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Abstract: To understand the long-term fate of fish assemblages in the context of global change and to
design efficient restoration measures in river management, it is essential to consider the historical
component of these ecosystems. The human-impacted Seine River Basin is a relevant case that has
experienced the extinction of diadromous fishes over the last two centuries and has recently witnessed
the recolonization of some species. One key issue is to understand the historical evolution of habitat
accessibility for these migratory species. Thanks to the unique availability of historical, mainly
hand-written sources of multiple types (river engineering projects, navigation maps, paper-based
databases on oxygen, etc.), we documented and integrated, in a geographic information system-based
database, the changes to physical and chemical barriers in the Seine River from the sea to Paris for
three time periods (1900s, 1970s, and 2010s). The potential impact of these changes on the runs
of three migratory species that have different migratory behaviors—Atlantic salmon, allis shad,
and sea lamprey—was evaluated by ecological connectivity modeling, using a least-cost approach
that integrates distance, costs, and risks related to barriers. We found that accessibility was contrasted
between species, emphasizing the crucial role of the migration type, period, and level of tolerance to
low dissolved oxygen values. The highest disruption of ecological connectivity was visible in the
1970s, when the effects of large hypoxic areas were compounded by those of impassable navigation
weirs (i.e., without fish passes). As the approach was able to reveal the relative contribution of
physical and chemical barriers on overall functional connectivity, it may constitute a model work in
assessing the functioning of large river ecosystems.

Keywords: least-cost modeling; longitudinal connectivity; dissolved oxygen; historical data;
functional distance; migratory fish; fish passes; navigation weir

1. Introduction

Riverine hydrosystems are highly complex socio-ecological systems, reflecting a long interwoven
history between rivers and societies. They are structurally complex, biodiverse, and productive due
to their dendritic structure, connectivity with adjacent water bodies, and multiple relationships with
terrestrial and marine ecosystems [1]. The varied and increasing use of streams and rivers by human
societies through time has drastically modified riverscapes and, consequently, ecosystem functions and
biodiversity. Today, large riverine hydrosystems are among the most threatened aquatic ecosystems in
the world [2]. Because water flow is the driving force of hydrological connectivity in these ecosystems,
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they are highly sensitive to a variety of hydroclimatic disturbances, affecting both aquatic and terrestrial
ecosystems at various spatiotemporal scales. In particular, longitudinal connectivity in river networks
is responsible for critical ecological processes, such as the flow of water, nutrients, energy, and aquatic
organisms. The pressures induced by humans in relation to water use and flow regulation, dams and
hydromorphological alteration, eutrophication and toxic pollution, overfishing and invasive species are
widespread and affect river health [3,4]. For instance, chemical pollutants such as pesticides and other
industrial waste threaten 50% of Europe’s freshwater ecosystems [5]. These chemical pollutants act as
chemical barriers and have come, in addition to physical barriers, to modify freshwater biodiversity [6].

Declines in freshwater fishes are the highest worldwide among vertebrates [7,8]. Stream fishes
have complex life cycles, including movements between spatially distinct habitats used for different
functions [9,10] that condition the viability of populations [11]. In this context, habitat alteration,
fragmentation, and connectivity disruption have various consequences on the habitats used by
organisms and their movement abilities. In Europe, several authors focusing on the long-term
evolution of fish communities have highlighted the decline of migratory species in relation to long-term
increases in human pressures [12–15]. The major causes of the extirpation of European diadromous fish
species in the twentieth century include the direct and indirect effects of dams [16,17], which prevent
access to habitats that species require to complete their life cycles. In addition, a low dissolved oxygen
(DO) level, high temperature, or suspended matter content can prevent upstream or downstream
movements. In particular, spawning migration is inhibited during hypoxic episodes in the Loire
estuary for allis shad (Alosa alosa) [18], as well as under unfavorable temperature and DO levels in the
Scheldt River for twaite shad (Alosa fallax fallax) [19]. As diadromous fish species move long distances
between the sea and river networks to complete their life cycle [20], their presence is an indicator of
effective longitudinal connectivity in large river systems. In the case of the combined effects of multiple
stressors, such as deteriorating water quality, habitat loss, and reduced accessibility, the understanding
of the declines in these species is complicated by the required large scope of the study. As they are
capable of recolonizing catchments after large-scale disturbances [21], they are ideal indicators of
longitudinal connectivity improvement.

Concrete restoration measures require the development of approaches that are able to consider the
cumulative impacts of physical and chemical barriers. To the best of our current knowledge, only indices
of cumulative impacts of physical barriers have been proposed; for instance, dendritic indices for
diadromous species [22] or the length of river habitat affected by barriers [6]. Of the different methods
to model river connectivity, the functional approaches that consider species movements in response
to spatial heterogeneity are insightful. In this respect, the concept of the “least-cost” path [23] was
recently used to quantify how aquatic habitats facilitate or impede fish movements in riverscapes [24]
and seascapes [25]. In addition, it is essential to integrate the historical component to better understand
long-term fish assemblage changes and species declines in response to human activities [26]. Historical
data on physical and chemical barriers are required to model the historical evolution of functional
connectivity. Such data, although limited, are relevant to modeling the effect of barriers over time on fish
migration routes, colonization fronts, and distribution (see examples in [16,17]).

This study investigates the historical change in the ecological connectivity of the Seine River, from
the sea to Paris, since the mid-nineteenth century. This basin has experienced severe declines and
extinctions in its diadromous fish community, but it has witnessed the recent recolonization of some
species. We propose an approach that combines the impacts of physical and chemical barriers to evaluate
the Seine River accessibility from the sea to Paris over time. We applied this approach on three species
that differ in their migratory behavior to provide specific guidance to connectivity restoration strategies.

2. Materials and Methods

2.1. Context of the Study Area

The Seine River has a long history of human presence and impacts dating back to the Gallo-Roman
era and coinciding with the development of the city of Paris and its activities [27]. The most critical



Water 2020, 12, 1352 3 of 21

period for the health of the river ecosystem started with the Industrial Revolution in the mid-nineteenth
century in France, identified as a turning point with the beginning of the Anthropocene [28]. Deeply
modified for navigation and harbor development, the Seine River has undergone various morphological
alterations [29], been equipped with navigation weirs, and lost a great number of sandbars, intertidal
areas, and islands. Used as a receptacle for liquid waste [28], the river suffered continuous degradation
and pollution related to the increase in urban population and industrial activities from the beginning
of the nineteenth century [27,30]. In 1889, sewage farms were built upstream and downstream of
Paris, but never in a sufficient number to treat all Parisian sewers [30]. After the Second World War,
the Achères wastewater treatment plant was established to treat waste from up to eight million people,
releasing the treated effluent 70 km downstream of Paris [31]. For nearly five decades, water quality has
improved by means of regulation, planning, and management efforts. Currently, the Seine River Basin
(76,260 km2) represents 25–30% of French industrial activity, 50% of national river freight (1400 km
of navigable waterways), and 23% of the French population for only 12% of the French territory [31].
The navigation weirs of the Seine River and its main tributaries currently include 23 fish passes.

Before human intervention, the Seine River hosted 11 diadromous and at least 22 freshwater
fish species [32]. As in several other European rivers, the fish community has changed since the
medieval period due to overfishing, pollution, habitat destruction, and the disruption of migration
routes. This led to a dramatic decline in diadromous fishes at the end of the nineteenth century [33].
However, as a result of the establishment of non-native species, diversity has increased and now
reaches 60 species [12]. The study area considered for the modeling of historical ecological connectivity
is located on the lower Seine River from the sea to Paris and represents around 350 km. The estuary is
160 km long with tidal influence ending at the first obstacle from the sea: the Poses weir (Figure 1).
Under the European Water Framework Directive (WFD), the Seine River has been classified as a
heavily modified water body, and a recent evaluation (2019) showed contrasting situations from the
sea to Paris. Its ecological status is medium to bad in the Seine estuary, medium in the fluvial reach
(upstream of Poses) and good from the Oise confluence to Paris. Its physico-chemical status is bad on
the whole estuary, medium and poor downstream of the Oise River, and good up to Paris. Mitigation
actions are still required to reach “good potential” in 2027, particularly in the context of increasing
human pressures on this basin. Notably, effective action is required to strengthen the recovery and
sustainability of migratory fish populations in the Seine Basin and are part of numerous regional and
national planning documents.

2.2. Selected Fish Species

Among the 11 diadromous fish species historically present in the Seine River Basin, we focused
on Atlantic salmon (Salmo salar, L., 1758), allis shad (Alosa alosa, L., 1758), and sea lamprey (Petromyzon
marinus, L., 1758), which exhibit contrasting migratory behavior and different patterns of decline.
For these three species, which need to migrate upstream of the Seine estuary to find suitable spawning
habitats, barriers across the main-stem Seine and its tributaries represent the most significant limiting
factor for their current recovery.

Before our study period, a strong decline of Atlantic salmon populations in Northwestern Europe
between the early Middle Ages (450–900) and early modern times (1600) was documented and
attributed to improvements in watermill technology [14]. In the Seine River, salmon was labeled as a
rare species as early as the beginning of the seventeenth century [34] due to overfishing and headwater
stream modifications [35]. Today in France, allis shad is critically endangered, the sea lamprey is
endangered (a status that has worsened since the last evaluation in 2010), and Atlantic salmon is nearly
threatened [36] (Table 1).

All species are listed in the Bern Convention (Appendix V) and in the Habitats Directive of the
European Union (Annexes II and V). Migration period(s), DO preferences, and swimming behavior
were considered as relevant variables to characterize upstream spawning migration (Table 1).
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Figure 1. The spatial extent of the studied Seine River from the sea to Paris and its location (in red) in
the Seine River Basin in France (thumbnail). The estuary extends up to Poses (kp 202). Some kilometric
points are indicated from Paris (kp 0) to Honfleur (kp 350). Zoom-ins on some physical features are
illustrated, namely three navigation weirs, locks, and fish passes (2018).

Table 1. Species characteristics for mature migrating individuals. CR: critically endangered; EN:
endangered; VU: vulnerable; NT: nearly threatened. Migratory periods were defined using video-
counting data (2008–2018) at the Poses fish pass station. Adapted from [37,38], completed: ◦ [39], * [40].
Atlantic salmon ages are 1SW: one winter at sea, 2SW: two winters at sea.

Allis Shad Atlantic Salmon Sea Lamprey

National status 2019 CR NT, VU (Allier River
population) EN

Dissolved O2
(mg·L−1) >4 ≥6 >3 *

Swimming capacities:
burst speed, (m·s−1) 3.5–5.0 4.5–6.5 3.0–4.5

Behavior to cross
obstacle Swimming Swimming, high jumping

ability
Swimming and “burst and

attach” (suction cup mouth)

Migration size
[Seine River] 45–70 cm 50–100 cm

[1SW < 75 cm, 2SW < 90 cm] 60–90 cm

Migration period(s)
(Seine River) March to June

• March–May
• June–July
• September–November

March to June

2.3. Historical Data

We defined the main historical periods of physical and chemical changes in the Seine River on
the basis of a review of existing literature and expert knowledge. Based on the available data, three
periods were chosen as representative of major changes, and these were used for ecological connectivity
modeling, namely the 1900s, 1970s, and 2010s.

2.3.1. Physical Features and Infrastructures

We georeferenced the historical maps to compare the river course and the location of physical
features across the different periods. For 1900, 89 paper maps of the Seine River from Paris to



Water 2020, 12, 1352 5 of 21

Rouen were available thanks to the cartographer Raoul Vuillaume (1:10,000) and from Rouen to
the sea thanks to the cartographers Cardin and Babin [41] and the Archives from the Grand Port
Maritime de Rouen (GPMR). For 1970, we used the topographic maps of France (1:50,000) produced
in 1950 by the National Institute of Geographic and Forest Information (IGN) (available online at
https://remonterletemps.ign.fr) and 46 topographic maps (1: 10,000) centered on the Seine River
from Paris to Rouen. These high-definition historical images were integrated into a georeferenced
system (Lambert93, ESPG 2154) using a thin-plate spline transformation based on standard points
(churches, bridges, buildings, crossroads, etc.) and a cubic sampling method that limits geometric
distortions. For the current period, we used the National topographic database BD TOPO® 2.2 (IGN,
http://www.ign.fr/) where water surfaces are available with two-dimensional (2D) precision from
1.5 to 2.5 m.

Among the physical barriers that could affect fish movements and migrations from the sea to
Paris, we focused on weirs, locks, and hydropower plants. Gray literature provided knowledge
of the general development of the Seine from Paris to the sea since the nineteenth century [42–45].
The location of weirs and locks, their creation date and modifications, and the evolution of waterfall
height were recorded from ancient maps and national and departmental archives (Supplementary
Table S1). In particular, the archives of the navigation service of the Seine River contained useful
resources such as local maps, longitudinal profiles (with altitudes), detailed maps of weirs and locks,
navigation-improvement planning, channel rectification, and island removal. In addition, we used
navigation guides, online aerial photos dating back to the First World War (IGN), and online reports
from the Bibliothèque Nationale de France (https://gallica.bnf.fr/). All this information was used to
evaluate the potential impact of the physical changes on migrations of the three migratory species.

As fish ladders and passes were rarely indicated on historical maps, we consulted other written
sources. Thanks to fishermen complaining about the decline of fish stocks and partly accusing
navigation dams, the government’s awareness of this issue led to decrees and laws, starting with the
Fishing Act in 1865. Ministerial circulars about fish passage characteristics, synthesis, and reports
from several commissions and surveys about fish ladder effectiveness were used as the main sources
to understand their changes. These archives were mainly available in the National Archives and
the Archives from the Ministry of Public Works [46]. Knowledge of current fish pass construction is
well-documented thanks to reports from the French Navigation Rivers service (VNF) and state services
ensuring the regulatory supervision of their effectiveness.

2.3.2. Chemical Barriers

We chose dissolved oxygen (DO) as one of the most relevant factors of water quality affecting
fish migration. The information was available for several periods based on different data sources.
Monthly/quarterly measurements were available for 22 stations on the Seine River from Paris to Rouen
between 1871 and 1938, recorded by the chemical department at the Montsouris Observatory [47,48].
The Water Agency of the Seine-Normandie Basin (created in 1964 to monitor the quality of aquatic
systems) provided monthly measures of DO dating back to 1971 for 41 stations from Paris to Honfleur.
The Seine navigation service provided monthly measures of DO for the period 1955–2015 from Poses
(kp 202) to Honfleur (kp 350). These sources allowed us to create three spatiotemporal databases
(kp of available stations × 12 months) of monthly average oxygen values (averaged across around
10-year periods) for each time period, namely 1892–1904, 1971–1980, and 2009–2017. We used linear
interpolation to impute missing values using R 3.6.0 [49]. To obtain continuous values through the
spatiotemporal table (kp× 12 months), we used the interp function from the Akima package (v0.6-2 [50]),
which allows for the interpolation of values from irregularly spaced input data [51]. Isopleth graphs
were then realized using the filled.contour function from the graphics package (v3.6.2; [52]). The full
reproducible code is available in the Supplementary Materials.

https://remonterletemps.ign.fr
http://www.ign.fr/
https://gallica.bnf.fr/
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2.3.3. Fish Historical Distribution

To document past species distribution from the end of the eighteenth century to the mid-twentieth
century, we used the CHIPS database (Historical Catalog of Fishes of the Seine Basin), which compiles
historical written sources [53]. Fish observations from the CHIPS database were updated, georeferenced,
and used to map the historical distributions of the three studied species according to the locations of the
most upstream presences on the hydrographic network [54]. To map the current distribution, we used
recent observations from different sources, such as video-counting at fish passes since 2008 (Seinormigr,
personal communication), anglers’ catches, and electrofishing surveys. Potential colonization distance
estimates were calculated using current hydrographic distances (without considering potential channel
modifications) from Honfleur to the most upstream presence recorded in around 1850.

2.4. Functional Connectivity Modeling

The current water extent (vector database 2018, IGN) was manually modified to delineate the
water extent for the 1900s and 1970s using the corresponding georeferenced historical maps. The mean
DO classes, calculated for each year, species migration period, and kilometer point (kp) were affected
to the corresponding reaches using a spatial join procedure in ArcMap. The presence of infrastructures
(weir, lock, fish pass, and hydroelectric power plants) was manually digitalized as vector patches using
channel extent, historical maps, and available aerial photos. As fish ladders had small widths, their
size was enlarged to reach a minimal patch size of 10 × 10 m, which was compatible with the raster
modeling resolution of 5 m. All infrastructures were overlaid on 1-km-long reaches with DO classes to
generate layers of physical and chemical barriers (hereafter called “resistance maps”) for each time and
species migration period.

We then ran the least-cost calculation on each resistance map using Anaqualand 2.0 [55].
The minimal cumulative resistance (resistance × distance) or functional distance (functional kilometers:
kmf) was calculated for each pixel of the map to obtain accessibility maps from the sea to Paris
for each species/migration period and the three time periods. Resistance values were based on the
assumption that resistance increases with energy cost, mortality, and predation risk associated with
migration. Species-specific resistance values for weirs, locks, fish ladders, and passes were based on
their permeability using expert classification according to the different periods studied. To evaluate
the relative impact of chemical and physical barriers, we drew accessibility maps that included only
physical barriers or maps that included both physical and chemical barriers.

3. Results

3.1. Historical Timeline of Weirs and Locks

When the Amfreville weir (kp 200) was built in 1850 just upstream of Poses, in the naturally
tidal part of the Seine, it was the first physical barrier from the sea (Figure 1). To further increase the
navigable areas without tidal effect, the Martot weir was built 16 km downstream in 1864 (waterfall
height: 0.3 m at high tide −3 m at low tide) followed by the Poses weir in 1881 (no tide influence:
4.18 m [56]). Overall, between 1846 and 1886, the first set of 12 navigation weirs were built from the
sea to Paris, of which 10 are on the main channel (Figure 2).

The natural waterline at a low flow in 1840 allowed for a 0.7-m draught; it was transformed in
a succession of deep and low-current velocity basins with a draught reaching 3.2 m in 1900. Several
technologies were used over time to build navigation weirs, which had increasing impacts on fish
passage (Figure 2). The first weirs were composed of thin needles of wood or rolling-up curtain leaned
against a solid frame that could be added or removed by hand to constrict river flow (Figures 2 and 3a).
Fish could pass through the openings of “needle” weirs during releases for navigation, floods, and winter.
The former navigation weirs were renovated in the twentieth century or destroyed to reduce the number
of forebays, especially since 1959 due to significant traffic development [57]. Gate dam types (Aubert’s,
radial, slide gate, and automated systems of flap gates), composed of several gates moving around a
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horizontal or vertical axis, were built since 1930 (Figure 2). As a result of these technological advances,
the number of navigation weirs decreased over time, whereas their waterfall height increased to address
navigation needs, impeding more and more fish from passing through, except during extreme floods
(Figure 3b). Parallel to this, the activity of narrow locks decreased due to vessel enlargement, leading to
some disused open or closed locks. The adaptation of lock operations as means to improve fish passage
has not been implemented on the Seine River.
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Figure 2. Technology and dates of weirs built on the Seine River from the sea to Paris. The weir at
Marly was associated with hydraulic machinery first built in 1684 to raise the water up to an aqueduct
tower supplying The Chateau of Versailles. When two names are indicated and bars are vertically
staggered, the location of the navigation weir shifted.

3.2. History of Fish Passes

The history of fish passes actually began with the Fishing Act in 1865, which commanded the
construction of fish ladders while compensating the dam owners. An evaluation of built fish ladders
carried out in 1875 showed the lack of effectiveness of the two fish ladders built on the Seine River:
Martot and Marly (Supplementary Table S2). In 1881, using information on the 54 fish ladders existing
in France, navigation engineers from the Ponts et Chaussées (bridges and highways) tried to improve
ladder efficiency. Main issues were (i) too high slopes, (ii) inadequate current velocities to swimming
capacities (target species: mainly Atlantic salmon and shads), or (iii) unattractive locations. As a
result, chief engineer Caméré designed several fish ladders from 1890 to 1903 on the Seine River
(Supplementary Table S2). Three ladders were specifically designed for eels in the shape of ascending
ramps. At this time, only six ladders occurred on the Seine River (Figure 3a) comparing to 100 ladders
on the Loire River, and about 10 on the Rhone River). In 1897, a commission on agricultural and
forestry improvements concluded that major economic problems would occur in the industrial and
agricultural sectors if new fish ladders were prescribed (AN F14-13615). Despite this, decrees ordering
French rivers to the fish ladder regime were enacted, especially in 1904 for the Seine River.

A report from the engineer Bachelier put forward a French Atlantic salmon ladder program
at the Migratory Fish Commission in 1950 (AN-19920558-18). The scientific laboratory testing of
ladder configurations to search for efficient fishways started with Denil’s fishway at the beginning
of the twentieth century. This was followed by many tests of fishway configurations in different
countries [58,59]. An increasing number of new fishways were designed in France (300) in the 1980s
following a new decree (1969–1974) in which the construction of fish passages was the responsibility
of the owner of the structure. The Fishing Law of 1984 reasserted the classification of watercourses
and the obligation to equipped barriers. In 2006, the French law on water and aquatic environments
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(LEMA 2006-1772 law), which is the transposal of the European WFD, led, in 2013, to the classification
of the Seine River as a watercourse in which it is important to ensure ecological connectivity for mobile
organisms and the natural transport of sediments. Its implementation resulted in the acceleration of
the renewal of fish passage construction, particularly those equipping the navigation weirs owned by
the VNF in the Seine River Basin. Depending on land availability, new passes are of two types: vertical
slot pass and bypass channel (Figure 3c).
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3.3. Dissolved Oxygen Evolution

Isopleth graph analysis showed strong intra-annual variations of DO from the sea to Paris in the three
periods (Figure 4a). The longitudinal patterns appeared to contrast among the three periods and, overall,
to be consistent with previous knowledge on the basin [46,60,61]. DO thresholds of 3, 4, and 6 mg·L−1

constitute chemical barriers for the sea lamprey, allis shad, and Atlantic salmon, respectively.
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Figure 4. (a) Isopleth graphs of dissolved oxygen for the three time periods. Particular kilometric
points are represented, referring to Figure 1. (b) An example of the longitudinal mean of dissolved
oxygen classes (resolution 1 km) in the 1970s for one migration period of Atlantic salmon (June–July).

In the 1900s, from the Oise confluence to Clichy, unfavorable conditions were observed for the
migration of Atlantic salmon, allis shad, and sea lamprey over five-to-seven months. In the 1970s,
several hypoxic reaches appeared along the entire Seine River from March to December. A nearly
year-long chemical barrier was observed in the estuary from the Seine Bay to Rouen with very low DO
values and unfavorable migration conditions for Atlantic salmon in a critical part of its migration route
(Figure 4b). Reaches from the Oise confluence to Colombes were impacted by increasing urbanization,
diffuse waste, and untreated sewage during rainy events. In the 2010s, no hypoxic periods were
observed irrespective of the season, except for a short period in August in the estuary that was not
favorable for Atlantic salmon migration.

3.4. Accessibility: Comparison of Functional Distances

Based on historic and current knowledge of physical and chemical barriers, we assigned resistance
values according to the potential increasing biological cost/risk associated with crossing the feature
(Table 2). The detail of resistance values assignment is provided in Supplementary Material (Online
Resource 2).

Accounting only for physical barriers, functional distances to reach Paris from the sea were higher
in the 1970s and similar for the three species Figure 5a). In the 1900s, functional distances were lower
for Atlantic salmon and allis shad but remained high for sea lamprey due to its lower capacity to
cross needle-type weirs and fish ladders Figure 5a). In the 2010s, functional distances were lower
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due to the fish pass equipment of navigation weirs, but they increased drastically just downstream
Paris due to the Suresnes impassable weir. The cumulative impacts of physical and chemical barriers
on allis shad and sea lamprey accessibilities to Paris allowed us to examine their different migratory
behaviors Figure 5b). In the 1900s, the functional distance increases from the sea to Paris for the two
species resulted mainly from the presence of needle and rolling curtain weirs equipped or not with
fish ladders. Accessibility for sea lamprey was lower than for allis shad due to its lower capacity to
cross the weir and fish ladder (Table 2). Only slight cumulative effects of the chemical barriers were
observed between some weirs, as DO values were mainly favorable during the migration period for
these two species (March to June) (see Figure 3a). This trend intensified in the 1970s, as weirs became
impassable with no fish passes and new anoxic zones cumulated, especially in the estuarine part,
affecting allis shad migration. In the 2010s, no chemical barrier was considered (since oxygen was
not limiting). Thus, the overall accessibility in this period was similar to the physical barrier-only
scenario. Accessibilities were relatively similar for both species with the drastic impact of the Suresnes
impassable weir that is downstream from Paris Figure 5b). For Atlantic salmon, we noticed interesting
seasonal variations in accessibility in the 1900s and 1970s Figure 5c). The functional distances in the
1900s for the spring and autumn migrations were lower than for the summer migration, indicating
better accessibilities for these two seasons. The longitudinal contribution of the scenario with physical
barriers on overall functional distances (scenario with physical and chemical barriers) indicated that
this stressor dominated for spring migration and its impact decreased in favor of chemical barriers
for other migration period (Supplementary Figure S1). In the 1970s, the clear cumulative effects of
chemical and physical barriers were observed on accessibilities. In the estuary, functional distances
sharply increased due to long-distance chemical barriers, and then a succession of high increases
(physical barriers) were cumulated with lower increases (chemical barriers). In this period, summer
was still the more unfavorable season for migration with nearly five times lower accessibility than in
the 1900s due to hypoxic conditions for long distances along the entire river stretch. Spring was the
more propitious season for migration, although conditions were degraded compared with 1900. In the
2010s and currently, migration conditions for this species have been improved compared to the 1900s
as the result of fish passes building and decreasing chemical barriers regardless of the season.

Table 2. Values of resistance (dimensionless) for the different type of physical and chemical barriers
and associated biological costs and risk. Predation risk is associated with potential predation by other
species or poaching when crossing physical barriers. For the accessibility scenario with only physical
barriers, the resistance values marked with an asterisk (*) become R = 1.

Resistance Values

Type of Barrier Biological
Cost/Risk

Longitudinal Barriers
Thickness (m)

A.
Salmon

S.
Lamprey

A.
Shad

Ph
ys

ic
al

Hydroelectric dam

Energetic
cost/predation

10 80,000 80,000 80,000
Gate dam 10 80,000 80,000 80,000

Lateral fish ladder 10 80,000 80,000 80,000
Operating/closed lock 100 8000 8000 8000

Needle weir 10 40,000 60,000 40,000
Rolling curtain weir 10 40,000 60,000 40,000

Fish ladder 10 10,000 20,000 10,000
Fish pass: vertical slot 20 1000 2000 1000

Fish pass: secondary channel 200 50 200 150

Disused open lock Minimal cost 100 2 2 2

C
he

m
ic

al

Reach oxygen class 1–3 mg·L−1 Mortality/physiologic
cost

1000 100 * 10 * 20 *
Reach oxygen class 3–4 mg·L−1 1000 20 * 1 * 10 *

Reach oxygen class 4–6 mg·L−1 Minimal cost 1000 10 * 1 1

Reach oxygen class > 6 mg·L−1 No cost assumed 1000 1 1 1
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3.5. Historical Fish Distribution

In the 1850s, Atlantic salmon was known to reach headwaters of the basin to spawn up to 684 km
from the sea on the Cure River, but occasional observations were also recorded on the Marne (610 km)
and the Aisne (528 km) Rivers in the northern part of the basin (Figure 6a).
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Figure 6. Historical distribution in 1850 overlaid by current distribution in 2018 for Atlantic salmon (a),
allis shad (b) and sea lamprey (c) on the Seine River Basin. No distribution was drawn for 1970, as all
these three species were regarded as extirpated at that time.
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The second half of the nineteenth century showed the continued collapse of Atlantic salmon,
then restricted to only some tributaries, due to multiple barriers (weirs and locks, dams in headwater
catchments, and pollution) to fish spawning migration [39]. In the 1970s, this species was regarded as
extirpated [12], despite individuals caught accidentally in the lower part of the estuary (kp 278) [62].
In 2008, 260 individuals of Atlantic salmon were observed passing at the video-counting station of
Poses [37], but there was no indication of their distribution upstream. The known current distribution
extends up to 350–400 km to the Oise River (Figure 6a) as indicated by records in a new video-counting
station at the confluence of the Aisne River (2018). Allis shad was one of the most widely spread
migratory species in the Seine Basin in the first part of the nineteenth century [40]. The most upstream
reports of its presence were 624 km away from the sea on the Marne River, 538 km on the Aisne River,
and 551 km on the Yonne River (Figure 6b). Its decline started with the first navigation weirs built
between 1850 and 1881. In 1920, only rare and isolated individuals were still observed downstream of
Poses weirs [41]. Allis shad was considered to be extinct in the 1960s [42]. More broadly, the decline
of shads has been related to the cumulative effect of habitat degradation and physical and chemical
barriers preventing individuals from reaching spawning habitats upstream of estuaries [43]. In the
Seine River, recolonizing individuals of allis shad have been observed since 2004, with clear evidence of
reproduction [40], and, today, they have been observed up to 400–454 km in some tributaries (Figure 6b).
In the 1850s, sea lamprey had two attested colonization fronts in the Cure River Basin (614 km) and the
Aube River (586 km), but we can speculate that it had a wider distribution (Figure 6c). The freshwater
distribution of the sea lamprey decreased over the second half of the twentieth century, and the species
was considered extinct in the 1970s [42]. The current distribution of sea lamprey extends up to 230 km
(Figure 6c).

4. Discussion

4.1. Reconstructing the Tide of History

By combining historical data sources, engineering sciences, and fish ecology, this interdisciplinary
study offers a better understanding of how multiple stressors act on diadromous fish species in the
Seine River over a long-term perspective. The use of historical sources and current data on physical
and chemical barriers made it possible to reconstruct the history of ecological connectivity for fish
from the sea to Paris over the past 170 years. Precise knowledge of the chronological timeline of
the two stressors provided a sort of spatiotemporal puzzle by using the history of each piece acting
positively or negatively on ecological connectivity. Such socio-ecological hydrosystems are complex
adaptative systems that have unexpected emergent properties that cannot be predicted by knowing
the individual constituents alone [63]. While global trends in the spatial distribution of physical and
chemical stressors have been documented in the Seine River [64], we have quantified their cumulative
effects on fish migration over time. Both stressors have been documented in other large river systems
in a long-term perspective, but they have often been considered separately [16,65–67].

The temporal trajectories of species decline and recolonization, visible over the spatial extent of the
species distribution over time, have been related to the ecological connectivity changes. The migratory
fish species in the Seine River Basin have generally followed the common pattern of declines observed
for North Atlantic diadromous species, namely a sharp population decline between the end of the
eighteenth and the beginning of the twentieth century [68]. The distribution of the three studied
species in the 1850s extended in the Seine River and main tributaries up to 500–700 km upstream
from the sea, although this situation could have already been the result of early declines since the
Middle Ages [14]. During the 1850–1881 period, the most downstream Martot and Amfreville/Poses
weirs (cumulative height of 6.8 m over just 20 km) are known to have had a major impact by reducing
the accessibility of a wide part of the basin [69]. The construction of the first 12 navigation weirs
(1846–1869), the delay of most fish ladder construction (1880–1903), and their poor effectiveness led to
the collapse of Atlantic salmon stocks in the 1900s and to the extirpation of allis shad in the 1920s [33].
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Because of the increasing impact of physical barriers, most migratory species also became extinct
at this period in the Lambro River (Milan), the Spree River (Berlin) [70], and the Scheldt River [71].
In the 1900s, we highlighted that chemical barriers were already present in the fluvial and estuarine
reaches of the Seine River. The deficit in DO around 70–150 km downstream of the sewer system
discharge in Clichy was compensated for by flows from the Oise confluence, which played a crucial
role in reoxygenating the Seine [60]. The seasonal differences in accessibilities to Paris estimated in the
1900s could have particularly affected young salmons (one winter at sea (1SW)), since they migrate
from February to September, compared with the oldest salmons (two winters at sea (2SW)), for which
migration started in autumn [46]. However, historical sources have suggested that the Seine Atlantic
salmon stock was composed mainly of large individuals (2SW). Parallel to this, historical Atlantic
salmon spawning grounds on the Cure River (see its location Figure 6) became unreachable in 1858
with the construction of the Settons Dam (19 m high) [72].

The highest cumulative disruption of ecological connectivity was observed in the 1970s as a
consequence of the post-war boom with a period of strong industrialization. The long-distance
chemical barrier in the Seine estuary (and many more along the river) concurred with the renovation
and heightening of weirs with no fish passes, thereby explaining this result. The very low level of DO
in the Seine estuary was principally related to inputs from its upstream watershed [73]. In the 1970s,
more than half of the wastewater produced by Paris was discharged into the Seine without treatment.
Tributaries such as the Oise River were no longer playing the role of re-oxygenating the Seine River.
The alteration of water quality was such that the extinction of species was considered irreversible
and the idea of maintaining and rebuilding fish passes was abandoned. Integrating all these issues,
the highest functional distances from the sea to Paris were observed at this period, especially for
Atlantic salmon in summer and autumn migrations, as well as, to a lesser extent, for allis shad and sea
lamprey. Whereas the first two species were still considered as extirpated from the Seine River Basin,
the sea lamprey disappeared in the 1970s.

The current ecological connectivity has improved at a highest level than in the 1900s for the
three species. In the 2010s, favorable oxygenating conditions were observed for the three species,
and all migration periods in parallel to the construction of a new generation of efficient fish passes.
Our results confirm the recent trend of no further long anoxic periods in the Seine River and its estuary
since 2007 [61], a consequence of the progress made in the 1990s in terms of wastewater treatment
following the Water Law (1964). At the same time, the Fishing Law of 1984 revived the construction
of fish passages. The “return to sources contracts,” which proposed the first management plans for
migratory fish, was established, and several migratory fish associations in the French river basins were
created. In this context, a study defined the strategy for the return of Atlantic salmon to the Seine
River at the beginning of the 1990s [74], and the first fish pass of Poses was built in 1991. The EU
WFD and the National Plan for ecological continuity (2010) just reinforced this turning point, and the
renewal of fish passage construction was deployed during the recent renovation of navigation weirs.
The recent improvement in migration route accessibility has very recently led to the spontaneous
recolonization of the Seine River by individuals of migratory fish species. Since 2004, some individuals
of allis shad have been observed upstream of Paris on the Marne and Seine Rivers. Their surprising
presence upstream of an navigation weir with no fish pass was probably related to high flows and/or
the ability of this species to use locks, as shown with radio-tracking operations in the Rhone River [75].
On the Oise River, where all the navigation weirs are equipped with fish passes, the most upstream
observations of Atlantic salmon and allis shad were reported in 2018 by video-counting at the Aisne
confluence (Figure 6). To our knowledge, the distribution of sea lamprey remained restricted up to the
Epte River, where the local angling association observed reproduction events (see Figures 1 and 6).
However, the observation of one individual on the lower Oise River in the early 2000s (Holl, personal
communication) could suggest further potential for settlement.

The global historical analysis highlighted that, in addition to structural aspects, there is social
aspect in explaining the changes in ecological connectivity through time. Such river–society interactions
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are spatially and temporally complex and can be addressed by an interdisciplinary collaboration
between hydrobiologists and environmental historians [60]. Our study showed the example of
a river long affected by humans, such as the Moselle [76] or the Danube [67], as a very complex
historical object. We emphasized the interactions of human impacts on functional connectivity with
historic conflicts of use between stakeholders regarding the attempt to restore the free movement
of migratory fish. The social consensus, driven by industrial interests for long periods [76] and the
perception of rivers as not healthy, has, for instance, prevented the implementation of efficient fish
passage management strategies. Beyond the Seine, lessons from our historical approach to ecological
connectivity can be applied to other riverine anthroposystems affected by physical and chemical
barriers. In particular, since many large river systems in Northwestern Europe have been affected by
common nineteenth and twentieth century stressors such as river regulation and dam construction,
pollution, and overfishing [77], our approach can be useful for a better understanding of the functional
connectivity of these systems.

4.2. The Modeling Approach

The least-cost modeling approach and the functional distance calculation that spatially integrates
the cumulative effect of physical and chemical barriers provide a fish-based longitudinal indicator of
the habitat accessibility for large rivers. This approach was useful to evaluate the relative contribution
of physical and chemical barriers in habitat accessibility and to help disentangle the complexity of
multiple-stressor situations. For instance, the comparison of scenarios with and without chemical
barriers indicated a longitudinal contribution of chemical stress in the overall accessibility to upper
Seine. The spatially explicit approach was also beneficial to visually observe the impact of the two types
of barriers along the river course and to compare the access to a specific kilometric point according
to the time period for the different species. Maps produced using our approach represent a valuable
medium for communicating to managers the consequences of different management scenarios and,
subsequently, guiding decision-making.

The combination of historical and current sources (maps, reports, questionnaires, postcards,
pictures, etc.) was relevant in order to map and precisely locate navigation weirs, locks, and fish
ladders/passes, thereby allowing for longitudinal cumulative calculations of accessibility. The use
of functional kilometers compared with hydrographic kilometers was intuitive and made it possible
to understand the relative cost of crossing physical and chemical barriers. The comparison between
historical periods for behaviorally distinct species highlighted the complex impacts of physical and
chemical barriers on their migration capacities and their dispersion to upstream habitats.

The resolution of 1 km we used to spatialize DO values from the sea to Paris was a compromise, as
the original data had different spatial resolutions depending on the time period. We imputed missing
data for the 1900s with the “best hypothesis and knowledge of historians.” Despite this potential bias,
we obtained consistent longitudinal DO profiles, in particular for the long-term summer hypoxia
that is well documented [31]. Though historical trends in navigation weir settlement are relatively
known [31], information such as the precise date of construction, renovation, or removal was difficult
to recover or was barely available. Reports from navigation engineers were particularly valuable to
document the technological evolution of weirs and fish ladders and to understand the evolution of
passability for fish.

While this approach has demonstrated its usefulness in comparing scenarios [78] and emphasizing
the relative importance of chemical and physical barriers on connectivity, there is still room for
improvement, including refining the hypothesis underlying the choice of resistance values [79].
One perspective is to integrate the individual resistance for each weir based on its height and for
each fish pass in the 2010s based on their functioning and expert evaluation. The movement of
individuals using acoustic telemetry data could also provide invaluable knowledge about movement
behavior, as shown downstream of Poses for estuarine species [80], which could help the calibration of
resistance values. Future experiments using acoustic telemetry would provide a more realistic range of
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resistance values for each recent fish pass (see, e.g., the Consacre project, www.consacre.fr). Another
avenue of research is to integrate the flood tide in connectivity modeling, as this process can facilitate
species migration upstream from the estuary. In addition, water temperature during migration could
be integrated into future scenarios as a potential future chemical barrier, since this environmental
parameter, particularly in summer, impacts DO values and could lead to mortality, as shown in the
Allier River [81].

4.3. Management Implications and Perspectives

Adaptative management for highly anthropized hydrosystems could benefit from the insights
gained from past experience and the knowledge of potential long-term legacies [82]. These elements
are fundamental for developing strategies to envisage the mitigation of interacting stressors [83].
Understanding the structural and social interacting causes of the past decline and recolonization
processes of fish species guides future management and helps prioritize actions along the Seine
River. We have highlighted the dominant role of chemical quality over other physical features as the
consequence of historical management actions undertaken from the mid-nineteenth century onwards.
The very limited evolution of the situation and regulation of fish ladders and passes since the end of
the nineteenth century has resulted from long-run conflicts of interest between fishermen, industry,
and agriculture, as well as from the complex role of the Ministry of Public Works in the application of
decrees and laws [84]. A 1902 review by Violette with contemporary resonance underlined the prejudice
relating to the higher degree of public utility of installing a hydro-electric plant compared with that of
the right to fish [85]. Actions in favor of fish passage finally became more easily defensible with the
implementation of successive laws —Water Law in 1964 and Fishing Law in 1984— and European
regulations in the twentieth century and early twenty-first century. The context of improvement
of water quality in the 1980s contributed to opening mindsets to environmental measures. Today,
the observation of individuals of Atlantic salmon and allis shad on the Oise River is an encouraging
sign, showing the effectiveness of ecological connectivity restoration methods, such as equipping all
navigation weirs with a fish pass. In this context, it is crucial to develop complementary tools to
measure ecological connectivity, e.g., video-counting or biotelemetry data, as well as the participation
of anglers by communicating their catches.

In order to support the raising recovery of migratory fish, there are several alternatives as
management actions. First, our study confirmed the importance of maintaining good chemical water
quality throughout the year on the Seine River, its estuary, and its main tributaries. In particular,
avoiding hypoxic events in the tidal freshwater part of the estuary is important to allow for upstream
migration opportunities for anadromous spawners, as also pointed out in the Scheldt study [71].
Improvements in wastewater networks and their management have led to a considerable reduction in
discharges during rainy weather, which decreases the risk of seasonal fish mortality. This is crucial in
large river systems that are structurally sensitive to wastewater inputs due to low flows or extreme
events (violent storms or industrial accidents), which can lead to rapid decreases in the oxygen level
below fish survival values [86]. Second, maintaining (and increasing) the effectiveness of existing
fish passages is also an important driver and a condition for sustainable restoration measures [87].
Third, the preservation or restoration of ecological connectivity in tributaries close to the estuarine
area is another way to improve the maintenance of migratory populations. Further research is needed
to identify the locations of potential suitable spawning habitats in the basin (as potential targets of
migration). Though the conditions for upstream migration have generally improved over the last few
decades, the potential local deterioration or destruction of spawning habitats needs to be evaluated
because it strongly limits the possibilities for restoration.

An important issue for the sustainable management of river basins in Europe is to integrate future
scenarios of global change. Climate change will have significant effects on the Seine River Basin,
including modifying its flood regime [88,89]. This will, in turn, affect the future ecological connectivity
for species that are now recolonizing the Seine River Basin. Therefore, modeling these effects is of great
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importance to guide future management actions. Projections of species distribution over Europe and
scenarios of temperature evolution in the Seine River Basin suggest the potential favorability of the
basin for shads but a decreasing favorability for salmonids [37]. In this context, prioritizing efforts to
restore ecological connectivity could also consist of focusing on cooler tributaries and upstream parts
of the Seine, Oise, and Marne Rivers.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/5/1352/s1,
Online resource: Resistance values assignment, Figure S1: Longitudinal changes in the contribution of the scenario
with physical barriers on the overall functional distances calculated for Atlantic salmon in the 1900s according to
the migration periods, Table S1: On-site and online historical and current sources used to document the studied
periods, Table S2: Fish ladders built on the Seine River at the end of the nineteenth century. Specific ladders for eel
passage are indicated in italic.
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