilic, invertivorous and piscivorous ﬁsh) (Fig. 5). As already reported for
diadromous ﬁsh, this trend reversal, which affected the entire ﬁsh community,
coincided with the improvement of water quality and in particular the decrease in
the level of organic pollution resulting in a dissolved oxygen increase. However, the
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Fig. 5 Long-term changes in the proportion of ecological traits of species in the ﬁsh assemblage of
the Seine River around Paris

ﬁsh community recovery process was not complete, probably because of the irreversible morphological alteration of the river (Fig. 5).

6 The Seine River Axis During the Past Four Decades
The existence of numerous electroﬁshing data since the early 1980s makes it
possible to address in some detail the changes in ﬁsh communities along the Seine
River axis over the past four decades, a pivotal period for a better understanding of
the ongoing recovery processes. For this purpose, we focused our analysis on the
Seine River course, from its conﬂuence with the Aube River, about 200 km upstream
from Paris, to the estuary. Variations of the French ﬁsh index (IPR) values and its
metrics over time were examined.
The IPR (Indice Poissons Rivière, i.e. Fish River Index) [32] was developed to
measure the state of river ﬁsh communities. It is composed of seven metrics, based
on the number of species or ﬁsh abundance, reﬂecting the community’s functional
or structural features. A score is assigned to each metric measuring the deviation
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between the assessed situation and a reference with minimal human impact. The ﬁnal
IPR is the sum of the scores on the seven metrics. Its value is close to 0 when the
community composition is close to the expected community under the reference
condition. It increases as the human impact on the community grows.
For this analysis, the Seine course was partitioned into four sectors characterised
by differences in the levels of anthropogenic pressures and how these pressures have
changed over the past few decades.
The upstream sector corresponds to the Seine from the conﬂuence of the Aube to
its entrance into the Paris urban area. With the exception of its most upstream part,
it was formerly canalised to allow commercial navigation. Water quality in this
sector was already good about 40 years ago and has changed little since then (Fig. 6).
The next two sectors cover the Seine throughout the Paris urban area. The
upstream urban sector (up to the sector immediately downstream of the centre of
Paris, sector 2 in Fig. 6) was initially less polluted than the downstream urban sector,
and its water quality improved earlier, returning to satisfactory levels in the early
1990s. The downstream urban sector received the main wastewater discharges from
the metropolitan area, and, as a result, water quality reached an extreme level of
degradation in the 1960s and the 1970s [17]. In addition to chronic pollution,
this sector was frequently subjected to massive accidental pollution related to
urban storm water discharges. By causing a sudden fall in dissolved oxygen, these
events led to frequent catastrophic ﬁsh mortality and persisted until the ﬁrst half of
the 1990s [31, 33]. The establishment of new wastewater treatment plants and better
management of sewer systems have gradually reduced organic pollution and consequently attenuated oxygen deﬁcits.

Fig. 6 Dissolved oxygen content measured in May along the Seine River from the conﬂuence of
the Aube to the estuary for the years 1971, 1989, 2007 and 2015
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The last sector, downstream of the Paris urban area, was also strongly affected by
upstream urban discharges and experienced a very comparable water quality trajectory. In the 1970s, the oxygen deﬁcit was particularly severe as far as the estuary;
only the area immediately downstream of navigation dams provided satisfactory
oxygenation conditions in very local areas. The oxygen deﬁcit then gradually
decreased, reaching levels compatible with the survival of most ﬁsh species in the
2000s (Fig. 6).
Long-term variations in IPR scores across sectors are consistent with changes
in water quality in the Seine River (Fig. 7, Table 1). Thus, the sectors that have
experienced the greatest improvements in their water quality (sectors 4 and 3 and to
a lesser extent sector 2) also showed the most substantial signs of recovery in their
ﬁsh communities. In the upstream sector, IPR scores also show a signiﬁcant decrease
over time, but this improvement trend remains slight (only four out of seven metrics
show improvement trends and one metric – density of omnivorous species – even
shows the opposite trend) but without any comparison with the magnitude of the
changes observed further downstream. The temporal trend curves (Fig. 7) suggest
that in the upstream urban sector (sector 2), a considerable community improvement
would have occurred in the early 1990s, while further downstream (sectors 3 and 4),
the improvement would have been more pronounced later, in the early 2000s. This
is consistent with the fact that organic pollution problems were solved earlier
upstream of the urban area than farther downstream. However, this statement must
be addressed with some caution given that the sites sampled may have changed over
time, which may bias temporal trends.
Despite the general improvement in the ﬁsh community composition, ﬁsh tissues
are still heavily contaminated by various pollutants such as mercury, PCBs and some
pesticides [5]. This widespread contamination has led to regulations prohibiting ﬁsh
consumption on a large part of the Seine River axis and its main tributaries. Despite
a signiﬁcant reduction in organic pollution and eutrophication in recent decades,
pollution by various metal or organic contaminants remains a major problem in the
basin [34–36].
Beyond questions regarding the integrity of ﬁsh communities, a trend towards
increasing species richness has emerged in recent decades. First noted on the Seine
River in the Paris metropolitan area [5], this trend is actually more widespread and
also affects the sectors located upstream and downstream of the urban area. It implies
the establishment of new species or the extension of populations of species that were
initially much more restricted in their distributions. For example, the wels catﬁsh
(S. glanis), a species introduced quite recently, started to be sampled occasionally in
the 2000s, mainly in the mid-Seine River. It is now commonly found along the entire
river course. Other species such as bitterling (Rhodeus amarus) and pumpkinseed
(Lepomis gibbosus), initially mainly located upstream of the urban part of the Seine,
gradually extended their distribution downstream over the recent decades as the
water quality improved. A similar pattern was also observed for some lithophilic and
rheophilic species such as barbel (Barbus ﬂuviatilis) or dace (Leuciscus leuciscus)
[37]. In this respect, the case of the European bullhead (C. perifretum) is particularly
remarkable: considered typical of the upstream zones, this oxyphilic species has
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Fig. 7 Temporal variations in IPR scores in four successive sectors of the Seine River, from the
conﬂuence with the Aube River to the beginning of the estuary. A decrease in index values
corresponds to an improvement in the state of the ﬁsh community. Smoothing curves were
constructed using LOWESS tools (see Fig. 6 for location of the four sectors)
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Table 1 Spearman correlation coefﬁcient (rho) between the French river ﬁsh index (and each of its
seven metrics) and the year of the evaluation on the four sectors of the Seine River

French river ﬁsh index, IPR
Number of rheophilic species
Number of lithophilic species
Total number of species
Density of tolerant species individuals
Density of omnivorous species
individuals
Density of invertivorous species
individuals
Total density of individuals

rho
p-value
rho
p-value
rho
p-value
rho
p-value
rho
p-value
rho
p-value
rho
p-value
rho
p-value

Sector 1
n ¼ 200
0.412
<0.0001
0.315
<0.0001
0.450
<0.0001
0.023
0.740
0.044
0.531
0.218
0.0018
0.394
<0.0001
0.164
0.0196

Sector 2
n ¼ 120
0.544
<0.0001
0.481
<0.0001
0.444
<0.0001
0.362
<0.0001
0.104
0.257
0.150
0.100
0.403
<0.0001
0.203
0.0259

Sector 3
n ¼ 125
0.563
<0.0001
0.550
<0.0001
0.531
<0.0001
0.279
0.0015
0.331
0.0001
0.112
0.211
0.390
<0.0001
0.250
0.0047

Sector 4
n ¼ 109
0.561
<0.0001
0.584
<0.0001
0.472
<0.0001
0.383
<0.0001
0.323
0.0006
0.318
0.0007
0.464
<0.0001
0.135
0.161

A negative rho value suggests an improvement of the ﬁsh assemblage, whereas a positive one
suggests degradation

colonised the Seine River since the recovery of high oxygen levels. It is now
regularly observed in the urban part of the river, in rip-rap located along banks
that provide suitable habitats.
However, during the same period, some species have shown clear signs of
decline. This is particularly the case for burbot (Lota lota) and black bullhead
(Ameiurus melas), which were regularly observed in the 1980s and 1990s and are
now caught much more occasionally (particularly for burbot, which is close to
extirpation in this river reach).
At two sites of the Seine River, approximately 150 km apart, the temporal
changes in ﬁsh communities over 15 years were closely synchronised [38]. As
water quality had changed little in these sectors, this suggests that the long-term
dynamics of ﬁsh communities were governed by other factors, particularly
hydroclimatic factors (ﬂood, low water level, heat waves, etc.), which act on a
large spatial scale.
The relative contribution of global warming to the evolution of ﬁsh communities
in the Seine over the past few decades remains an open question. Because there are
more cool and warm water species than cold water species in French freshwater ﬁsh
fauna, some modelling approaches predict for rivers a general increase in local ﬁsh
species richness with climate warming [39, 40]. In a way, the trend towards an
increase in the number of ﬁsh species detected along the whole Seine River course
over the past four decades could be part of this process. Studies focusing on recent
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changes in ﬁsh communities in French rivers have shown that climate change
is already affecting their composition [40], particularly in large rivers where the
proportion of warm water and southern species is increasing substantially [41].
Compared to the other large French rivers, the trend observed on the Seine River
is more equivocal in so far as the species whose abundance has increased in recent
decades include both warm water (e.g. bitterling, pumpkinseed and wels catﬁsh) and
cold water ﬁsh (e.g. European bullhead and dace) [38]. In the Seine River, the
improvement in water quality has allowed the return of rheophilic and oxyphilic
species, which are often also cold water species, undoubtedly leading to a blurring of
the effect of global warming.

7 Conclusion and Perspectives
The results described above suggest that long-term changes in ﬁsh communities in
the Seine River basin are driven by multiple factors operating at different spatial
and temporal scales. Overall, the most signiﬁcant trends concern (1) a constantly
increasing establishment of new exotic species; (2) a dramatic decline in migratory
ﬁsh until the extinction of several species during the twentieth century, followed by a
signiﬁcant but still limited recovery process over the last two decades; (3) and more
locally, changes in species composition of communities that vary according to the
context of anthropogenic pressures. In particular a severe deterioration in the state of
ﬁsh populations occurred in the most human-impacted large rivers until the 1970s,
followed by a partial recovery following the implementation of effective measures to
control domestic and industrial pollutions.
In this respect, the changes observed in the Seine River basin are quite similar to
those observed in other European river basins strongly marked by the density and
intensity of human activities, such as the Rhine, the Thames, the Spree in Berlin
or the Lambro in Milan [42–45]. All these rivers have indeed experienced an
increase in exotic species, a massive decline in intolerant species, especially migratory species, compared to the preindustrial period and, in recent times, evidence of
recovery with the development of pollution control policies.
The colonisation of rivers by exotic ﬁsh species is a global phenomenon, particularly acute in Europe, which continues to rise [46]. Considering that the spread of
alien species is favoured by the globalisation of the circulation of people and
commodities and by the artiﬁcialisation of ecosystems [47], it is very unlikely that
the arrival of new exotic species on the Seine River basin will decline, at least for the
next few decades. If the colonisation rate of alien species continues at its current
level (and even more so if it keeps increasing), the number of non-native species
noted in the Seine River basin could quickly exceed the number of native species.
In the 2000s, an established population of Misgurnus anguillicaudatus was
identiﬁed in an ornamental pond in Paris (eradicated since then). This weather
loach, native of East Asia, is frequently used as food or aquarium ﬁsh and has
been recently detected in several European countries [48]. More recently, in 2016, a
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small population of fathead minnow Pimephales promelas was discovered in a
stream near Paris (C. Houeix, pers. com.). This North American minnow was used
as bait a few decades ago, and populations are already established in several rivers in
Belgium [48]. These two examples illustrate the diversity of the origin of alien
species likely to establish in the Seine basin and may be the ﬁrst signs of larger-scale
colonisation. The recent record, in 2015, of the round goby N. melanostomus in a
gravel pit connected to the lower Seine and the subsequent spread of its distribution
[49] deserve particular attention. This event is in line with a general process of
extending distribution of several Ponto-Caspian gobiid species, facilitated by inland
navigation and establishment of canals between rivers previously disconnected
[48, 50]. Thus, three other species, Proterorhinus semilunaris, Ponticola kessleri
and Neogobius ﬂuviatilis, are present in Northeastern France and could colonise the
Seine basin in the near future. Unlike the other non-native species already present in
the Seine River, these species, in particular N. melanostomus, are highly invasive.
For instance, on several sites in the Rhine basin, although recently colonised, gobiid
species (mainly N. melanostomus) generally account for 60–90% of the ﬁshes, and
they seem to compete with several native species, particularly benthic species [49].
If the forthcoming colonisation of the Seine basin by these species is conﬁrmed, in
the coming decades, it could lead to a profound change in ﬁsh communities on most
watercourses.
The return of migratory species in the Seine River basin over the past two decades
is a remarkable event, especially since, unlike other major European rivers, this
recolonisation has taken place naturally, from nearby populations, without any use
of restocking operations [23]. This return is a direct response to improvements in
water quality, but the establishment of ﬁsh passes on some navigation dams has
also contributed to this recovery. In the future, it is planned to pursue the establishment of ﬁsh passes on the basin’s main watercourses, which should reinforce the
existing populations and extend their distribution area. The high potential of the
basin for the recovery of migratory ﬁsh with the restoration of river continuity can be
exempliﬁed by the case of the Carandeau navigation dam located on the Aisne River
(a sub-tributary of the Seine River), about 400 km from the sea. It was equipped with
a ﬁsh pass in 2016, which in the subsequent months resulted in the passage of several
salmon and shad individuals, when these species had no longer been observed on
this axis since the nineteenth century.
Over the longer term, however, global warming could compromise the return of
some migratory species. Modelling approaches suggest that the thermal conditions
predicted by the end of the twenty-ﬁrst century could jeopardise the sustainability of
the smelt stock [20], while it has recovered a ﬂourishing level in recent years in the
estuary. The question of a negative impact of global warming also arises for salmon
and sea trout, two cold water migratory species [51].
Beyond migratory species, climate change is expected to affect all freshwater
ﬁsh species. At the scale of France, and more locally in the Seine basin, prospective
approaches evaluating different warming scenarios predict a contraction of the
distribution ranges of cold water species [39, 52, 53]. This contraction of distribution
areas is reported to be particularly pronounced in the case of brown trout and
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European bullhead, two of the most abundant species in the Seine River basin at
present, but which could be extirpated from most rivers by the end of the century. In
the Seine basin, the impact of global warming on cold water species seems even
more severe given that the homogeneity of environmental conditions and the
prevailing low elevations limit the potential refuge areas. In this context, chalk
rivers, because their waters remain naturally cold in summer, could provide important refuge areas, especially since they are numerous in the basin. Conversely, many
warm water species, such as barbel (Barbus barbus) and chub (Squalius cephalus),
could beneﬁt from warming of running waters to extend their distribution.
Over the whole basin, global warming is also expected to result in a decrease in
river discharge, especially during summer, and a lowering of aquifer levels (locally
quite high, >10 m), which may consequently multiply the frequency of drying
periods in headwater streams [54]. This decrease in water resources in rivers and
aquifers should logically induce a concentration of pollutants and therefore a
degradation of the water quality available to biota. It is expected that these modiﬁed
environmental conditions will have adverse impacts on river ﬁsh communities,
especially on rheophilic and/or oxyphilic species.
The current global warming and its consequences on the hydrology, temperature
and water quality of rivers will undoubtedly lead to deep changes in the composition
of ﬁsh communities in the Seine River basin over the coming decades. While
the broad outlines of these changes can already be sketched out, their details are
still largely ignored, particularly because of the complexity of the interactions
characterising river ecosystem functioning and the multiple uncertainties on the
magnitude of future climate change and its implications for human activities.
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