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1. Introduction: Geographical setting and foci of the chapter
With a length of about 1,250 km and a drainage area of 185,000 km², the
Rhine is the third largest European river system. It is often considered as the cultural and economic “spine” of Europe, due to its rich history, and the high concentration of population and commercial enterprises located in proximity to the
river in Switzerland, France, Germany, and the Netherlands (Figure 1, next page).
For Switzerland, the Rhine is the only navigable connection to the world’s oceans.
Geographically, the Rhine comprises five major sections: 1) The Alpine Rhine originates from the confluence of Anterior Rhine and Posterior Rhine near Reichenau,
Switzerland, and enters Lake Constance after 86 km; 2) The High Rhine flows from
East to West and passes the Rhine Falls, the largest water fall of Europe; 3) The
a
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Figure 1a: Rhine basine.
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Figure 1b: Downstream sectorization of the Upper Rhine channel pattern and its drastic simplification from the 18th century to today. The
10 power plants are also mentioned (source: L. Schmitt).

Upper Rhine follows a major graben structure from Basel to Bingen; 4) The Middle
Rhine, is characterised by a narrow valley incised into the Rhenish Massif between
Bingen and Bonn (i.e. known as the Romantic Rhine); and 5) The Lower Rhine,
bypassing the German economic hotspots of Cologne, Düsseldorf, and the Ruhr
district until it reaches its delta in the Netherlands.
The Upper Rhine Valley covers an area of about 300 km in length and 40 km
in width (Figure 1). Here, the Rhine flows through a large geological rift, called
the Upper Rhine Graben (URG), with a catchment of 62,967 km2 (Wantzen et al.,
2019). Along this reach, several tributaries such as the rivers Main and Neckar
(Germany) and Ill (France) enter the Rhine, contributing to an increase in the
mean inter-annual discharge from 1,050 to 1,590 m3.s-1. These tributaries decrease
the signature of the Alpine flow pulse because their hydrological regimes are pluvionival or pluvial, but regular high flows remaining at the end of spring and the
beginning of summer are typical for the entire Upper Rhine. Quaternary fluvial
deposits generally reach a thickness of about 100 to 200 m (Bartz, 1974). These
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sediments host one of the largest groundwater reservoirs of Europe, of great importance for the regional water supply. The URG is characterised by a confined continental climate with mean annual temperatures of around 11°C. Situated in the
slipstream of the Vosges/Pfälzerwald, the Upper Rhine valley features maximum
precipitation limited to 500 mm–800 mm per year, with relatively high summer
temperatures (mean temperature of July can exceed 20°C). Hydrological and geomorphological dynamics, climate, groundwater, calcareous and relatively coarse
sediments along the Rhine, and biogeographical factors are favourable ecological
conditions providing an exceptional diversity of habitats and alluvial species in the
Rhine hydrosystem and its alluvial plain (Carbiener, 1983), notably alluvial forests
(Carbiener, 1970). Today, however, most of the original vegetation has disappeared
due to extensive engineering works and intense agricultural activities.
For several years, an increasing number of scientific programs have been developed, in some cases of interdisciplinary and transboundary character, with two different foci: (i) investigations of the long-term (Holocene) dynamics of the entire
alluvial plain, reconstructing past trajectories of River-Human interactions and
establish guidelines for sustainable management, (ii) investigations of contemporary dynamics at the scale of Rhine main channel and associated flooding areas
with side channels, in direct relation to the urgent need of flood retention and ecological improvement (Dister et al., 1990; Schmitt et al., 2012; Brackhane, Reif,
2018). Restoration actions are important because the Upper Rhine Valley supports
valuable ecosystem services, which need to be preserved and restored further in the
future. Their values lie mainly in the field of surface and groundwater resources,
specific aquatic and alluvial biodiversity support, flood retention, summer temperature regulation, sediment transport, and human recreation (Schmitt, 2010).
This chapter provides an overview of recent research projects carried out along
the Upper Rhine and its alluvial plain. It discusses future challenges and opportunities to manage and restore floodplains and associated ecosystem services, and
also indicates how sustainable management strategies for the Upper Rhine River
could be developed successfully.

2. Holocene trajectories of the alluvial plain
The current alluvial plain of the Rhine originates from the end of the last glacial cycle, when the longitudinal profile of the Rhine adjusted in response to the
evolution of several control factors: (i) the decrease of both liquid and solid flux
due to Holocene warming with increased vegetation cover (Hirth, 1971); (ii) the
trapping of sediment in Swiss lakes whose drainage surfaces correspond to 60%
of the Rhine basin upstream of Basel (Walser, 1959), after their establishment
and the retreat of alpine glaciers (Hirth, 1971); (iii) tectonic uplift upstream and
downstream of Mulhouse (Nivière et al., 2006) and tectonic subsidence in the
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surroundings of Marckolsheim (Jung, Schlumberger, 1936; Illies, Greiner, 1979),
as well as north of Strasbourg (Vogt, 1980). As a result, the longitudinal profile of the Rhine was incised on the Basel-Breisach and Strasbourg-Lauterbourg
sections, and remained stable or rose slightly on the Breisach-Strasbourg section
(Briquet, 1928; Carbiener, 1969, 1983; Figure 2). This differentiated evolution
explains the longitudinal structure of both alluvial plain and channel pattern
of the Upper Rhine before its channelization (Figures 1 and 2; Schmitt, 2010).
Between Basel and Breisach, the Rhine originally exhibited a braiding channel
pattern within a 2–4 km wide floodplain (slope ~0.1%). Between Breisach and
Strasbourg the longitudinal slope decreases (~0.05–0.08%), and the huge width
of the alluvial plain favoured a complex braiding-anastomosing channel pattern,
whose maximum width attained over 8 km. In this reach, the Rhine moved eastwards during the Holocene (Schmitt et al., 2016; Figure 3, next page), as documented by numerous palaeo-channels (Figure 4, page 223) which are currently
often groundwater-feed channels representing a rich and original biodiversity of
the alluvial plain (Carbiener, 1983; Trémolières et al., 2007; Schmitt et al., 2007,
2011). Some of these channels are as old as ~10,000 years (Schmitt et al., 2016).
Progressive reduction in the valley slope from Strasbourg to Karlsruhe (~0.02–
0.04%) shifted the river into a meandering-anastomosing system. Downstream of
Karlsruhe, it turned into a pure meandering system (Figure 2).

Figure 2:
a. Post-wurmian and Holocene evolution of the Rhine longitudinal profile from Basel to Maxau.
b. Some hydromorphological characteristics of the fluvial hydrosystem according the Rhine longitudinal sectorization (Schmitt et al., 2016, modified).
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Figure 3: Example of a Rhine palaeo-channel in which water runs still currently, forming a so-called
“groundwater feed river”.

Recent research in the braiding-anastomosing section aims at dating the Rhine
and Ill dynamics through morpho-sedimentary and geochronological studies of 13
palaeo-channels (e.g. Figure 3). A systematic characterisation of all palaeo-channels between Holtzwihr and Neuf-Brisach is the subject of an ongoing Ph.D. project (Abdulkarim, in preparation). This project also aims at providing guidelines
for sustainable management of (i) groundwater feed rivers, such as the Orchbach,
the Blind, and the Ischert (e.g. management of the sediment deposition and the
current biodiversity by taking into account the trajectories of sedimentation and
the biodiversity), and (ii) of the Ill river (e.g. management of the current avulsion
tendency of this river). The alluvial plain of the meandering-anastomosing compartment has been intensively studied in the last two years, aiming at reconstructing the Holocene dynamics of the Rhine, understand past human-river interactions,
and develop new sedimentological and geochronogical methods. Results may provide useful insights for sustainable long-term management of the deposition of
fine sediments in actively flooded areas of the Rhine floodplain, exemplified by
the research completed on the Rohrschollen Island (Eschbach et al., 2018). In
addition, the study of environmental DNA in river sediments may provide further
information on past environments and dynamics of aquatic and riparian communities during the Holocene (Thomsen, Willerslev, 2015).
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3. Environmental history of droughts since 1500
Understanding the extent to which the Upper Rhine basin is prone to climate
change and droughts requires an interdisciplinary approach involving Geography,
Climatology, Hydrology, History, Archaeology, Agricultural Sciences, Linguistics
and Theology. The first international conference on “Adaptation and Resilience to
Droughts: Historical Perspectives in Europe and beyond”, gathering scientists from
12 different countries, was held at the University of Strasbourg in collaboration
with the University of Freiburg, Germany and the University of Bern, Switzerland
(De Jong, 2017). Historical sources such as archives, chronicles and low water markers such as hunger stones were used to reconstruct the magnitude and duration of
droughts and low flows, as well as societal adaptation, essentially after AD 1500.
Comparison of the variability and spatial extent of droughts across Europe revealed
that some drought events were more severe than today, for example that of AD 1540
which extended for nearly 10 months (Wetter et al., 2014; Figure 8, page 226).
Whereas droughts may be less severe nowadays, their impact on navigation, energy
production, drinking water, tourism and forest fires has become more significant. A
database on droughts named SEAL (Sécheresses d’Alsace-Lorraine) was created 1 in
collaboration with the University of Freiburg (De Jong, 2017).

4. Sustainably restoring the Upper Rhine River:
A fourth challenging engineering phase
4.1. Past Rhine’s alterations motivating current restoration needs
Most large rivers worldwide have suffered the same types of degradations from
strongly impacting human activities (Petts et al., 1989; Grill et al., 2019). The Upper
Rhine River was particularly affected by its intensive use for navigation, agriculture,
and by the production of hydroelectricity and the development of industrial activities along the hydrosystem since about one century (Brauch, 1993). The main
alterations date back to the 19th century, marking the beginning of three successive
river management phases that drastically modified the functioning of the Upper
Rhine: the so-called rectification, regularization and canalization. All three have
progressively faceted the Upper Rhine as it is known today. Planned by the engineer
Johann Gottfried Tulla, the rectification (1817–1876) stabilised the main channel
between two artificial banks and limited the flooding area between two high-flow
dikes. It aimed at controlling floods, fixing borders between France and Germany,
developing agriculture and forest, and improving human health by reducing mosquito habitats (Tulla, 1825). It strongly impacted aquatic and riverine habitats

1.

See <www.tambora.org>.
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and thereby biodiversity, and turned the Rhine from a “wild” river to a semi-controlled hydrosystem, with huge alteration of hydromorphological functions (DiazRedondo et al., 2017). The main channel was narrowed down from about 1,000 m
to 200–250 m and many meander bends were artificially cut off, resulting in a
slope increase of 14% from Basel to Lauterbourg (Gallusser, Schencker, 1992).
The riverbed incised up to seven metres upstream Breisach (Gallusser, Schencker,
1992; Arnaud et al., 2019), resulting in the formation of an armour layer, which
remains partly dynamic during high flows (Chardon et al., 2018). It also increased
the surface of outcropping/protruding bedrock (e.g. the so-called “barre d’Istein/
Isteiner Klotz”) within the riverbed, and disconnected the latter from its floodplain
and lateral channels (Arnaud et al., 2015; Arnaud et al., 2019). Downstream of
Breisach, the corrected channel incised about one metre, except from Breisach to
Strasbourg, where the longitudinal profile was almost stable (Gallusser, Schencker,
1992). The regularization (1930–1962) involved the construction of in-channel
alternate groyne fields to improve navigation, inducing an additional one metre
of incision. The canalization (1932–1977), as stipulated in the “Peace Treaty of
Versailles” of 1919, led to the construction of ten hydroelectric power plants linked
to dams and locks. This resulted in the subdivision of the Upper Rhine into three
reaches, matching the aforementioned hydromorphological longitudinal subdivision. From upstream to downstream, they are: (i) the 51 km-long braiding reach
from Kembs to Breisach, by-passed by the “Grand Canal d’Alsace” (GCA) on the
French side (with four power plants); (ii) the braiding-anastomosing reach from
Breisach to Strasbourg with four festoons (short by-passes constituted by an artificial canal feeding four power plants); and (iii) the meandering-anastomosing reach
from Strasbourg to Iffezheim where the riverbed was fully covered in concrete (two
power plants). Main impacts of the canalization are the loss of both biological and
sedimentary longitudinal connectivity and the drastic decline of lateral connectivity. In this respect, a total of ~130 km2 of floodplain surface, formerly storing flood
water, was suppressed and thereby increased the flood risk downstream Iffezheim
(CHR/KHR, 1977; Dister et al., 1990). A majority of lateral channels also became
disconnected, notably leading to profound land-use changes such as the reduction
of the alluvial forest ecosystem (the temporal trajectory of the Rhine channel pattern is illustrated by Figure 5 (see page 224), which concerns the surroundings of
Strasbourg). Remaining forests are also gradually transformed into hardwood forest (Carbiener, 1983). In the Old Rhine along the first reach (Kembs to Breisach),
the hydrological regime was strongly modified (Tricart, Bravard, 1991): the water
supply only represents ~10% of the mean inter-annual flow of the Rhine (Staentzel
et al., 2018a). This minimum flow release was even much lower before 2010
(~2.5% of the mean inter-annual flow), a situation currently occurring along the
four reaches of the Old Rhine downstream of Breisach. During flood events, when
the GCA capacity of 1,400 m3.s-1 (from Kembs to Breisach) is exceeded, excess
water is diverted into the Old Rhine (Staentzel et al., 2018a), but high flow events
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into the Old Rhine are less frequent and shorter compared with the situation before
canalization (Arnaud et al., 2015). The successive dams generated a stepped—
instead of a gradual sloping—longitudinal profile. The successive reaches constituting these steps have homogeneous artificial banks and flow conditions with few
hydromorphological macro-forms, and are prone to warming up because of sunlight, which is problematic during summer heatwaves. The five by-passed reaches
of the Old Rhine, together with scarce areas of former natural floodplain (including four artificial islands shaped by festoons), are the skinny legacy of the original
natural environment. Since the 1980s, there is increasing political consensus to preserve still-functional habitats and to restore intensively altered ones (Schmitt et al.,
2012). However, the degree of damage caused to the environment requires well-tailored restoration approaches; there is no “one-fits-all” solution and the restoration
options are not the same in the different longitudinal sections of the hydrosystem.

4.2. Feedback on restoration actions:
An experimental field for ambitious unprecedented restoration programs
A wide variety of restoration actions has already been carried out along the
Upper Rhine, including construction of fish passes, side channel reconnection
(with in some cases channel unclogging) or creation, increase of instream flow
releases, gravel artificial supplies, controlled bank re-erosion, removal of bank fixation (without recover of bank erosion), rehabilitation of specific habitats, and
reintroduction of species (Schmitt et al., 2012). Schmitt and Beisel (2015) inventoried more than 130 restoration actions since the 1980s along the Upper Rhine.
These efforts have intensified after the Sandoz chemical accident in 1986, and
the assessment of the Water Framework Directive of 2000 (Wantzen et al., 2019),
but their extent and functional impact remain relatively limited for the moment.
Temporal evolution of restorations is strongly dependent to the types of restorations and the concerned longitudinal geomorphological sections of the Upper
Rhine (Figure 6, see page 211).

4.2.1 Actions to restore floodplain environments and their side channels
An important way to restore former floodplains is to re-establish a flooding
regime as close to natural conditions as possible by reconnecting them to the river
main channel, i.e., to re-establish the natural flood pulse as the most important
driver of ecological processes and of biotic assemblages (Junk, Wantzen, 2004).
Dike relocations, i.e. construction of a new dike behind an existing dike with
later removal of the old dike to expose additional former floodplain area to the
river’s flooding regime, proved to be an efficient measure in terms of flood peak
reduction (Promny et al., 2014; Alexy, 2013), as well as for ecological restoration (Damm, 2016). On the Upper Rhine, focus is more predominantly on flood

210

Laurent Schmitt et al.

protection using dike-contained former floodplain areas with controlled floodgates which are called “polder”. Eighteen such polders have been constructed
or are planned, two of which are in France, 10 in Baden-Württemberg and 6
in Rhineland-Palatinate. Other flood protection measures consist of floodplain
lowering along the German side of the most upstream Old Rhine (Brendel,
Pfarr, 2017), and operational changes for power plants and closing two agricultural dams (Wantzen et al., 2019). All measures belong to a program (Integrated
Rhine Programme) committed to restore pre-canalization levels of flood protection (Commission Permanente, 2016), by retaining 272.6 million of m3 for a
200-year flood. In order to reduce detrimental effects on biota notably caused by
the rare use of polders (floods would only occur once a year, or even less; Dister
et al., 1990) leading to a lack of flood adaptation, ecological improvements can be
attained by frequent artificial flooding of the polder area, called “adaptive flooding” or “ecological flooding”. The German polder Altenheim near Strasbourg is
presently the only one with a significant number of artificial floods since 1987
and a well-developed monitoring program (Pfarr, 2014; Brendel, Pfarr, 2017).
Both such measures have been carried out for the first time in France (2004) at the
“Erstein polder” (Schmitt et al., 2008). A process-oriented functional approach
focussing on floodplain restoration and considering the natural dynamic character of the Upper Rhine is currently being developed near Rastatt in the free-flowing section just below the most downstream power plant of Iffezheim. The aim is
to maximize historic hydromorphological processes to shape the floodplain landscape (Diaz-Redondo et al., 2018), diverting significant discharges into remaining
side channels of a 8.5 km² protected area in accordance with the intense navigation use on the main channel. Hydronumeric modelling of flow and sediment
transport is currently implemented in order to shape and optimize efficient measures. Despite surrounding land uses posing a considerable set of constraints, the
project aims to achieve significant ecological effects implementing unprecedented
dimensions of reconnection measures.
More recently, the Rohrschollen Island near Strasbourg was restored notably by
excavating of a new channel in the floodplain. This artificial island is delimited by
the festoon layout, with the Old Rhine at its East margin and the canalized Rhine
supplying water to the power plant at its West margin. The city of Strasbourg led
a restoration action (2010–2014) to recover typical alluvial habitats, processes and
biodiversity (such as pioneer and hygrophilous tree species) by restoring dynamic
floods, and activating morphodynamics and bedload transport. A new 1 km-long
channel was dug to re-establish water flow in a former channel which had partially filled up since Tulla’s rectification (Eschbach et al., 2018). A large floodgate
at the southern tip of the island (upstream) allows water inputs ranging from 2 to
80 m3.s-1 (depending on the Rhine discharge: Q < or > 1,550 m3.s-1, respectively).
Ecological floods in the island are permitted by the 20 m3.s-1 maximum bankfull
discharge of the new channel. This innovative restoration approach sustainably
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activates surface water–groundwater exchange, recognized as a key-process in
aquatic ecosystem functioning (Boulton, Hancock, 2006), of growing importance
in the context of climate change. Infrared remote sensing allowed to determine
its relationship to formation of riffles and bars directly induced by restoration
(Eschbach et al., 2017). Eschbach et al. (2018) also highlighted that past engineering works at the same location intensified deposition of Zn-contaminated
fine sediments in disconnected channels. In contrast, the other floodplain areas
recorded lower deposition rates by quasi-unpolluted sediments. There is thus a
potential risk that side channel restorations remove fine and polluted sediments
by reactivating erosion/deposition processes. Floodplain surfaces between disconnected channels generally show thin layers of fine sediments and consequently
appear more relevant than side channels for restoration purposes. Following the
restoration example of the Rohrschollen, managers should consider excavating
new channels in areas with high restoration potential such as these. This may even
allow spontaneous formation of side channels into floodplains by dynamic floods
(Eschbach et al., 2018).

Figure 6: Temporal pattern of the Upper Rhine restoration projects classified by (left) main categories and by (right) the Rhine’s longitudinal sectors. Data by the REX project (“Retour d’expérience des projets de restauration écologique le long de l’axe rhénan”, ENGEES).
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4.2.2 Along the Old Rhine: An innovative action of controlled bank re-erosion
Another innovative restoration action was conducted in 2013 by EDF (Électricité
de France), in parallel to two actions of gravel augmentation (Chardon et al., 2018),
namely, a controlled bank re-erosion on the left bank of the Old Rhine near the
village of Ottmarsheim (Aelbrecht et al., 2014; Pinte et al., 2015). It consisted in
the removal of bank fixation and of three old groynes, and in the construction of
two in-channel transverse artificial groynes, to (i) induce lateral erosion and feed
the main channel in sediments, and (ii) diversify the fluvial mosaic (Staentzel et al.,
2018b, 2018c; Figure 9, see page 226). It has been monitored for now five years by
an interdisciplinary approach combining both hydromorphological and ecological
approaches (Figure 7, see page 225). New fluvial forms appeared rapidly following the deposit of fine substrates coming from the bank erosion but also from the
main channel, upstream (Chardon et al., 2018), and new mesohabitats added up to
those already in place (Figure 7, page 225; Staentzel et al., 2019). Sedimentation
habitats harboured a specific fauna that was not observed elsewhere, and thus contributed to an increase in the taxonomic and functional richness of the entire site
(Staentzel et al., 2019). Functional measurements have confirmed that newly created
habitats in the restored section facilitated the establishment of particular profiles of
burrowing species, such as Odonata whose ecological requirements are targeted to
fine-grained habitats and slow-current velocities. Since this restoration action, their
life-cycle completion has also been improved by a softer water-riverside interface
(Staentzel et al., 2019). Results showed that sustainability of restoration effects was
strongly dependent of the lifetime of the two artificial groynes because they influence strongly the local flow conditions. Moreover, sediment supply from the bank
re-erosion was limited due to the fact that old embankments were deeply buried
into the bank. Other results showed that three years after the restoration, 7.3%
of the open water area with filamentous algae was colonized by aquatic vegetation
previously absent from the central channel of the Old Rhine (Figure 7, page 225;
Staentzel et al., 2018b). The main feedback of this action is that implementation of
groynes combined with bank fixation removal, a type of action never used on large
rivers before, was a decisive technical option to diversify alluvial habitats and gain in
biodiversity. This argues in favour of implementing this technical itinerary in similar
environments to diversify alluvial habitats in the future.

4.3. At the bedside of a hotspot of biodiversity
In spite of a large number of restoration projects in the Upper Rhine floodplain,
only few restored sites were monitored to evaluate if the restoration objectives have
been reached (Schmitt et al., 2012; Schmitt, Beisel, 2015). Much of current monitoring focused on few target species assemblages, without accounting for abiotic
driving factors, such as hydrology and morphodynamics. An international conference held in Strasbourg in 2017 (Renaturierungsmaßnahmen für ein nachhaltiges
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Habitat Management am Oberrhein—ein Erfahrungsaustausch. Restaurer le Rhin
Supérieur au service d’une gestion durable: retours d’expérience—Restoring the Upper
Rhine for sustainable management: feedback, Strasbourg, 11–12 May 2017), organized in the context of the Sustainability Cluster, concluded that shared abiotic and
biotic metrics are needed to monitor restoration actions. Another insight from this
conference was that the large number of actors involved in restoration activities
increase the need to gain a global overview of all restoration efforts.
An international observatory for the restoration of the Upper Rhine was set up
in order to (i) promote an international view of the restoration of the Rhine River
and its floodplain, (ii) support comparison of monitored results and creation of
a shared database, (iii) better accumulate and exchange experiences to improve
already restored sites, and (iv) to make future projects more efficient in restoration of more effective and sustainable fluvial processes (Schmitt, Beisel, 2015). For
example, restoration measures in the Erstein polder, which included re-flooding
and channel reconnection, involved interdisciplinary scientific monitoring over a
relatively long period of six years (Trémolières et al., 2008; Schmitt et al., 2009).
On this basis, improvements in restoration approaches are currently considered.
Preliminary outcomes of this observatory show that while the first restoration projects were small-scaled and unmonitored, more recent projects are generally more
ambitious in terms of spatial extent and natural processes which are restored, and
better monitored. Complementary restoration of flood retention and ecological
function on the Upper Rhine currently in progress has shown positive results, but
much remains to be done.
Besides hydromorphological restorations, actions must namely also concern
water quality, which is still affected by micropollutants (Mani et al., 2015), and
proliferation of invasive species. The Rhine is well-known as a highway for invaders, with a gate in the Upper Rhine that allows them to enter in French hydrosystems (Kalchhauser et al., 2013; Beisel et al., 2017). Specifically, the Upper Rhine
serves as a hub for upstream and downstream colonization by pontocaspian species (Wantzen et al., 2019). An apparent paradox is that the restoration of ecological corridors is essential for local species to complete their life cycle and respond
to climate change, but that it may also favour successful spread of exotic species.
These can damage local biodiversity and delay or obscure the effects of restoration.
Restoration actions must take this into account and best promote biological traits
of native species through appropriate technical itineraries. Apart from re-establishing environmental flows, the flood pulse, and natural hydro-sedimentological
dynamics, the management of water temperature (heat waves, heat islands, residual flow) also represents a crucial issue to control invaders in the case of the Rhine
River (Hesselschwerdt, Wantzen, 2018).
Finally, due to the relatively high sedimentation rate of ~1 cm.y-1 in flooded
areas (Frings et al., 2011), restoration of floodplain habitats is non-sustainable if
active morphodynamics are excluded. Restoring hydromorphological dynamics
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in the Rhine River presents the global problem of trying “to make three omelettes with just one egg”: hydropower production and flood control measurements
do not allow sufficient stream power to turn sediments over, or to uproot pionier vegetation, while the amount of available sediments is strictly reduced due to
retention in barrages, and because of lacking floodplains as stocks for erodable
sediments (Wantzen, Rodrigues, in press). Nevertheless, sustainability of restoration actions is a necessity due to their high costs (Schmitt et al., 2018). Thus,
restoration actions should try to establish sufficient water fluxes to allow recovery
of coarse sediments, a texture which is currently lacking, but was much more frequent in the past (Dister et al., 1990; Eschbach et al., 2018). To reach this goal,
and to minimize risks, restoration projects should be based on numerical (and
even physical) modelling approaches. For instance, in addition to the modelling
study downstream Iffezheim mentioned above (Diaz-Redondo et al., 2018), 2D
hydraulic and morpho-sedimentary modelling is in progress on the Rohrschollen
Island, and a 1D–2D hydraulic modelling is carried out on the most upstream
Old Rhine (Chardon et al., 2018). Both aim building for managers several management scenarios.

5. Conclusion and outlook
This chapter has reviewed some examples of recent research programs aiming
at a better understanding of the temporal trajectory of the Upper Rhine at different spatio-temporal scales: the whole alluvial plain during the Holocene, and the
“current” fluvial hydrosystem during the two last centuries, especially during the
last three decades during which many restoration projects have taken place.
Interdisciplinary French-German research on Holocene river dynamics
already provided significant results (Schmitt et al., 2016) and will continue in the
Drusenheim/Rheinmünster to Seltz/Rastatt and North Colmar to Breisach areas
(Abdulkarim, in preparation). Innovative operational recommendations will be
deduced from these investigations. This will promote sustainable management
of groundwater-feed rivers (management of biodiversity and clogging), the Ill
River (management of the current avulsion tendency) and the Rhine hydrosystem
(management of flooding compartments and side channels in terms of long-term
sedimentation). Droughts not only affect land use and stream discharge but also
groundwater. In this context, a Ph.D. thesis has been started on “The resilience of
Alsatian aquifer to climate and anthropogenic change” (Labarchède, in preparation).
The Rhine may serve as a positive and a negative example for sustainable river
management at the same time. In terms of chemical water quality management,
significant improvements have been recorded (albeit many substances still cause
concern), and this should be highlighted. In terms of management and re-establishment of physical habitats and their dynamics as a condition sine qua non for the
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sustainability of its biodiversity, however, there are still huge gaps, due to the fact
that (i) restoration projects have rarely been planned with a joint strategical baseline
within or between administrative units, (ii) the establishment of networks between
habitats (both, aquatic and terrestrial) is still far from satisfactory, and (iii) habitat
dynamics cannot be established without sufficient water, sediments, and floodplain
space (Wantzen et al., 2019). In the context of biodiversity, sustainability does not
mean “maintenance of the status quo” but rather “maintenance of the evolutionary potential of the biotic populations”. This depends on sufficiently large and
well-connected habitats to avoid genetical bottlenecks and sufficiently near-natural
environmental conditions and dynamics to maintain stabilizing selective processes.
Considering dwindling freshwater biodiversity, with a global average loss of 83% in
the past 25 years (WWF, 2018), the coincidence of biological and cultural diversity
reduction (Wantzen et al., 2016) and the fact that the Rhine belongs to the most
fragmented and otherwise modified rivers worldwide (Grill et al., 2019), there is
still room for further improvements. The study of past Rhine restorations may
help stakeholders to strengthen efficiency and sustainability of future restoration
actions. The philosophy of restoration action is to intervene once so as to re-engage
natural processes. Ideally, actions consist in removing anthropic pressure and then
letting the natural system evolve under the influence of natural processes. However,
in numerous cases, restorations require (sometimes important) ecological engineering works, such as construction of floodgates and fish passes, removal and/or construction of dikes, channel excavation, and removal of bank protection. Whether a
larger restoration project concerning the Old Rhine including both Taubergießen
(German) and Rhinau (French) can be realized in the future is currently discussed
by managers. Other options are also currently discussed, such as restoration scenarii in the Robertsau forest north of Strasbourg. Concerning monitoring activity,
biological monitoring in the Old Rhine between Kembs and Breisach will continue and hopefully be extended to geomorphological indicators. Further scientific monitoring should also be planned in the Rohrschollen natural reserve near
Strasbourg. More generally, all restoration actions should ideally be preceded and
followed by an appropriate monitoring program, over short to middle term, to
assess whether objectives are achieved and to produce feedback and new knowledge
to improve efficiency and sustainability of subsequent restorations (Schmitt et al.,
2012; Schmitt, Beisel, 2015). Towards this objective, scientists and stakeholders should also work together in an international network bringing together their
restoration experiences and data, as recommended by Schmitt et al. (2012). The
success of such knowledge-sharing platforms also hinges upon cogent choices of
indicators and monitoring methodologies, shared among all participants—which
means, among other requirements, that they should be both scientifically rigorous and operationally implementable by managers. This, in turn, necessitates that
national and European institutions devote important funds for elaboration and
implementation of monitoring schemes.
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Last but not least, two further and emerging topics are also currently developed: (i) the geo-history of water’s pollution caused by industries and the implementation of policies in reaction of these contaminations in the Upper Rhine river
(Ly Keng, in preparation) and the subsequent pollution of fine sediments deposited in the floodplain, from Breisach to Strasbourg, which can impair restoration
as highlighted by Eschbach et al. (2018); (ii) the study of the restoration governance by stakeholders, aiming to produce a new tool for participatory and adaptive
management (Osorio, in preparation).
In conclusion, the number of research projects on the Upper Rhine River has
increased remarkably in the past few years, with several collaborative research projects involving scientists from France, Germany and Switzerland. In the future, it
will be important to further strengthen interdisciplinary and multilateral collaboration in the Upper Rhine valley to tackle challenges such as sustainable management of ecosystem services of the Rhine River and its alluvial plain, climate change,
invasive species and biodiversity loss. Associated projects, which may notably be
based on systemic modelling, should not only be limited to scientists, but rather
should integrate all relevant stakeholders and the public, to develop sustainable
management regimes for the Upper Rhine and its alluvial plain. Consequently,
enhancing the awareness of the public and stakeholders to ecosystem services of
the Rhine, its alluvial plain and groundwater, is crucial. This is currently achieved,
for example, by the broadcasting of an unprecedented pedagogic and aesthetic
Franco-German documentary entitled “The Invisible River” (Dumont, 2019),
which has a huge positive impact.
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Figure 4: Digital Elevation Model of the Upper Rhine alluvial plain from Breisach to Rhinau showing obtained radiocarbon dates of some palaeo-channels (the palaeo-channel shown in Figure 3—UmgEast—is indicated with
a black background and the text in white), the area of the fluvial hydrosystem before engineering works, the
natural lateral thalweg movements from 1732 to 1840, and the current main hydrographic network. Rhine and Ill
Holocene schematic movements are also presented: the Ill to the West, and of the Rhine to the East (Schmitt et al.,
2016, modified). A more detailed study, in progress, shows that this model is actually more complex.
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Figure 5: Rhine channel pattern modifications near Strasbourg, from the 18th to the 20th centuries (Eschbach et al., 2018; modified). The
black line corresponds to the perimeter of the Natural Reserve of the Rohrschollen Island.
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Figure 7: Morpho-sedimentary and habitats dynamics of a restoration action conducted by EDF along
the Old Rhine near Ottmarsheim, consisting in the removal of bank protection and the construction of
two transverse groynes. Morphodynamic adjustements and trajectories of RFID tracers are shown after
a. the flood of June 2013, b. the flood of July 2014 and c. the flood of April 2015 (Chardon et al., 2016).
Macroinvertebrate sampling stations are also postitioned (Staentzel, 2018). d. evolution of the EcoHydro-Morphological InDex (EHMID) for each reach (Upstream, Groyne and Downstream) and pooled
Unrestored sections (i.e. unrestored sections as the pooled UP and DOWN sections; Staentzel et al.,
2019, modified).
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Figure 8: a. The duration of droughts (in months) and b. intensity of droughts (from dry to extremely dry)
between 1500–2015 both calculated with the SPI (Standardized Precipitation Index) for Alsace-Lorraine.
Data collected by Iso Himmelsbach, graph created by De Jong.

Figure 9: Picture taken by a UAV of the restoration shown in Figure 7 (view from SE to NW; ©
Serge Dumont).
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