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Abstract

River restoration efforts require interdisciplinary approaches involving fluvial geomorphology, hydraulic engineering, ecology,
sedimentology, chemistry, social geography, and sociology. We investigated the functioning of artificial structures called “Casiers
Girardon” (groyne fields) in the Rhone River. We assessed potential benefits and risks linked to removing the Rhone groyne
fields in a restoration context, with particular focus on the potential for increased bank erosion. Hydraulic, morphological,
chemical, ecological, and social issues resulting from dismantlement were studied for terrestrialized and aquatic Casiers
Girardon. Only 10% of Casiers Girardon have maintained their aquatic features, whereas most of the Casiers are terrestrialized.
Our results help to confirm the effectiveness of restoration actions; however, they also indicate uncertainties and additional
knowledge needs, especially in regard to potential incompatibilities between Casier restoration and conservation. Then, an
interdisciplinary conceptual model was developed to identify interventions to be considered in Casiers Girardon, according to
their terrestrialization rate and physiochemical characteristics (connectivity, amount of gravel vs. fine sediment, contamination
level). This model synthetizes scientific results and expert judgment and provides management recommendations based on
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ecological and sociological expectations about the restoration of Casiers Girardon. The model highlights high heterogeneity in
functioning and ecological potential between terrestrialized and aquatic Casiers. Dismantling of terrestrialized Casiers has strong
potential to provide multiple benefits, whereas aquatic Casiers could be maintained as valuable backwaters. The managing
guidelines for the Casiers Girardon of the Rhone River should be adapted according to local conditions, as well as expected
benefits and needs, and conducted in co-ordination with all actors involved in and affected by the restoration.

Keywords River restoration - Risk analysis - Infrastructure removal - Interdisciplinary assessment

Introduction

For centuries, large rivers have been the focus of engineering
controls aiming at maximizing human benefits from fluvial
systems. However, these modifications typically proceeded
without considering their cumulative impacts or the rivers’
changing natures. On most large rivers, their formerly dynam-
ic channels were forced into a narrow corset for promoting
human activities and protection. They have been heavily reg-
ulated for navigation, irrigation, flood management, and/or
hydroelectricity production and modified by pollution and
introduction of alien species (Besacier-Monbertrand et al.
2014). Natural dynamics and habitat heterogeneity are strong-
ly affected by flow regulation and sediment transport disrup-
tion resulting from the implementation of dams and dikes
(Ward and Stanford 1995; Besacier-Monbertrand et al.
2014). During the last decade, there has been an increasing
shift towards a sustainable reconciliation of freshwater eco-
systems with human societies. For example, the fields of
socio-hydrology and socio-geomorphology were developed
(Ashmore 2015; Blair and Buytaert 2016), partly in reaction
to major flood events and the inherent difficulty of sustainably
managing dynamic river systems.

The idea of “giving space to rivers” is one of the main aims
in large river restoration (Opperman et al., 2009). One of the
first issues was to reconnect the main channel with former side
channels (e.g. Amoros and Bornette 2002; Hohensinner et al.
2004; Reckendorfer et al. 2006; Paillex et al. 2009; Van de
Wolfshaar et al. 2011; Lamouroux et al. 2015). Removing
engineering infrastructure (e.g., dikes, groynes, rip-rap protec-
tions) along the river should help to provide more space to the
river, to reactivate bedload transport through bank erosion,
and to recreate new channel and riparian habitats (Florsheim
et al. 2008). However, the artificial infrastructure also induced
the development of distinct habitats in the main channel and
novel ecosystems (Hobbs et al. 2006; Morse et al. 2014).
These waterbodies offer ecological services and could present
an interesting ecological potential, by re-establishing habitat
heterogeneity in regulated rivers as fish spawning, feeding,
nursery, and refuge areas (Bolland et al. 2012; Clarke 2015).
Moreover, artificial waterbodies support the presence of dis-
tinct communities dependent on the lentic environment. They
could be considered as alternative habitats; Eick and Thiel

(2013) concluded that groyne fields are “used as alternative
habitats by a high number of different fish species and life
stages and could therefore contribute to sustain a species-
reach fish fauna in regulated lowland rivers.”

The aim of this contribution is to explore potential benefits
and risks of removing bank protection versus preserving it in its
present state. Is re-erosion a win—win strategy that will both
improve fluvial ecosystems and meet socio-economic expecta-
tions? It is a complex question within fluvial socio-ecosystems,
requiring an interdisciplinary research approach to address the
different issues. To do so, we first identified the pros and cons of
such a policy, following the approach of Pont et al. (2009). We
then produced scientific expertise to reduce gaps in understand-
ing. These included improving the assessment of risks and ex-
pected benefits in terms of (i) hydraulics and morphology, (ii)
potential contamination, (iii) ecology, and (iv) socio-economical
issues. Next we considered the scenarios of retaining the casiers
infrastructure based on retrospective diagnosis, and their remov-
al based on prospective approaches and analog experiences. We
finally proposed a conceptual model summarizing pros and cons
for groyne field removal, and specific steps to consider when
dismantling is planned on a given site.

Along the channel margins of the Rhone River, we find such
engineering structures called “Casiers Girardon” (named for
the engineer who designed these channel margins, Fig. 1),
which are similar to groyne fields. Casiers Girardon were built
at the end of the nineteenth century within the main channel,
and they are comprised of large aquatic compartments divided
by stone dikes and arranged sequentially along extensive
reaches of the Rhone. Currently, a large restoration project is
focused on these particular ecosystems with the primary aim of
dismantling the Casiers Girardon. These features are typically
novel ecosystems as illustrated by Morse et al. (2014), and they
constitute a case-study in exploring the question of restoration
actions from a risk-benefit perspective.

The Rhone River, a “pilot” site for an
ambitious restoration program

Several factors contribute to explain why the Rhone is a pilot
site to study and implement re-erosion processes following
removal of bank infrastructure: (i) the history of engineering
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Fig. 1 a Location of the Rhone River in France and location of the 5
studied areas (PNB = Pierre-Bénite, PDR = Péage-de-Roussillon, MON =
Montélimar, DZM = Donzére, ARL = Arles). b Overview of groyne
fields in the by-passed reach of PDR. ¢ Oblique view of some of the
casiers in the downstream section of PDR early in the twentieth century
before terrestrialization and afforestation

works and appearance of potentially new ecosystems of inter-
est, (ii) a large knowledge and experience gained from previ-
ous studies about river functioning and (current and future)
implications for restoration of the Rhone, which is a long
adaptive process in effect since the 1990’s (Table 1) and, (iii)
an interdisciplinary collaboration among all the different ac-
tors (scientists, stakeholders, elected representatives, resi-
dents, and users of the Rhone) motivated by the sustainable
development of the river corridor within which restoration is a
critical issue.

Historically, engineering infrastructure was developed
principally on the lower and middle sections of the Rhone
during two main periods: (1) from the late 19th to the early
twentieth century when navigation was promoted; and from
the mid to late twentieth century when the production of hy-
droelectricity entailed a series of by-passed sections, with ca-
nals running parallel to the natural Rhone River channel. The
first period, which mainly affected the 300-km-long reach
downstream from Lyon to the Mediterranean Sea, involved
the construction of a complex Casiers Girardon bank

protection system. Longitudinal and lateral submersible infra-
structures were built in the main flow channel with the aim of
narrowing the natural channel and concentrating the flow by
disconnecting it from secondary channels. The generally rect-
angular surfaces delimited by the infrastructures are referred
to “Casiers Girardon” (Fig. 1.b, .c). Within a hundred years,
most of these structures filled with sediment and became
terrestrialized, and they no longer function in their former role
as sediment traps. Proposals to remove the Casiers Girardon
and restore the alluvial margins appeared after major flooding
in the early 2000’s (ca. 100 year return period in the lower
reach). Flooding was considered as a risk by decision-makers
and inhabitants, owing to channel stabilization by Casiers
Girardon and associated margin sedimentation. However,
over time, other ecosystem functions and services (e.g., ben-
efits of alluvial vegetation, refuge for riparian organisms, rec-
reation, esthetic appreciation, value of human settlement leg-
acies...) were included in the public debate aiming to preserve
Casiers Girardon. Therefore, there was a need to determine
and balance the benefits and risks linked to removing the
casiers. Deciding such a complex, multi-layered action neces-
sitated a more complete understanding of riverine processes in
space and time (Mika et al. 2010).

During the last decade, there has been an increasing shift
towards sustainable reconciliation of freshwater ecosystems
with human societies. The necessity of protecting floodplain
ecosystems, and conserving or restoring ecological functions
of the Rhone River has become a priority for stakeholders in
the basin (Besacier-Monbertrand et al. 2014). From the begin-
ning, this process has involved the scientific community in the
debate.

The first restoration phase in the 1990’s and 2000’s focused
on aquatic habitat restoration, principally by excavating and
reconnecting secondary channels that had terrestrialized over
the last century and/or increasing the minimum flows in the
by-passed sections (Lamouroux et al. 2015). Numerous works
focused on ecosystem conditions before, during and after res-
toration actions. Table 1 summarizes many of the disciplines
engaged and actions taken during this initial phase.

After the 100-year flood of the Rhéne River in 2003, con-
sultations were organized in 2004 and 2005 by the French
government and the individual regions. Residents and local
elected representatives shared the same idea: flooding was
mainly due to the riverbed filling up with sediments
(Barthélémy and Souchon 2009). The riverbed narrowing
due to the sedimentation of Casiers Girardon and the en-
croachment by vegetation was considered to be responsible
for increasing the flood intensity. The Compagnie Nationale
du Rhéne (CNR), which manages the Rhone for navigation,
hydropower, flood control, and other uses, was criticized and
blamed for not properly maintaining the river—only dredging,
according to the residents. The first meetings were tumultu-
ous. Thereafter, experts in geomorphology explained the



Table 1

Previous studies about socio-ecosystem functioning and implications on the restoration of the Rhone River

Thema References

Major ideas

Nicolas and Pont, 1997 Olivier
etal. 2009 Paillex et al. 2013

Ecological functioning

Social perception Comby et al. 2014 Barthélémy

and Armani, 2015

Geomorphology Bravard 2010 Riquier et al. 2015
Depret et al. 2017

Toxicology Babut et al. 2012 Mourier et al. 2014

Restoration Lamouroux and Olivier 2015

Lamouroux et al. 2015

Casiers Girardon provide fish habitats and improve biodiversity in artificial
floodplain. Major information characterizing the Rhone and its catchment
(climate, land use, hydrology, biodiversity, degradations pollution,
fragmentations, and species introductions). Restoration programs should
ensure an optimal functional diversity at the floodplain scale, by diversifying
hydraulic connections between the main channel and floodplain habitats

PCB pollution problems on the Rhone induced a socio-environmental crisis
which blocked restoration processes between 2005 and 2010. A restoration
project can be supported by stakeholders mobilized by a local public figure,
and organized. Interactions between local and national levels play a major role

Historical change during the Holocene and the pre-modern conditions of the
Rhone inform trajectories for restoring selected reaches on the modern river.
Frequency and magnitude of hydraulic connection between the main channel
and floodplain modify habitat conditions in the plain and can be used to
design habitat restoration. Artificial abandoned channels lifespan is longer
than natural ones due to bedload infilling truncation. Abandoned channels
terrestrialization exacerbated by water level lowering and increased with
upstream connectivity

Biota-to-sediment accumulation processes provide a methodology to assess
contamination by PCB. PCB concentrations in sediments increase from
upstream to downstream stations along the Rhone

Minimum flow increase induced perennial changes in fish community structure,

predicted by modeling. The Rhone restoration conducted to more lotic
environments and diverse aquatic communities and renewed social links

with the river

basics of the river’s sedimentary functioning, as well as regu-
latory requirements. Despite restrictions on modifying the riv-
erbed (for navigation purposes), there was an opportunity to
act on the alluvial margins and more specifically on the
Casiers Girardon. This approach was supported by riverside
residents who were focused on sediment transport and man-
agers whose perspectives were backed up by evaluations by
river experts.

In this context, the “Plan Rhone” was established in
2009 and proposed an integrated management of the
Rhone River corridor, partly funded by the European
Community, and focused on sustainable development and
partnership (Plan Rhéne I 2009-2014 and II 2015-2020).
These plans aim to bring together multiple challenges:
floods, nature conservation and restoration, economic ac-
tivities and uses, and recreational activities. Following the
successful first phase of restoration actions that were fo-
cused on hydrological improvement and side-channel re-
connection, new questions emerged concerning other fac-
tors requiring improvement. These included armored chan-
nel beds with limited mobility and bedload transport, lim-
ited hyporheic exchange, and lack of dynamism and age
diversity among riparian vegetation stands.

Issues regarding the removal of Casiers Girardon are
integrated into this policy framework, targeting stake-
holders’ participation and interdisciplinarity for flood risk

management. At this stage, even though the removal of
Casiers Girardon is well-supported by water stakeholders,
realistic consequences of such measures are unclear. The
removal of Casiers Girardon is an ambitious restoration
program extending over almost 300 km of the river course.
There are considerable uncertainties in terms of channel
adjustment and ecological responses at the decadal scale,
because these processes depend on bedload transport
which at present only occurs occasionally during critical
flood events. This program may respond to social expecta-
tions but may also have adverse socio-ecological effects.
How to improve decision-making in such a complex sys-
tem considering long-term adjustment is thus a critical is-
sue. Interdisciplinary brain storming to share and confront
existing knowledge, as well as to target new research ef-
forts can be valuable in this context in order to inform and
minimize uncertainties, and assess potential risks and ben-
efits associated with such actions.

Methods

Within the Human-Environment Rhéne Valley Observatory
(OHM VR), scientists consider the river as a system com-
posed of biophysical and social elements following a tra-
jectory of adjustments linked to successive responses to



human pressures. This requires a common conceptual
framework and an interdisciplinary effort as highlighted
by Pont et al. (2009). Based on this strategy, we aim to
assess potential consequences and the sustainability of
such an ambitious restoration policy focused on Casiers
Girardon removal. What are the pros and cons of such a
policy?

The OHM VR is focused on socio-ecological conse-
quences of new riverine water policy following the exception-
al floods of 2001, 2002, and 2003. Sectorial management is
supposed to be replaced by a sustainable development strategy
within which adaptive restoration is a critical process to im-
prove river ecological status and reduce flood risks. The inter-
disciplinary research group involved in the OHM VR aims to
provide new knowledge on the socio-ecosystem trajectory in
considering both past conditions and present processes. This
provides a basis to point out potential risks and benefits of
different restoration scenarios.

The first phase of this work is based on a preliminary set of
12 interdisciplinary brain storming seminars that occurred
from 2013 to 2016. Involving scientists from a large set of
disciplines (sociology, social geography, political sciences,
geomorphology, hydraulics, riparian and aquatic ecology, eco-
toxicology, and geochemistry) and practitioners, we
established a chart of potential consequences related to vari-
ous scenarios. The questions asked were: What could be the
consequences in river trajectory and the socio-environment if
no actions were taken? Inversely, how would the river system
evolve if infrastructures were removed?

In the next phase, each group of scientists developed their
own methodology to validate or invalidate the hypotheses
established in their field of expertise (Table 2). Groups of
experts worked on five focal reaches that were potential can-
didates for Casiers Girardon removal (Pierre-Bénite, PBN;
Péage-de-Roussillon, PDR; Montélimar, MON; Donzeére,
DZM; and Arles, ARL; Fig. 1.a, Table 3).

In the final phase, we built a conceptual model that would
help in decision-making for rehabilitation of Casiers Girardon,
considering the different contributions as well as the scientific

Table2  Research and restoration issues about risks and gains linked to
the dismantling of Casiers Girardon of the Rhone River

Research and restoration issues

> What is the contribution of Casiers Girardon to the ecological potential
of Rhone River?

> How to preserve/increase biodiversity of alluvial margins?
> Consequences of restoration on contaminated sediment remobilization?

° Implications of alluvial margins restoration for residents and users of the
Rhone River?

o Spatial scale for restoration (Casiers, section, site)?
o Effectiveness and sustainability of restoration actions?

and contradictory debate outputs. As explained in Mika et al.
(2010), “conceptual modeling is a valuable tool in refining
and communicating this synthesis, both as a process and as a
product.” As a process it considers necessary dialog among all
actors, and as a product, it considers the integration of various
components, concepts, and scales for a foundational knowl-
edge for restoration.

This model took into account the different risks and gains
associated with the dismantling of the Casiers Girardon. In
order to have the most complete and representative model of
the system, we linked innovative scientific results acquired in
our different studies on casiers, and thoughts about restoration
feasibility compiled during the different meetings among
actors.

Results and discussion
Terrestrialized Casiers Girardon
Hydraulic and morphological issues

Important overbank sedimentation and dewatering occurred in
the casiers during the two phases of regulation due to impor-
tant changes in hydraulic and roughness conditions (Fig. 2). In
the 1940’s, approximately 60 years after the first Girardon
measures and just prior to the first by-pass projects, on average
42.9% (SD ==+ 29.5%) of the surface of the casiers in the by-
passed reaches of PBN, PDR, MON, and DZM was terrestrial.
At that time, 9.9% of these casiers were terrestrial over more
than 90% of their surface area. Mean annual sedimentation
rates ranged between 0.2 and 6.5 cm yr ' (mean=
34 cmyr ', SD=+1.6 cm yr ') on pre-diversion surfaces,
and between 0.2and 10.8 cm yr ' on post-diversion surfaces
(mean=52 cm yr |, SD=+2.3 cm yr ). Differences were
large between reaches on both surfaces. The values we ap-
proximated correspond to values of sedimentation rates found
in the literature for the same regional context. On the Ain, for
instance, Piégay et al. (2008) found rates between 0.11 and
2.4 cm yr '. In vegetation units on the Drome, rates ranged
between 0.2 and 10.1 cm yr ' (Dufour and Piegay, 2009) and
for the Ain, Doubs, and Rhone, Citterio and Piégay (2009)
noted values between 0 and 2.57 cm yr .

The removal of casier infrastructure is expected to initiate
self-forming riverbank erosion that could result in new
bedload supply into the channel, thus increasing diversifica-
tion of grain size and associated bedforms, and vertical ex-
change between superficial and hyporheic flows. Riverbank
erosion is also expected to enhance bar development and ac-
cretion, vegetation encroachment, and hydraulic constraints
promoting new lateral erosion and vegetation rejuvenation in
cyclic patterns. That would lead to a more diverse channel
pattern, with new bar units, secondary channels and



Table 3 Geographical characteristics of studied sectors Pierre-Bénite
(PBN), Péage-de-Roussillon (PDR), Montélimar (MON), Donzére-
Mondragon (DZM) and Arles (ARL) with the status of the main
channel, the kilometer point of sectors along the Rhone River from

Lyon, the sector length in kilometers (km) and the upstream and
downstream coordinates of sectors in geographical projection
Lambert93 (LB93)

Sector Status of the  Kilometer point (PK)(linear ~ Sector Upstream Downstream
main channel distance in km from Lyon)  length (km) coordinates (LB93) coordinates (LB93)
X Y X Y
Pierre-Bénite (PBN) By-passed PK3.5-PK15 11.45 843,082.98 6,513,216.59 840,367.07 6,502,666.35
Péage-de Roussillon (PDR)  By-passed PK50.5-PK63 12.66 837,611.81 6,477,498.89 841,802.25 6,467,385.59
Montélimar(MON) By-passed PK152.5-PK166 14.44 837,573.66 6,389,853.85 835,039.19 6,377,564.31
Donzére-Mondragon (DZM)  By-passed PK170.5-PK200.5 31.04 834,879.41 6,373,066.41 836,207.23 6,347,763.28
Arles (ARL) Main channel PK272.5-PK279.5 725 831,312.14 6,297,737.07 830,327.17 6,291,140.75

backwaters, and resulting gains in habitats and biological
communities cited in the following section (Rohde et al.
2005; Habersack and Piégay 2007).

However, the magnitude of these changes depends on
bank material properties (i.e., proportion gravel) and the
competence of the river for self-forming fluvial processes.
As casiers stored overbank fine sediment over decades, we

wa .
..;‘\’s“- 2 3
) P .5 =
river bank of 1360 | ok

expect that they were not suitable for supplying coarse
sediment to the channel. However, because the channel
incised into its gravel bed once the Casiers Girardon were
built and some of them initially stored gravel when hydrau-
lic conditions were more active right after by-passing, it
seems that this preliminary hypothesis is not entirely
validated.

ources Photos from IGN, corresponding dates. Map fromthe “Plan Branciard”

910) and from "Atlas des Ponts et Chaussées” (1860)

50m

(n:

Fig. 2 Sedimentation, dewatering and vegetalization after embankment (around 1900s) and by-pass (1977) in several “Casiers Girardon” from the

Rhone River at Péage-de-Roussillon (PDR; left bank, kilometer point 55)



Estimations of gravel volumes were made on DZM and
PDR by-passed reaches. We calculated the differences be-
tween the trend lines representing the ground surface and the
gravel surface (to approximate the fine sediment layers), and
between the gravel surface and the thalweg (to approximate
the gravel layers). These estimates revealed that the coarse
sediment stored in the groyne fields is considerable and more
abundant than overbank fine sediment. The mean depth of fine
and coarse sediment in DZM is 2.4 and 4.3 m, respectively,
while in PDR it is 1.4 and 3.2 m. This represents volumes of
fine and coarse sediment of 179 and 327 m> m™! in DZM, and
64 and 141 m®> m ! in PDR. This result is, on the one hand,
considered as “positive” because coarse material is potentially
available in an important amount to overcome the bedload
deficit and improve aquatic habitat. Conversely, it can be con-
sidered as “negative” because a lot of fine sediment could be
reintroduced into the fluvial system with potentially associat-
ed contaminants.

Once infrastructure will have been removed, there is a risk
of non-erosion if expected hydraulic conditions do not occur.
Little feedback on experimental infrastructure removal exists
on by-passed large rivers (Kloesch et al. 2011). A recent one is
given on the Upper Rhine, where heavy river engineering
altered the morphological and ecosystem dynamics in a sim-
ilar way to the by-passed Rhone sections. A pilot site was
selected to investigate sediment supply to the channel through
induced bank erosion, and a physical model was built to guide
the design of groyne removal (Die Moran et al. 2013).
Expected sediment supply was about 6700 m> for a Q, flood
day and 16,000 m® for a 10-year simulation period with a
configuration implying two high, large island groynes placed
further apart than the existing attached groynes. This sediment
supply is, unfortunately, fairly low compared to the mean
annual bedload transport capacity of the reach (~
23,000 m® y ), thus suggesting the placing of engineering
structures into the channel. The described design was then
implemented in situ. Topographic monitoring following a
Q5 flood showed 1000 m® eroded sediment, with travel dis-
tances into the channel limited to a few tens of meters (Garnier
and Barillier 2015), much lower than expected by the flume
experiments. Artificially adding gravel in highly active chan-
nel sections was therefore considered as an alternative for
sediment supply. It has been tested in situ (23,000 m® gravel
augmentation in 2010; Arnaud et al. 2017) by investigating
adverse morphological consequences, notably regarding (i)
rapid sediment transfer and threats to downstream infrastruc-
tures and (ii) armored bed destabilization and uncontrolled
bed incision. The 5-year geomorphic monitoring showed
these consequences were avoided. Cost analysis of further
gravel augmentations coupled with a mechanical widening
of channel reaches is now being discussed in the Rhine.

If potential coarse material is available in casiers in the
Rhone, as shown earlier, the debate would benefit from

feedback from the Rhine hydro-sedimentary modeling, which
is required to determine the suitability of specific sites for self-
forming erosion because there is a probability that expected
erosion may never occur. The question of sustainably widened
reaches is also challenging. If bedload supply and peak flows
remain at a low level, riparian vegetation might encroach on
bars and recreate local geomorphic conditions similar to those
observed in the embanked reaches (Habersack and Piégay
2007). Gravel augmentation sites should be promoted up-
stream of riverbank erosion sites to optimize local hydraulic
conditions allowing bank erosion and increasing benefits from
improved sediment transport and channel widening. An adap-
tive and opportunistic approach is required regarding gravel
augmentation, re-erosion process, and channel responses to
better assess the feasibility and cost-benefit effectiveness.

One issue which is not yet explored and is still difficult to
assess because of little existing knowledge in terms of bio-
physical adjustment of rivers (e.g., vegetation encroachment)
is the effect of such channel widening on water level and
potential peak flow reduction downstream. These are the main
expectations of local riparian owners.

Contamination risks

If casier removal and re-erosion processes are promoted, it is
vital to verify that the volumes and masses of polluted sedi-
ments deposited in the casiers are below tolerable thresholds
in order to target actions all along the channel.

PCB pollution problems on the Rhéne River induced a
socio-environmental crisis which blocked the restoration pro-
cess between 2005 and 2010 (Comby et al. 2014). Exploring
the level of contamination became a critical task. Results from
sediment cores extracted to characterize sediment flux through
time underlined a longitudinal pattern. Because of the com-
plex and overlapping timing between pollutant flux and the
construction sequence of the by-passed reaches, which influ-
enced overbank sedimentation, pollutant depositional pattern
and associated risk can be variable from one by-passed reach
to another. For example, PCB pollutants affected the PDR by-
passed section in the 1970’s because at that time diversion
favored active sedimentation while PCB flux was the highest.
The peak PCB production in France occurred during the sed-
iment filling period between 1972 and 1986. In the most con-
taminated casier of PDR, we observed that the sediments de-
posited between 1911 and 1958 exhibited very low PCB con-
centrations (e.g., between 0.91 pug kg ' DWand 0.63 pg kg™’
DW) whereas the sediment deposited between 1958 and 1972
showed much higher concentrations (e.g. between
60.99 ugkg ' DWand 106.33 pgkg ' DW) with a maximum
between 1972 and 1986 at the maximum PCB flux period
(e.g., between 75.19 ug kg ' DW and 131.64 ug kg ' DW).
Lastly, between 1989 and 2009, the average concentration
decreased to 6.48 pg kg~' DW. From interpolation by 3D



kriging of profiles coupled with coring and GPR profiling, we
then estimated the mass of PCB contained in the most con-
taminated casier of PDR to be 1.26 kg.

Our understanding of the Rhone River contamination
underlined that contamination of casiers by PCB and trace
metal elements exists, but that the space-time pattern is very
variable, yet fairly well-understood. To guide bank re-erosion
planning, methodological procedures have been developed to
assess fine sediment contamination (e.g., potential risk) and
gravel ratio (e.g., potential benefit) so that it is possible to
target actions. We have seen that not all casiers are contami-
nated and a large part of them have stored a large amount of
gravel.

Habitat issues

The terrestrialization of 90% of the groyne fields created a
recent floodplain, on which woody vegetation constitutes the
predominant surface cover (Fig. 2). Of the 357, casiers is
covered by trees and shrubs. This area presents a limited eco-
logical potential, except in some parts where human activities
are strongly developed, and where Casiers remain the last
support for alluvial vegetation that has disappeared in other
places and contribute to the conservation of a green corridor
network at the watershed scale. However, during consulta-
tions organized in 2004 and 2005 by the French government
and the regions, residents, and local elected representatives
shared the same idea: flooding was mainly due to the riverbed
filling up with sediments (Barthélémy and Souchon 2009).
The riverbed narrowing due to the sedimentation of Casiers
and the encroachment by vegetation was considered to be
responsible for increasing the flood intensity.

The current status of these forests indicates a shift from
pioneer to post-pioneer communities of relatively uniform
composition (Stella et al. 2015). Pre-dam surfaces show dense
maturing forests with abundant shrub and vine cover, indica-
tors of low flood disturbance frequency. On post-dam sur-
faces, where communities are younger, densities were lower
by 30-50% compared to pre-dam surfaces. Dominant species
do not differ from pre-dam surfaces. A notable feature is the
near absence of regeneration of pioneer species, such as poplar
(Populus spp.) or willow (Salix spp.). Instead, recruitment was
dominated by box elder (Acer negundo), a shade-tolerant,
post-pioneer species which is non-native and invasive in
Europe. Some reaches were also dominated by regeneration
of Robinia pseudoacacia, another invasive, non-native tree
species.

The continuous accretion of the groyne fields in combina-
tion with the incision of the channel entails a gradual discon-
nection of these recent floodplains and their forests from the
channel and the groundwater. This led to changes in distur-
bance dynamics, with no floodplain renewal processes. Over
the longer term this yielded a mosaic of habitat patches of little

age or compositional diversity compared to other large river
systems (Stella et al. 2011, Stella et al. 2015). Young habitat
patches supporting pioneer species remain unlikely to be cre-
ated in the current set of conditions. With regards to woody
vegetation, the deconstruction of the casiers would widen the
channel, which may induce an increase in habitat diversity, for
instance by the formation of gravel bars if enough sediment is
provided from upstream. The deconstruction should be
viewed in a reach context that encompasses cutoff channels
and non-engineered river margins, as well as the casiers. This
would provide a larger range of possible actions, including
conservation, rehabilitation, and/or re-establishing processes
which create habitats of interest and of the largest possible
diversity. Partial removal and reconnection of the casiers zone
should also be considered, in addition to deconstruction.

Aquatic Casiers Girardon

Only 10% of Casiers Girardon have maintained their aquatic
features, and these have the characteristics of lentic ecosys-
tems compared to the main channel. They may play a crucial
habitat role for the aquatic ecosystem, including as a nursery
for fish larvae, and an important source region for food. They
also may serve as a refuge during natural or anthropogenic
disturbances occurring in the main channel, and thus may
contribute to sustain the biological diversity of the river.
Moreover, aquatic systems restoration relies on social values
and representations of the landscape that could be expressed in
response to potential changes in the landscape (Cottet et al.
2010; Barthélémy and Armani 2015).

Diversity and ecological functioning

The o-diversity was calculated for 12 distinct casiers at the
PDR and ARL stations (Fig. 1) based on macroinvertebrates
and phytoplankton diversity. The two sites presented distinct
situations allowing the examination of different restoration
insights. The six PDR casiers were located in a by-passed river
section in contrast to the six ARL casiers, which were located
directly in the main channel. Alpha diversity patterns varied
among the studied casiers, ranging from 13 to 42 species for
phytoplankton, and from 11 to 39 taxa for macroinvertebrates.
These richness values are in the same range of values
measured by Franquet et al. (1995) in a Lower Rhone
River’s groyne field during summer 1991. However, the di-
versity of remnant aquatic compartments was very heteroge-
neous, owing to the hydrological connectivity gradient ob-
served between casiers and the main channel. Lateral connec-
tivity plays an important role in the ecosystem processes and
the maintenance of a diversity of habitats from lotic to lentic
conditions (Ward and Stanford 1995). Highest macroinverte-
brates «-diversity was linked to intermediate levels of hydro-
logical connectivity. These results are consistent with Tockner



et al. (1998) in the Danube River, providing support for the
Intermediate Disturbance Hypothesis (IDH, Connell 1978)
where groyne fields that are partially connected are supposed
to be partially disturbed by flow variability and may harbor
more diverse benthic communities. With high biological di-
versity and important spatial variability, the Casiers Girardon
could be considered as ecotones linking the main channel and
the floodplain former channel lakes (Franquet et al. 1995). In
contrast to macroinvertebrates, the influence of hydrologic
connectivity on phytoplankton diversity appears to be limited,
probably due to the phytoplankton’s rapid dynamics; this sug-
gests that the spatial pattern of phytoplankton may be con-
trolled by more than one constraint. However, phytoplankton-
ic biomass, as indicated by chlorophyll a (chl a) concentra-
tion, also converged to the IDH concept. High chl a concen-
trations appeared specific to casiers with a low connectivity
level with the main channel with a maximum concentration of
167.5 nug . Then, chl a concentrations decreased with in-
creasing hydrological connectivity associated with specific
ecological functioning from 53.4 ug 1" in casiers occasionally
connected to the main channel to 0.6 pg 1" in casiers present-
ing a continue connection with the main channel. From our
results, three types of casiers connection were determined:
isolated casiers, those with an intermediary connection with
the main channel, and connected casiers (Fig. 3).

Higher values of 3-diversity for phytoplankton and mac-
roinvertebrates were observed at the ARL site, with 45 species
and 17 species, respectively, while the PDR site presented a
higher degree of similarity for phytoplankton (37.4) and mac-
roinvertebrates (15.4) species. Groyne fields at PDR presented
a slightly lower species turn-over than at ARL. However, both
sites showed a fairly high value of (3-diversity ranging be-
tween 0 (complete similarity: all regional species occurred in
all habitats) and 100 (complete dissimilarity, or each species
occurring in a single habitat; Amoros and Bornette 2002).
Finally, fauna and flora assemblages in casiers were dissimilar
between PDR and ARL. This contributes to the overall diver-
sity between the river sections. Different current velocity, sub-
strate characteristics and hydrological connections result in a
wide range of habitats and associated diverse biological as-
semblages when all groyne fields are considered together.

Thermal considerations

Airborne thermal infrared surveys performed during summer
indicate that natural Rhone River sections exhibit fairly ho-
mogenous thermal patterns spatially. However, high tempera-
tures can be observed locally in shallow and/or standing water
areas. The Casiers Girardon are generally warmer than the
river, possibly due to their disconnection from running water.
The highest temperatures are observed in these aquatic fea-
tures. Several casiers are colder locally, probably due to
groundwater inputs. These rare environments could be

potentially interesting for certain species which could use
them as a thermal refuge (Fig. 3). However, these cold areas
represent only a small proportion of the total aquatic habitat.

In summary, the aquatic Casiers Girardon are novel, mainly
lentic ecosystems, which could be considered as ecologically-
important backwaters. Such features are known to provide
favorable living conditions to several aquatic organisms such
as amphibians or fishes during ontogeny (Tockner et al. 1998),
as well as macroinvertebrates and phytoplankton as demon-
strated in our study. Maintaining this infrastructure could thus
enable preservation of cold casiers. Conversely, removing the
infrastructure could lead to the loss of these rare habitats due
to the dilution of the cold patches induced by connections with
running water.

Conceptual model

We developed an interdisciplinary conceptual model to guide
decision-making using innovating results summarized above,
discussions during meetings among different actors, and the
restoration literature (Fig. 3). This model was developed to
identify interventions to be considered in Casiers Girardon
of the Rhone River according to their evolution and their
functioning. This model shows the complexity of restoration
issue of alluvial margin of the Rhone because of a large set of
potential benefits and adverse consequences. During the de-
velopment of the model, it clearly appeared that management
of Casiers Girardon must be distinct between terrestrialized
casiers (rate of terrestrialization in casier >90%) and aquatic
ones (rate of terrestrialization in casier < 90%), and linked
with their uses and ecological potential (Fig. 3).

Because terrestrialized casiers as they presently exist rep-
resent a limited ecological potential, dismantling them may be
recommended in some cases. Preserving terrestrialized casiers
was recommended in the situation of high contamination of
overbank fine sediments and if the cost of removing and
treating contaminated sediment was too high. Depending on
the estimated remobilization of sediments during floods and
the length of by-passed sections, dismantling casiers could re-
initiate bank erosion and partial bedload transport. This dis-
mantling should allow for the diversification of terrestrial and
aquatic habitats, inducing new pioneer riparian communities
and improving benthic and hyporheic habitats. From a socio-
political standpoint, the restoration actions were keenly
awaited by the residents and revealed a strong consensus for
mitigating flood risk by means of remobilizing the alluvial
margins. This, dismantling a proportion of the casiers should
improve the residents’ perception of the Rhone River.

Aquatic casiers, especially those with an intermediary level
of hydraulic connectivity, were considered a valuable backwa-
ter habitat, as they support higher biological diversity, more
extensive summer thermal refugia, and more complex ecolog-
ical functioning compared to the more homogenous modified
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Fig. 3 The interdisciplinary conceptual model developed to identify
interventions (rounded square) to be considered in Casiers Girardon
according to their characters (black square) and the associated
potentialities (blue text and square). This model synthetized scientific

river environment. At the scale of one sector of the river as a
whole, it seems relevant to preserve the wide diversity of still-
submerged casiers. Indeed, the aquatic casiers contribute to
the current taxonomic and functional diversity of the river
system.

Connectivity is not just about hydrological relationships
between the main channel and the aquatic casiers, but the
longitudinal connections among aquatic casiers must also be
considered and studied. In cases where a set of neighboring
casiers would not be dismantled, the reconnection of casiers to
each other can be considered instead of a reconnection to the
main channel. Such management could create a flow parallel
to the main channel as an artificial secondary arm. Depending
on the relative height of the dikes, a settling gradient could be
established from upstream to downstream, creating a gradient
of habitats. Moreover, reconnection of aquatic Casiers
Girardon would allow for the preservation of historical and
contemporary practices related to the natural Rhone sections
which contribute to build a natural and a cultural heritage that
has to be taken into account when operating on the river
(Cottet 2013). Restoring aquatic systems also relies on social
values and perceptions of the landscape that could be
expressed in response to potential changes in land use and
land cover (Cottet et al. 2010; Barthélémy and Armani

Preservation of historical or contemporary practices contributing to build a
natural and cultural heritage

results acquired during this study (double line), statements made by
experts or literature (dotted line), and provided management
recommendations based on ecological and sociological expectations
(bold line) about Casiers Girardon restoration

2015). Currently, there is no component for these concerns
in the context of the “Plan Rhone” project. Sociological
knowledge has yet to be developed to link actions relating to
the Casiers girardon with the point of view of residents.

Given these considerations, the conceptual model proposes
four alternative trajectories for restoring the river margins of
the Rhoéne: (i) dismantling terrestrialized casiers with large
volumes of potentially mobile bedload gravel and low levels
of sediment contamination, and with high potential for a di-
versity of aquatic habitats; (ii) dismantling terrestrialized
casiers in cases where fewer benefits (gravel) and higher risk
(polluted sediment) but which would increase riparian habitat
diversity and decrease flood risk from the point of view of
residents; (iii) reconnecting isolated aquatic casiers with ap-
propriate water quality with other casiers and/or with the main
channel at their downstream ends to create a flow channel
parallel to the main channel and to promote a more heteroge-
neous habitat mosaic (Amoros and Bornette 2002); and (iv)
Preserving aquatic casiers with an intermediate level of hy-
draulic connectivity with the main channel in sections with
sufficient current speeds for water exchange. Designs for re-
connection with the main channel and within casier fields
could target intermediate levels of connectivity in order to
increase biodiversity.



Conclusions

The scientific approach outlined herein provided arguments
for evaluating potential risks and benefits of removing river
engineering infrastructure on the Rhone. These studies helped
identify and prioritize alternative actions, but also exposed
uncertainties and additional gaps in understanding. They fur-
thermore demonstrated the complications in planning such
actions, considering both restoration (e.g., removal) and con-
servation of casiers based on both their current properties and
expected benefits. In particular, some of the aquatic features
provide rare, potentially valuable habitats in a profoundly
modified ecosystem, as they sustain high levels biodiversity
and increase the ecological resilience of the system as a whole
to perturbations.

Collectively, the studies aid in identifying which actions
and which casier locations have the greatest potential benefits
and the lowest risks. Evaluation of geomorphic, ecological,
and contamination status have also shown that infrastructure
removal is potentially a good strategy to improve the diversity
of riparian ecosystems, because casiers constitute reservoirs of
coarse sediment supply that can re-initiate bedload transport
and associated new pioneer habitats. Contamination is poten-
tially moderate and our knowledge of its spatio-temporal pat-
terns has advanced, so that the risk of contaminant reintroduc-
tion owing to lateral erosion could be actively minimized.

At this stage, the debate between scientists, water managers,
inhabitants, and other stakeholders is still ongoing regarding
these challenging issues. More robust hydraulic studies are
needed to assess potential erosion frequency and the potential
amount of sediment supplied to the river channel in relation to
its bedload transport capacity. Furthermore, these models will
need to assess the effects of restoration actions, particularly
widening of the floodway, on stage levels both at low and peak
flows. There is still a need to explicitly consider potential re-
sponses in terms of flood risk benefits (i.e., there are no explicit
feedbacks identified yet on the potential effects of such a strat-
egy), and of monitoring to assess actual ecological responses
(e.g., channel adjustments to infrastructure removal).

Even with a fairly wide social consensus, we should expect
potential conflicts due to fears related to landscape changes
(e.g., perception by locals of an increased flood risk due to bar
development and riparian vegetation encroachment following
channel widening) or disappointments because ecological re-
sponses could be less marked than expected. These may in-
clude lower-than-expected rates of long-term channel widen-
ing, sediment remobilization, active bedload transport, chan-
nel and riparian habitat creation, and few sustained solutions
because of gaps in our understanding of the restoration pro-
cesses and trajectories. Can we expect re-initiation of bank
erosion to be effective enough to improve channel and riparian
habitats or should it be combined with artificial sediment re-
introduction (e.g., as recommended downstream of the Kembs

dam on the Rhine)? How should we communicate with river
basin inhabitants to better inform them of potential solutions,
potential risks, and the range of responses possible with res-
toration actions?

Novel ecosystems resulting from human actions can have
potentially benefits, and a risk-analysis approach is a critical
method for defining objectives and target actions in river man-
agement. River restoration is a multi-faceted process that
should simultaneously consider ecological conservation, risk
mitigation, maintenance of natural processes and ecosystem
services, and multi-beneficiary satisfaction in an integrated
and sustainable perspective.
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