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Ajustements géomorphologiques historiques d’un sous-affluent du Rhin Supérieur durant les
deux derniers siécles (Bruche, France)
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ABSTRACT

Reconstructing evolutionary trajectories of river systems gives valuable insights into the main drivers (i.e. hydro-
climatic versus anthropogenic) of their historical morphodynamics. Understanding past and modern adjustments
of hydrosystems is therefore a key for appropriate sustainable management schemes. In this respect, the historical
evolution (~150 years) of a 6 km dynamic reach of an Upper Rhine sub-tributary, the Bruche River, is thoroughly
studied using a wide array of planimetric and topographic data (ancient maps and longitudinal profile, orthophotos,
LiDAR). The primary aim is to precisely quantify the lateral and vertical mobility, taking uncertainties into account.
Lateral mobility is studied using a specifically designed indicator, the Aggregated Migration rate Index (AMI), which
enables precise assessment of planform changes in m.yr" on elementary sub-reaches (~100 m). A twofold decrease in
mean lateral mobility in the mid-20™ century, most probably related to functional channel modifications associated
with the installation of an underground pipeline, represents the most striking result. Vertical mobility is analysed
through the comparison of diachronic LiDAR data (decadal timescale) and historical archive (secular timescale).
From the mid-20" century onwards, an unexpected general aggradation of the riverbed (~0.6 m) has occurred, for
which several explanations are discussed (i.e. bank erosion, deforestation, sediment release following weir lowering),
though remaining speculative. Overall, our results show that historical geomorphological adjustments are primarily
controlled by various anthropogenic factors. As the Bruche hosts one of the highest concentrations of spawning beds
of emblematic fish species in the French Upper Rhine, this study lays the foundation for future restoration strategies.

Keywords: Bruche, Upper Rhine, geomorphological adjustments, anthropogenic impacts, evolutionary trajectory, lateral mobility.

RESUME

Reconstituer les trajectoires évolutives des cours deau fournit de précieuses informations sur les principaux facteurs de
controle (hydro-climatiques ou anthropiques) de leur dynamique historique. La compréhension des ajustements passés
et modernes des hydrosystémes constitue un outil majeur dans [élaboration de plans de gestion durable appropriés. A
cet égard, [évolution historique (~150 ans) dun trongon dynamique de 6 km dun affluent du Rhin Supérieur, la Bruche,
est étudiée en utilisant un large jeu de données planimétriques et topographiques. Lobjectif principal est de quantifier
précisément la mobilité latérale et verticale, en tenant compte des incertitudes. Un indicateur spécialement congu, l'indice
agrégé de migration (AMI), permet dévaluer avec précision les changements planimétriques en m/an par sous-trongons

ARTICLE INFORMATION élémentaires (~100 m). Le résultat le plus marquant est la diminution de moitié de la mobilité latérale moyenne au milieu
Manuscript received on December 21, 2020 du XX° siécle, trés probablement liée a de profondes modifications fonctionnelles du chenal, associées a linstallation
revised version received on July 16, 2021 dun pipeline souterrain. La mobilité verticale est analysée en comparant des données LiDAR diachroniques (échelle
Definitively accepted on September 15, 2021 décennale) et des archives historiques (échelle séculaire). A partir du milieu du XX° siécle, une aggradation générale du

lit (~0,6 m) est mesurée, pour laquelle plusieurs explications spéculatives sont discutées (mobilisation des sédiments de
berges, déforestation, arasement de seuils). Dans lensemble, les résultats montrent que les ajustements géomorphologiques
*Corresponding author. Tél: +33 (0)368 8509765 historiques sont principalement controlés par divers facteurs anthropiques. La Bruche abritant la plus forte concentration
E-mail addresses: timothee jautzy@live-cnrs.unis- e frayeres despéces de poissons emblématiques dans la partie frangaise du bassin du Rhin Supérieur, cette étude pose les

tra.fr (T. Jautzy) b o) .
ases de futures stratégies de restauration.
laurent.schmitt@unistra.fr (L. Schmitt) f &

gilles.rixhon@live-cnrs.unistra.fr (G. Rixhon) Mots-clés : Bruche, Rhin Supérieur, ajustements géomorphologiques, impacts anthropiques, trajectoire évolutive, mobilité latérale.

1. Introduction Escudero et al., 2019; Gregory, 2019). Dating back from the onset of the
19" century onwards, the latter notably include discharge regulation

Over the last centuries, a vast majority of European rivers, in addition (Winterbottom, 2000), land use change (Liébault and Piégay, 2002;
to responding to various hydro-climatic controls, have been extensively Marston et al., 2003), sediment mining (Comiti et al., 2011; Ziliani and
impacted, either directly or indirectly, by diverse human actions and Surian,2012),channelization,embankment,leveeand dam construction

activities (Petts, 1984; Schmitt et al., 2007; Arnaud et al., 2019; Baena- (Arnaud et al., 2019; Mandarino et al., 2019). Morphological responses
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of hydrosystems resulting from these perturbations, mostly involving
channel narrowing and incision (Brown et al.,, 2018; Baena-Escudero et
al., 2019), have been widely documented by studying geomorphological
trajectories of river channels (Bravard, 1989, 2017; Surian et al., 2009;
Comiti etal,, 2011; Armag et al,, 2013). Although it is still complicated to
capture the complete breadth of possible impacts resulting from these
human activities, we can now reliably assume that the latter certainly
are a major controlling factor, if not the main driver, of these modern
lateral and vertical adjustments (Liébault and Piégay, 2002; Salit et al.,
2015).

Evolutionary trajectory of channel morphology has been extensively
studied over the last few decades worldwide (Gurnell et al., 1994;
Hawley et al., 2012; Donovan et al., 2015; Dufour et al., 2015; Lovric
and Tosic, 2016) as well as in France (Dépret et al., 2017; Duquesne et
al,, 2020; Eschbach et al., 2018). Along with the analysis of the fluvial
sedimentation history (Notebaert and Verstraeten, 2010; Beauchamp
et al,, 2017), this is often achieved by the historical approach (Lawler,
1993; Simon et al., 2016). It basically consists in using series of historical
planimetric and/or vertical data to extract morphological adjustments
over time. Although several authors stressed the need to carefully
consider spatial uncertainties (Hughes et al, 2006; Liro, 2015; Lea
and Legleiter, 2016), especially in mid-sized river systems as these
uncertainties might exceed measured planform changes (Piégay et
al,, 2005, Jautzy et al.,, 2020), this approach meaningfully allowed
gaining new scientific knowledge. The latter was, in turn, successfully
transposed into sustainable river management (Baillie et al., 2011;
Biron et al., 2014; Arnaud et al., 2015; Margal et al., 2017; Eschbach et
al, 2018).

Draining the Upper Rhine Graben (easternmost France), the
Lower Bruche is a mid-sized alluvial river known to have been both
laterally active (Maire, 1966; Payraudeau et al., 2010) and affected
by anthropogenic activities in modern history. Located in the
Strasbourg sub-urban area, this river raises flooding management
issues (Payraudeau et al., 2008; Skupinski et al., 2009), especially in
the lowermost reach investigated in this study. Against the twofold
background of sustainable river management and current/future
climatic change (Gregory, 2019), reconstructing the evolutionary
trajectory of the Lower Bruche, particularly focusing on historical
lateral and vertical channel adjustments, thus requires specific
attention. Importantly, this river reach is a key hydrosystem regarding
regional hydroecology. Since the reintroduction of the Atlantic salmon
in the Upper Rhine during the 90’s, the Lower Bruche, including the
studied river reach (Largiader et al., 1996), has recorded the highest
concentration of spawning beds of both salmon (Salmo salar L. ~400)
(Gerlier and Roche, 1998) and lamprey (Petromyzon marinus ~300)
among all rivers draining the French Upper Rhine Graben. All
aforementioned key questions not only stress the need to protect the
less affected reaches of the Lower Bruche but also highlight a potential
of restorating the lateral mobility in those heavily modified reaches.

In this study, we take advantage of an abundant, wide-ranging
geographical and historical dataset owing to the specific geographical
position of our study area, alternatively disputed by Germany and
France over the last centuries, together with its current location inside
a major French sub-urban area. First, we aim at precisely quantifying
the historical lateral mobility of a 6 km-long reach of the Lower Bruche
over the last two centuries, from two maps and eight orthophotos
using a specifically-designed Aggregated Migration rate Index (AMI).

Second, we document vertical adjustments on both centennial and
decadal scales from a longitudinal profile surveyed during World
War II combined to diachronic LiDAR-derived Digital Terrain Models
(DTM). Finally, we explore the potential controlling factors of fluvial
adjustments in the Lower Bruche based on hydrological time series and
field investigations.

2. Study area

2.1. Geological and geomorphological setting of the Bruche
catchment

The Bruche is a western sub-tributary of the Upper Rhine, located
in the easternmost part of France (Bas-Rhin department; fig. 1A).
Within a ~730 kmz-large catchment, the total elevation difference
of this ~80 km-long river from the source (690 m, Vosges Massif)
to its confluence (130 m, Ill River) amounts to 560 m (Schmitt et al.,
2007; fig. 1B), resulting in an overall longitudinal gradient averaging
7 %o. The catchment clearly is bipartite considering its geological
and geomorphological characteristics. In the upper section (from
the source to Mutzig) (fig. 1B), the main trunk and its tributaries
drain a wide variety of Paleozoic and Mesozoic rocks peculiar to
the northern half of the Vosges Massif (Maire, 1966). These rock
formations primarily are plutonic (e.g, granite), volcanic (e.g,
rhyolite), sedimentary (e.g., sandstone) and secondarily metamorphic
(e.g.» gneiss). The whole valley network is deeply entrenched into the
Vosges Massif (up to several hundred metres) and the mean slope
of the Upper Bruche amounts to 12 %o. The channel pattern mostly
is straight and meandering (though locally affected by human
activities) and the floodplain is relatively narrow but show some local
enlargements (Schmitt et al., 2007).

By contrast, the 30 km-long lower section drains the eastern part
of the Vosgian foothills and the Upper Rhine alluvial plain. Together
with a significant decrease of the slope (2.5 %o), the channel pattern
shifts towards a meandering to wandering river within a well-
developed, up to several hundred metres-wide Holocene floodplain
(fig. 1C). Completely silted up or partly connected paleo-channels
and oxbow lakes occur as well (fig. 1C) (Ertlen and Schneider, 2018).
Importantly, the floodplain is slightly incised into Pleistocene alluvial
formations. The latter, mostly consisting in a complex juxtaposition
of fan deposits and a system of sandy/gravely alluvial terraces, are
frequently capped by Holocene loess (Maire, 1966). As for terrace
formation, Late Quaternary paleoclimatic fluctuations received much
attention (Baulig, 1922; Théobald, 1955; Millot et al., 1957; Castela
and Tricart, 1958; Buraczynski and Butrym, 1984; Lautridou et al.,
1985). However, Maire (1967) and Vogt (1992) also pointed out the
role of neotectonics as the Lower Bruche valley is located in the direct
vicinity of a main normal fault system of the Upper Rhine Graben.

2.2. Significant anthropogenic forcing in the Lower Bruche

Although paleoclimatic variations and/or neotectonics surely
controlled the Lower Bruche evolution, a growing human influence
over the last centuries has played - and still plays - a major role on
modern fluvial dynamics. In addition to catchment-wide land cover
changes, e.g, deforestation in the Vosgian part during the medieval
period (Gebhardt et al., 2015), the ~20 km-long “Canal de la Bruche”

54 Géomorphologie : relief, processus, environnement, 2022, vol. 28, n° 1, p. 53-72
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Fig. 1 - Study area.

A: Bas-Rhin department in easternmost
France. B: Location of the study reach in
the very downstream part of the bipartite
Bruche catchment. 1. Studied reach; 2. Bruche
catchment; 3. Strasbourg urban area. C:
simplified geomorphological map of the six
kilometres-long studied reach (partly based
on Maire, 1966). 4. Current active channel; 5.
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(fig. 1C) represents one of the first major anthropogenic impact on
hydromorphological dynamics of the Lower Bruche (Maire, 1966).
Ordered by Louis XIV, its construction led by De Vauban in 1682
aimed at supplying Strasbourg in raw material to build fortifications
(Haettel and Haettel, 2012). Partly fed by the Bruche river itself, the up
to ten metres-wide canal starts upstream in the locality of Avolsheim
(fig. 1B). Until its outlet with the I1l, it roughly follows the river course,
either very close to it (5 m) or more remotely (2000 m).

It is unequivocally acknowledged that the river channel itself has
been impacted by anthropogenic activities at different levels. Total
artificialization (channelization), high, moderate and low rectification
approximately represent 24, 16, 30 and 30 % of the whole lower reach
(from Mutzig to the confluence), respectively (Maire, 1985). Some of
these modifications happened during the industrialization period
(broadly from 1850 to 1950), especially for textile and steel production
as well as forestry development (Guéry, 1962; Leypold, 1995; Klein,
2005). These activities all took large advantage of the river hydraulic
energy. Some irrigation ditches were also excavated in the alluvial
foodplain and weirs were constructed across the channel. One of

Extension of flooding area; 6. Flood channels;
7. Paleochannels, including oxbow lakes (period
of abandonment indicated in italics when
documented); 8. Active bank erosion; 9. 19"
century blockhouse; 10. Irrigation channel; 11.
Embankment/artificial filling; 12. Pathways;
13. Villages/residences; 14. Bruche canal; 15.
Underground pipeline; 16. High flow dikes;
17. Postulated LGM terrace (Maire, 1966); 18.
Postulated post-LGM terrace (Maire, 1966); 19.
Holocene floodplain (Maire, 1966).

Fig. 1 - Zone d’étude.

A : département du Bas-Rhin a lextrémité est

de la France. B : Localisation du trongon étudié

a lextrémité aval du bassin versant bipartite de

la Bruche 1. Trongon étudié ; 2. Bassin versant

/1856-1884! de la Bruche ; 3. Aire urbaine de Strasbourg.
C

ﬂ‘@ : carte géomorphologique simplifiée de la
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1966). 4. Lit actif actuel ; 5. Limites de la plaine
i inondable ; 6. Chenaux de crue; 7. Paléochenaux
: (période d’abandon indiquée en italique lorsque
documentée) ; 8. Erosion de berges active ; 9.
Blockhaus du XIX¢ s. ; 10. Chenal d’irrigation ;
11. Enrochement/Remblai ; 12. Chemins ; 13.
Villages/résidences ; 14. Canal de la Bruche ; 15.
Pipeline souterrain ; 16. Digues de hautes eaux ;
17. Terrasse wiirmienne supposée (Maire, 1966) ;
18. Terrasse post-wiirmienne supposée (Maire,
1966) ; 19. Plaine alluviale holocéne (Maire,
1966).
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them corresponds to the crossing of an underground pipeline in the
study reach, erected in 1965 (Maire, 1966). The Bruche catchment is
currently affected by around four hundred levees of different kind
(Sandre referential of flow obstacles, Office Frangais de la Biodiversité
- OFB). Even after the decline of these industries, rectifications, dike
constructions and embankments had been performed until about
2000, mostly related to the growing urbanization of the Lower Bruche
area. The main purpose of these modifications has meanwhile shifted
from exploiting the river energy to protecting the riverine areas and
populations, by constructing high flow dikes (fig. 1C).

2.3. Field survey of the most dynamic reach of the Lower
Bruche

This present study focuses on a six kilometres-long wandering
reach (fig. 1B). It is comprised between Holtzheim, where the daily
two-year (Q2) and ten-year (Q10) peak flow discharges amount to
71 and 126 m>s" (from the gauge station of Holtzheim), respectively,
and Eckbolsheim/Lingolsheim where the downstream end is located

Géomorphologie : relief, processus, environnement, 2022, vol. 28, n° 1, p. 53-72 55
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2.7 km upstream from the Il confluence (fig. 1C). The average bankfull
width of the active channel amounts to ~20 m. According to Schmitt
et al’s (2007) morphodynamic typology of rivers draining the French
part of the Upper Rhine Graben, the studied reach is categorized as a
“river with moderate energy and high lateral dynamics”. Interestingly,
its specific stream power assessed for the Q2 discharge (27 W/m?) falls
in the theoretical lower range usually reported in the literature between
laterally active and inactive reaches 25-35 W/m? (Brookes, 1987; Orr et
al.,, 2008; Bizzi and Lerner, 2015; Dépret et al., 2017).

This peculiar reach is selected because it has been laterally active
over historical times, despite the significant anthropogenic features
and impacts presented above (e.g. Bruche canal, irrigation channels,
underground pipeline, embankments, roads and pathways) (fig. 1C). In
his study along the entire Lower Bruche, Maire (1966) identified a peak
of modern fluvial dynamics in this reach. This was later complemented
by the study of Payraudeau et al. (2010) highlighting meander migration
rates ranging between 0.1 and 2.7 m.yr™ in the same area.

Our preliminary field survey allowed documenting a wide range of

processes and associated landforms related to past and present river

Fig. 2 - Geomorphological processes and correlated landforms in the
studied reach of the Lower Bruche.

A:active bank retreat due to bank undercutting favoured by a fining-upward sequence
(see right photo) building most of the Holocene floodplain. B: active flooding
processes and high-water marks of the 2020 flood event in the opposite inner bank
characterised by a ridge-and-swale topography. C: lower terrace eroded by a well-
preserved paleomeander belonging to morpho-sedimentary units 18 and 19 in Figure
1C, respectively.

Fig. 2 - Processus géomorphologiques et morphologies associées dans le
trongon étudié de la Basse Bruche.

A : retrait de berge actif entretenu par le granoclassement normal caractérisant les
séquences sédimentaires (voir photo de droite) formant la plaine alluviale holocéne.
B : processus en rive convexe opposée, caractérisée par une succession de bourrelets-
gouttiéres, avec laisses de crue en lien avec le dernier épisode de crue (2020). C : basse
terrasse érodée par un paléoméandre, appartenant respectivement aux unités morpho-
sédimentaires 18 et 19 de la Figure 1C.

dynamics. As a comprehensive and detailed description of these
obviously is beyond the scope of this study, we thus briefly report here
the most relevant observations for the present work. The river develops
abundant meanders in the floodplain, whose width ranges from ~100
in the northeastern part to ~400 m in the western part of the studied
area. The current river channel also locally erodes the Pleistocene
terrace (fig. 1C). Both proximal and distal processes and landforms are
recognised in the floodplain and will be subdivided accordingly.

As for the first category, active and sustained retreat of the outer
bank characterized by a fining-upward sequence has been recently
documented in the most actively migrating meander of the whole reach
(Payraudeau et al., 2010). In contrast, ridge-and-swale topography
(fig. 2B) along with point bar deposits (fig. 2A) at the tip of the inner
bank of the very same meander bear witness of lateral accretionary
processes and progressive eastward migration of the whole system.
Note that a further shaping of this morphology is achieved through
modern flood events (fig. 2B).

Asforthesecond category, numerous flood channelsand paleochannel
segments occur both in the floodplain (along both river sides) and
the lower terrace (fig. 1C). Among paleochannels, we identified well-
preserved paleomeanders along with their associated morphology,
such as the scarp of a former concave bank scoured in the lower
(possibly post-LGM) terrace (fig. 2C). Whilst this observation strongly
points to past meander cut-off processes, a stepwise downstream shift
of a paleomeander within the floodplain is clearly documented as well.

3. Methodology

3.1. Lateral mobility
3.1.1. Data processing and error assessment

To reach a satisfactory balance between quality and availability
of remotely sensed data, two ancient maps and eight orthophotos
were selected (tab. 1). Following on from this, we excluded an
orthophoto of 1932 due to its poor quality, resulting in a significant
data gap between 1884 and 1950 (i.e., 66 years). The first and
second maps were produced by the French Headquarters (Etat
Major) in 1866 and the German Military Geographic Institute
(Militirgeographisches Institut) in 1886, respectively. Our dataset is
completed by two diachronic LiDAR-derived DTM, surveyed in 2006
and 2015. Spanning altogether 65 years (from 1950 to 2015), the eight
orthophotos and the two DTM:s originate from different producers
(national, regional and local institutions) and are consequently
delivered with various projections and resolutions, ranging from 16
to 50 cm. Orthophotos and DTMs were re-projected in the RGF93/
CC48 (EPSG: 3948) coordinate reference system (CRS), which is the
most accurate projection system in this area.

In QGIS, both maps were co-registered to the 1950 orthophoto,
which is the closest in time, and where some mapped pathways
are visible. For the 1866 and 1884 maps, eight and eleven ground
control points (GCPs) were used, respectively, resulting in root
mean square errors (RMSE) of 3.4 and 4.2 m based on a 2™ degree
polynomial transformation. Both soft (pathway intersections)
and hard (canal, buildings) features were employed. Owing to the
stability of the canal through time, its proximity to the river channel
(fig. 1C) was particularly helpful in achieving good coregistrations.

56 Géomorphologie : relief, processus, environnement, 2022, vol. 28, n° 1, p. 53-72
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Table 1 - List of planimetric data used in this study and their main characteristics.
Tableau 1 - Liste des données planimétriques utilisées dans cette étude et leurs principales caractéristiques.

Year Month-Day Type Scale/Resolution Source Geometric error (source}
1366 ! M 1/40 000 French «Litat Major» 34ml)

1884 ! M 1/25 000 Germany Military Geographic Institute 4.2 m (1}

1950} 9-13 QP 50 em TGN 0.87 m (2)
1956 4-10 QP 50 cm TGN 1.25m (2)
1964 4-17 P 20 cm LIVE 0.94m (2)
1978 9-17 P 30 cm LIVE 1.09m (2)
1986 6-27 QP 37 cm EMS 1.06 m (2)
1998 6-21 QP 16 cm EMS 0.81 m (2)
2006 2-25 LIDATL 100 cm CG 67 0.5 m (3)

2011 6-27 P 20 cm CIGAL 0.47 m (2)
2015 11-8 LIDAR 50 cm EMS 0.1 m(3)

2015 summer QP 20 cm TGN 0 m (reference)

M: map; OP: orthophoto; IGN: French National Geographic Institute; LIVE: Laboratoire Image Ville Environnement; EMS: Strasbourg European Metropolis (Eurométropole de
Strasbourg); CG67: Bas-Rhin Department; CIGAL: Cooperation for Geographical Information in Alsace (Coopération pour I'Information Géographique en ALsace). Geometric
error values originate from (1) the coregistration RMSE, (2) RMSE calculated from an independent point set and (3) the data producer.

M: carte; OP: orthophoto ; IGN : Institut Géographique national ; LIVE : Laboratoire Image Ville Environnement ; EMS : Eurométropole de Strasbourg; CG67 : Conseil Départemental
du Bas-Rhin ; CIGAL : Coopération pour I'Information Géographique en ALsace. Les valeurs de l'erreur géométrique proviennent (1) du RMSE de géoréférencement, (2) du RMSE

calculé depuis un set de points indépendants et (3) du producteur de données.

The availability of LIDAR-derived DTMs also allowed confirming
a satisfactory map coregistration as some paleochannels identified
on DTMs corresponded to ancient active channels visible on the co-
registered maps.

As for the orthophotos, the geometric error was assessed through
an independent set of GCPs (Hughes et al., 2006; Lea and Legleiter,
2016; Jautzy et al., 2020). A total of eighteen points were selected on
each orthophoto, among which five hard and thirteen soft features.
The spatial distribution of the GCPs was as uniform as possible
over the whole study area. The geometric error was calculated by
measuring the planimetric difference (RMSE) between the test
points set and the reference points (2015). Throughout the study
area, the geometric error calculated from the independent GCPs
ranges from 0.47 to 1.25 m (tab. 1). The geometric error was not
assessed for both maps as the 18 GCPs selected on the orthophotos
were unrecognizable. We thus used the coregistration RMSE (tab. 1).

Widely used by fluvial geomorphologists using remotely sensed
data, the concept of active channel refers to the unvegetated area (i.e.
surfaces of water and unvegetated bars) and allows to objectively
delineate bankfull channel boundaries on aerial photographs
(Winterbottom, 2000; Liébault and Piégay, 2001; Surian et al.,
2009; Liro, 2015; Mandarino et al., 2019). In this study, a single
experimented user digitized active channel boundaries in QGIS at
a 1/300 scale. Given that procedure and the fact that most of the
orthophotos were surveyed during low or moderate flows (tab. 1),
which are favourable conditions to strongly reduce the operator
digitization error by not including vegetated bars potentially
submerged during high flows (Werbylo et al, 2017), we may
reasonably assume that the latter was kept very low. Furthermore,
to avoid erroneous digitization of active channel contours, one
must consider the potential impeding effect of riparian vegetation.
Whilst the latter has constantly evolved since the 50’s in our study
area (Skupinski et al., 2009), the LiDAR-derived DTMs strongly
helped in achieving an accurate identification of channel contours
(i.e., bank positions) through the removal of this vegetation. We thus
assume that the interpretation bias caused by riparian vegetation

was very low too (Payraudeau et al., 2010; Werbylo et al., 2017). As
for the maps, channel boundaries were digitized just as they are
represented on maps.

3.1.2. Quantification of historical lateral adjustments

The channel in the studied reach is prone to be affected by
temporal planform changes that not only vary in amplitude
but also in type (i.e., natural vs man-made). Since we aim to
longitudinally quantify any type of channel changes in an
intelligible unit (m/yr), we developed a specifically-designed
index called Aggregated Migration rate Index (AMI). It basically
refers to the “channel overlay” method (Downward et al., 1994;
Gurnell etal., 1994; Yao et al., 2011; Lovric and Tosic, 2016; Jautzy
et al., 2020), although it does not distinguish between eroded
and deposited surfaces. Merging any kind of planform change
into a single metric, AMI actually allows the quantification
of lateral mobility in an intelligible unit (m.yr') between each
documented date. Since the studied reach is purely alluvial, i.e.,
unconfined setting (Schumm, 1985; Brierley and Fryirs, 2013),
neither specific topographic criteria nor DTM could be used to
determine a reference centerline. Moreover, the historical lateral
mobility being relatively high, we chose not to use a particular
thalweg as a reference centerline. In our opinion, this would have
biased the extraction of migration rates since the position of the
thalweg changed considerably.

Thus, the reference centreline has been digitized as the axis of
the whole historical lateral mobility space. We subdivided the
latter into 38 sub-reaches (fig. 3, 6), orthogonally to the reference
centreline, using Fluvial Corridor Toolbox (Roux et al., 2015).
The AMI between time t, and t, can be mathematically expressed
as:

h Iy [m?] - ch It [m?] + EroDepo[m?]
AMItl_to _ channely, [m?] - channely[m roDepo[m 1]
Lm]x (8 - t) [yr]
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where (channel -channel;) corresponds to the new channel
surface [m*] , EroDepo to the surface (if any) referred to as “eroded
then deposited” comprised between the former channel (t)) and the
new one (t,) [m?], and L to the sub-reach length [m] (fig. 3). Note
that the EroDepo surface does not always involve continuous lateral
channel migration followed by deposition (Jautzy et al., 2020)
but may correspond to channel lateral shifts via meander cut-oft
for instance. The Figure 3 illustrates how the methodology was
implemented along sub-reaches 27 to 32, between 1884 and 1950.

To explore planform changes at the scale of the entire reach, we
also assessed the evolution of the active channel width as well as the
sinuosity. For each date, the active channel width (w) is calculated as
a mean value of the entire reach as follows:

= (2]

The active channel area (A) is extracted from the channel polygons.
The thalweg length (L) is evaluated as the mean of the two banks length
extracted from the channel polygons (Schook et al., 2017). Sinuosity is
calculated by dividing the thalweg length (L) by the euclidian distance
(D) between the very upstream and downstream extremities of our
reach (Charlton, 2008; Dey, 2014).

S = (3]
D

As the latter distance is constant in time, sinuosity evolution actually
represents the thalweg length evolution.

72 74‘1400

2044800

channely, — channely + EroDepo

...... Centreline =
AMI = Lx(t, —t)

27-32 Sub-reach number

T T
7274400 Projection : RGFI3/CC48 2044800

Fig. 3 - Planimetric excerpt illustrating the methodology used to
calculate the Aggregated Migration rate Index (AMI).

Fig. 3 - Extrait planimétrique illustrant la méthodologie utilisée pour
calculer UIndice agrégé de migration (AMI).

3.2. Vertical evolution
3.2.1. Data processing

To document the channel bottom elevation evolution, two types of
data were used. The first one corresponds to a longitudinal profile
(including the thalweg and an unspecified bank) surveyed by the
German military geographic institute around 1940 during the
occupation in World War II (Volkmann and Miiller, 1999; Eckhard
Wirbelauer, oral communication). The second one corresponds

to the 2006 and 2015 LiDAR points clouds, from which the
DTMs presented in table 1 have been extracted. The 2006 cloud
is unclassified, has a density of 3.5 points/m? and a vertical and
horizontal precision amounting to 15 and 50 cm, respectively. The
2015 cloud is classified and colorized, has a density of 20 points/m?,
and a 10 cm vertical and horizontal precision.

While the water elevation can be usually assessed by the topo-
bathymetric LiDAR (Legleiter, 2012), those used in this study were
tuned to capture the relief above the water level. An unrealistic
elevation of water surfaces is consequently expected as the latter
were interpolated from the basal part of the channel banks on both
terrestrial LiDAR-derived DTMs. More generally, even if most
LiDAR pulses are absorbed by water, some of them are returned and
measured (e.g., orthogonal angle of incidence with water, reflection
by floating leaves or in sections of turbulent water surfaces) (fig. 4).
By re-analyzing and processing the original 3D point clouds, one
can extract the profile of the actual water surface (Magirl et al.,
2005; Cavalli et al., 2008; Legleiter, 2012; Biron et al., 2013; Lallias-
Tacon et al., 2014; Chen et al., 2017). This can be used in turn as an
approximation for the channel bottom profile, referring both to the
2006 and the 2015 points clouds.

3.2.2. Longitudinal profiles extraction and overlay

Using CloudCompare®, we first clipped the point cloud with the
corresponding active channel determined on DTMs. The cloud is
then converted in a x,y,z layer and exported to QGIS. Points whose
elevation cannot correspond to the water surface are deleted, i.e.,
any point with a z value upper than the one measured at the very
upstream of our study reach. We assume the process allowed us to
also eliminate most of the riparian vegetation. For the 2015 cloud,
vegetation has been removed thanks to the classification. We
then manually modified the active channel layer to avoid points
corresponding to banks and alluvial bars. For the 2015 cloud, this has
been helped by the 2015 orthophoto, captured few months before (tab.
1, fig. 4B). Once we assumed the buffer contained only water points, we
disaggregated it in 20 m sections using the Fluvial Corridor Toolbox
(Roux et al., 2015). This allows us to calculate the mean water surface

elevation per sections from ~75 and ~140 points/sections respectively

Fig. 4 - Examples of terrestrial LIDAR pulses reflections in an active
channel (2015 orthophoto).

A:yellow points represent the water elevation because pulses are reflected on ariffle. B:
red points represent the elevation of a mid-channel bar.

Fig. 4 - Exemples de réflexions des pulsations d’un LiDAR terrestre dans
un chenal actif (orthophoto 2015).

A : les points jaunes représentent l'altitude réelle de la surface en eau car les pulsations
sont réfléchies sur un radier. B : les points rouges représentent l'altitude d’un banc

central.
GG
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for the 2006 and the 2015 points clouds. Water surface elevation is
then converted into channel bottom elevation, by deducting 75 and
40 cm from the 2006 and the 2015 water surface profiles, respectively.
These values correspond to the water level gauged at Holtzheim,
1.2 km upstream the study area, the days the LiDARs were surveyed.
Our field knowledge of the river’s bathymetry allowed confirming
that the water depth at the gauging station is of the same order of the
one at the study reach, except for riffles and pools which are both very
localised. Concerning the German survey (20'), the thalweg and the
unspecified bank elevation values were directly measured from the
paper document (fig. 5) and reported in a spreadsheet.

To explore the evolution of the unspecified bank elevation from
1940 to nowadays, the longitudinal profiles of both banks (left and
right) have been also extracted from the 2015 DTM at 15 m from the
contour of the digitized 2015 active channel.

To document channel bottom and bank evolution through time,
simultaneous plotting of elevation data from the 20 survey onto
those of the 21 survey required both horizontal and vertical
corrections. Indeed, the thalweg length decreased by about 200 m
between the 1950 and the 2015 orthophoto and the vertical datum
used for the document of the 20* century differs from the one
used for the LiDAR points clouds. Horizontal corrections were
made possible owing to the existing bridges reported on the 20*
document, by a manual uniform contraction of the 20" profiles
(channel bottom and banks). Vertical corrections consisted in
converting elevations to a common vertical datum (EVRF2000),
which is based on the Normaal Amsterdams Peil as the zero-level,
resulting in a subtraction of 0.486 m from the 21 profile. This
value has been provided by the IGN (French National Geographic
Institute).
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Fig. 5 - Extrait du profil en long de
la Bruche couvrant le trongon étudié
(délimité par les traits rouges) et relevé
durant la Seconde Guerre Mondiale.

4. Results
4.1. Lateral mobility

The historical lateral mobility of the whole studied reach
through the diachronic superposition of the active channels
from 1866 to 2015 is represented in two different ways to help
visualising the whole breadth of spatio-temporal changes.
Whereas the first map displays the subdivision into 38 sub-
reaches and overlays all diachronic active channels (fig. 6),
the second displays two successive active channels according
to the time period elapsed between each planimetric record
(fig. 7). Even though representing the geometric error would be
irrelevant at this spatial scale, several observations related to
lateral activity can be drawn from these qualitative maps. It first
suggests sustained lateral migration of the entire reach during the
period 1866-1950, as channels during this period hardly overlap
each other. It is especially striking along the sub-reach 35, where
the amplitude of the largest meander of the whole studied area
increased of more than 300 m (from north to south) in less than
a hundred years, from 1866 to 1950 (fig. 6). This sustained lateral

activity is also observed along sub-reaches 6-7-8 where the river
formed a meander between 1866 and 1884, likely followed by a
meander cut-off (fig. 7). A second noticeable planform change is
observable during the period 1964-1978, particularly along sub-
reaches 5 to 14 where active channel switched from a meandering
to a more linear channel pattern through two major meander
cut-offs (fig. 7). Smaller meander cut-off is also visible during
the period 1956-1964 along sub-reaches 19-20. About 500 m
downstream (sub-reaches 24-25), the active channel is highly
active as well and displayed a cut-off on period 1978-1986. It
seems that a second one is about to occur in the near future on
sub-reach 25.

By focusing on morphological metrics averaged on the whole
studied reach (fig. 8), we observe a strong increase of sinuosity from
1866 (1.65) to 1964 (2.16). Since then, sinuosity has decreased a little
and seems fluctuating around 2. As for the mean active channel
width, its temporal evolution is less clear, but an overall decreasing
trend can be observed from 1866 to 1950 (24.2 to 19.1 m). Since
then, the value has fluctuated around 20 m. The approximate inverse
correlation of these both variables is noticeable.

Spatial (per sub-reach) and temporal (per time period) evolution

(’ GFG ™
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of the AMI (fig. 9) allows pinpointing where and when lateral
adjustments precisely took place. The highest and lowest mean
AMTI along the entire reach are recorded during the periods 1866-
1884 (3.4 m.yr') and 1986-2011 (0.4 m.yr"), respectively (fig. 9A).
Whilst a mean AMI value of 1.2 m/yr is recorded over the entire
period (1866-2015), sub-reaches 35 and 16 are characterised by the
highest and lowest mean AMI, with values of 3.8 and 0.3 m.yr’,
respectively (fig. 9B).

Over approximately one century (from 1866 to 1964), lateral
morphodynamics seem to have been relatively homogeneously
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Fig. 6 - Diachronic map of overlaid active channels.

The 38 sub-reaches from which AMI is calculated are represented and numbered.
Background corresponds to a Sky View factor visualization of the 2015 LiDAR-derived
DTM. Black dashed line refers to the centerline of the historical mobility space.

Fig. 6 - Carte de superposition diachronique de la bande active.

Les 38 trongons depuis lesquels ’AMI est calculé sont représentés et numérotés. Larriére-
plan correspond d une visualisation Sky View Factor du MNT dérivé du LiDAR 2015. La
ligne pointillée noire correspond a la ligne centrale de l'espace de mobilité historique.

distributed along the entire studied reach, although results show
some local activity peaks limited in time, such as in sub-reaches
7-8, 20 and 35 during the periods 1866-1884, 1950-1964 and
1866-1956, respectively. Interestingly, between 1964 and 1978,
one single major increase is recorded along the sub-reaches 10
to 13 (peak AMI values reaching 10 m.yr"). From 1978 to 2015,
the spatial evolution of lateral mobility is contrasting between
sub-reaches 1-17 and 18-38. Whereas the upstream section is
characterised by a generalized stability with very low associated
AMI values, some activity peaks, anew limited in time, stand out
in the downstream section, such as in sub-reaches 18, 25 and 35
where AMI values reached 8.1 (2011-2015), 4.2 (1978-1986) and
5.0 (2011-2015) m.yr, respectively.

4.2. Vertical evolution

The vertical evolution of the channel bottom is assessed for
two distinct time periods: the secular (by comparing the profile
documented at 1940 with that of 2006) and decadal (comparison
between 2006 and 2015) timeframe. Note that the studied reach
in figure 10 has been extended downstream to the Eckbolsheim
bridge (i.e., along ~150 m) to allow the different longitudinal
profiles to be fitted horizontally, according to two temporally
stable structures (Wolfisheim and Eckbolsheim bridges). As
for the general shape of the three channel bottom longitudinal

0

1866 1884
18 yrs

1884 1950
66 yrs

1950 1956
6 yrs

1956 1964
Byrs

pipeline

1964 1978
14 yrs

1978 1986
8 yrs

1986 1558
12 yrs

1998 2011
13 yrs

2011 2015
4 yrs

Fig. 7 - Paired diachronic active channels with time period elapsed
between each planimetric record.

Fig. 7 - Chenaux actifs chronologiquement couplés avec les pas de temps
écoulés entre chaque documentation planimétrique.

profiles (fig. 10), we notice at first glance that the 1940 profile
is more irregular, including some counter-slopes, than the
smoother LiDAR-extracted channel bottom profiles. This is
explained by the fact that the latter are derived from the water
surface. At the secular scale, a general and almost ubiquitous
riverbed aggradation is indisputably observed: it amounts to
~0.6 m on average. By contrast, slight riverbed degradation
has occurred only in the direct vicinity of both bridges. At the
decadal scale, whilst the vertical uncertainty related to both
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Fig. 8 - Evolution of mean active channel width and sinuosity during the
last ~150 years.

Error bars correspond to the respective geometric error values (tab. 1).

Fig. 8 - Evolution de la largeur moyenne de la bande active et de la
sinuosité au cours des ~150 derniéres années.

Les barres d’erreurs correspondent aux erreurs géométriques respectives (tab. 1).

LiDAR-extracted channel bottom profiles overlap most of the
time (i.e., grey buffer zones in fig. 10), a significant aggradation
is locally recorded in three zones, with values ranging between
0.1 m (in the very downstream section of our studied reach) and
0.3 m (in the very upstream section and around the pipeline).
Concerning the bank elevation, its evolution is difficult to
interpret for two main reasons. First, the bank represented on the

Sub-reaches (100m)

1940 longitudinal profile is unspecified. Second, the planimetric
position of the channel has largely evolved from 1940 to
nowadays (fig. 6-7, 9), thereby implying a bias in bank elevation
variations. Nevertheless, in the vicinity of the Wolfisheim bridge,
the 2015 right bank elevation fits particularly well with the 1940
unspecified bank elevation (fig. 10). On a methodological point
of view and because the historical lateral dynamic of sub-reaches
21-22 has been relatively low (fig. 6), the strong similarity of the
1940 and 2015 profiles in this area legitimately supports the
use of the value of 0.486 m provided by the IGN to convert the
elevations in the same datum (EVRF 2000).

5. Discussion
5.1. Methodological uncertainties and implications

The historical approach is prone to result in geomorphological

misinterpretations if spatiotemporal uncertainty sources

affecting both planimetric and vertical data are not properly
considered (Lea and Legleiter, 2016; Donovan et al., 2019). This
is especially true when it is applied to mid-sized rivers (Jautzy et
al., 2020).

Concerning planimetric uncertainties,

geometric error
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Fig. 9 - Indice agrégé de migration (AMI) sur le
trongon étudié de la Basse Bruche.
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associated to orthophotos (tab. 1) used in this study are about
three times lower than those associated to the co-registered
aerial photos implemented by Payraudeau et al. (2010) in the
same study area. The availability of high resolution DTMs also
allowed reducing the error related to active channel digitization
and enhancing the quality of map coregistration, despite the
presence of relatively dense riparian vegetation. Moreover,
focusing on four sub-reaches in the Lower Bruche, Jautzy et al.
(2020) assessed the significance of twelve surficial planform
changes, ranging from 0.01 to 0.9 m yr', that had occurred
between 1950 and 1964. They found that the only non-significant
planform change was an eroded/deposited surface with a value of
0.02 m.yr" £53.4 %. Although the metric used in this study (AMI)
is rougher than that of Jautzy et al. (2020) as it merges eroded and
deposited surfaces, the planform changes documented here far
exceed the previous values, ranging from 0.4 to 3.4 m.yr’, with a
mean AMI value of 1.2 m.yr" over the 1866-2015 period (fig. 9).

We consequently assume that the planimetric results are robust
and sound for geomorphological interpretations, although an
uncertainty related to maps must be borne in mind. Indeed, bank
contours were digitized just as they are represented on maps and
might therefore not represent the actual active channel. Whilst
we assume that this uncertainty source does not significantly
impact the AMI results because lateral mobility inferred from
maps is generally higher (fig. 9A) than the one inferred from
orthophotos, it must be considered when one wants interpreting
channel width evolution.

Concerning vertical uncertainties, the major potential bias
arises from the comparison of channel-bottom profiles obtained
by two different methods. Whereas the channel bottom from
the 20™ century was directly surveyed in the field and thus
documents the former thalweg, the LIDAR-derived profiles from
the 21* are extrapolated from the water-surface elevation. Even
if this second technique cannot assess the bathymetry with the
highest accuracy and probably smooths the channel bottom to a
certain extent, we argue that secular vertical variations were still
captured with enough precision to produce a reliable trend.

.
~

Bank — 1940 — 2015 (left) —— 2015 (right)

—_—

Eckbolsheim bridge

Fig. 10 - Evolution of the longitudinal
profile from 1940 to 2015: channel bottom
and bank(s).

Buffer of vertical uncertainty on the 2006 and 2015
profiles refers to the vertical precision claimed by
the DTMs producers. Red horizontal arrows refer
to the location of anthropogenic modifications of
the channel, also represented on Figure 9.

Fig. 10 - Evolution du profil en long de 1940
a 2015 : fond du lit et berge(s).

L’incertitude verticale des profils de 2006 et 2015
correspond a la précision verticale annoncée par
les producteurs des MNT. Les fléches horizontales
rouges correspondent a la position des modifications
anthropiques du chenal, également représentées sur
la Figure 9.

2006-2015 aggradation

1940-2006 degradation / i

5.2. A refined spatiotemporal planform evolution of the
Lower Bruche

The planimetric study of Payraudeau et al. (2010) in the Lower
Bruche used one map, six aerial photographs and one LiDAR-derived
DTM, covering 118 years (1884-2002). By contrast, this study is based
on two maps, eight orthophotos and two LiDAR-derived DTMs,
covering 149 years (1866-2015). It thus not only takes advantage
of a greater pool of resources but also spans a longer time period.
Moreover, all photographs used by Payraudeau et al. (2010) have been
processed to orthophotos in the meanwhile, leading to a significant
decrease of the geometric error (tab. 1). Thanks to the specifically
designed AMI which aggregates any type of lateral change into the
same metrics, we could thus investigate channel mobility along the
whole reach (divided in 38 sub-reaches), instead of exclusively focusing
on meander dynamics (twelve sub-reaches) as did Payraudeau et al.
(2010). Combined with the enhanced temporal resolution (nine time
slices versus six), our methodology allowed understanding planform
spatiotemporal variations at a much finer scale. Unfortunately, due to
our enhanced methodology (AMI) to measure lateral mobility, the
migration rates yielded in this study are not readily comparable to
those assessed by Payraudeau et al. (2010). Finally, the availability of
a second LiDAR-derived DTM and the use of the 1940 longitudinal
profile provided a considerable advantage in the understanding of
the vertical evolution of the Lower Bruche, a missing key point in the
previous study.

5.3. Geomorphological adjustments not primarily con-
trolled by hydrology

Among all drivers of river evolution at the decadal or secular scale,
changesinhydrological regimes (mostly governed by climate), especially
flood regimes (e.g., Baker et al., 1988), have been long recognized as a
key driver of morphodynamic adjustments (Buffington, 2003).

We tested the role of hydrology over the last 50 years through the
widely-used, non-parametrical Mann-Kendall test (Mann, 1945;
Zar, 2005), using the R package trend (Pohlert, 2020). It allows the
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detection of any potential trend in temporal series with indication of its
significance. The test was applied to a set of 52 discharge series gauged
at Holtzheim located 1.2 km upstream of our studied reach over the
1965-2018 period. Among the series including monthly and annual
median, mean, and minimum daily discharges, the only hydrological
series with a significant increasing trend (p-value = 0.01) is the annual
minimum daily discharge (tab. 2). As the latter focuses on the single
minimum daily event occurring every year, it seems very unlikely
that the increasing trend observed in this indicator might have had
significant impacts on geomorphological adjustments.

As for the recurrence of hydrological events on morphological
channel evolution, the 1986-1998 period seems to be the most affected
because it records (i) the highest annual rate (~3) of Q > Q2 (fig. 9C), and
(ii) four mean daily discharge values > Q10, one of them even exceeding
Q50 (fig. 11). Interestingly, no major lateral adjustment is observed in
parallel during this period; it is actually characterized by the lowest
mean AMI value (0.4 m.yr') over the entire time period considered in
this study (1866-2015). Based on both aforementioned arguments, a
primary hydrological control on river dynamics of the Lower Bruche
over the last 50 years can be reasonably ruled out.

Table 2 - p-value of the Mann-Kendall test performed on 48 monthly and
4 annual discharge series, gauged at Holtzheim.

Tableau 2 - Valeur p du test de Mann-Kendall appliqué sur 48 séries de
débits mensuels et 4 annuels, jaugées a Holtzheim.

Median Mean Max Min
January 0.38 0.58 071 0.79
Ft'bruar}' (.71 .96 042 0.35
March 0.6 0.68 071 0.38
."\]JT’ﬂ (L.29 0.27 0.28 0.26
May 0.25 0.29 0.53 0.32
June 0.27 (.52 0.97 0.55
July 0.61 0.97 0.83 051
August 0.71 0.95 (.88 0.13
September 0.75 0.8 0.6 0.34
Oclober (L.56 67 .32 0.29
November (L85 071 (.51 0.74
Decermber 0.64 0.52 092 0.12
Annual (.14 (.44 1 .01

The bold value indicates a positive significant trend.

La valeur en gras correspond a une tendance significative positive.

The beginning of the studied period which spans the end of the
19" century is not covered by hydrological series. Interestingly, it
matches the end of the Little Ice Age (LIA), which is characterized by
transitional hydrological conditions between a flood-dominated and
a drought-dominated regime (Carozza et al., 2012). Owing to these
changes, the end of the LIA is sometimes assumed to induce a decrease
in river dynamics (David et al,, 2015, 2016; Jantzi, 2017). The latter is
documented in the lower Bruche with a clear decrease in lateral mobility
between the end of the 19" (AMI = 3.5 m.yr"') and the beginning of the
20" century (AMI ~1 m.yr?). The hydrological transition linked with
the end of the LIA is relatively well documented for the Rhine and some
of its Vosgian tributaries (Himmelsbach et al., 2015). However, in the
absence of paleoflood data or chronostratigraphical evidence for the
Bruche river itself, the question whether the end of the LIA controlled
the reduced lateral dynamics of the Lower Bruche more than one
century ago remains open.

5.4. A diversity of human actions impacting river dynamics

All major changes reported in this study, including channel
narrowing (though questionable due to uncertainties, see. §5.1.), the
overall increase in sinuosity (fig. 8) and the main lateral and vertical
adjustments (fig. 9-10) are more likely driven by human activities.

5.4.1. Lateral adjustments

As for lateral adjustment at the sub-reach scale, we observed a
significantchangeinthelateralactivityupstreamand downstream
the sub-reach 14 (fig. 9), likely due to the underground pipeline.
In relation to its erection in 1965 and modification in 1971, an
almost complete channel artificialization (both bed and banks)
from sub-reach 8 to 13 (fig. 9A) was performed (Maire, 1985). The
modifications mostly consisted in (i) two man-made cut-offs,
one upstream the pipeline crossing and another directly above it,
(ii) the erection of a ~1.40 m-high weir in which the pipeline was
integrated and (iii) the linearization of the active channel along
~450 m and its widening (~40 m) downstream the pipeline (sub-
reach 11 to 14). Fifteen years after the pipeline construction, the
same author observed significant geomorphological adjustments
around the pipeline pathway. They include a decrease of local
stream velocity from sub-reach 11 to 14 leading to riverbed
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Fig. 11 - Mean daily discharge of the
Lower Bruche from 1965 to 2018 at
Holtzheim.

Dashed vertical lines represent the years
with orthophoto survey.

Fig. 11 - Débits journaliers moyens
de la Basse Bruche, de 1965 a 2018 a

Holtzheim.
Les lignes pointillées verticales corres-
pondent aux levés orthophotos.

Year 1390
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aggradation from sub-reach 8 to 21 (Wolfisheim bridge). The
increasing lateral activity observed downstream the pipeline
since its construction (fig. 9A) might thus correspond to the river
geomorphological response to the artifizialisation of sub-reaches
8 to 13.

In the downstream part of the study area, the meander located in
sub-reach 35 (fig. 12), described by Maire (1985) as “one of the kind
in Alsace (Eastern France)”, illustrates well the significant impact that
humanactivitieshave had on the Lower Bruche too. Thislarge meander
loop obtained its current planform in less than a hundred years (1866-
1950), extending itself over more than 300 m (fig. 12A) with a AMI of
6 m.yr. Since then, the AMI has halved to 3 m.yr” in average from
1950 to 2015 as a likely result of improvised embankments, visible on

Ac%:_ive channel E
1866
BN 1884

DoD ’
2006 - 2015 (m)

the DTM (fig. 12A) and in the field (fig. 12E). Despite the twofold AMI
decrease and its apparent stability, sustained morphogenic processes
have been and are still at work in this meander. The diachronic
orthophotos reveal a significant migration between 1950 and 1964,
at the downstream end of the loop (fig. 12B). Afterwards, a massive
embankment (~200 m long) was achieved between 1964 and 1978
(fig. 1C, 12B) and momentarily impeded local erosion. More recently,
the LiDAR-DTMs of Difference (DoD) between 2006 and 2015 not
only shows almost continuous erosion along the outer bank but also
significant bank retreat at the downstream end of the loop (~10 m)
and downstream of the meander (fig. 12C-D). This is confirmed by
the high AMI (~5 m.yr") recorded in the sub-reach 35 between 2011
and 2015 (fig. 9).

Sediment supply
(active erosion of a post-LGM terrace)

Fig. 12 - Historical evolution of the downstream part of the studied reach along with current processes.

A: planform evolution of the active channel during the end of the 19" century. Recent erosion is computed by a 2006-2015 DTM:s of Difference (DoD). Background corresponds
to the 2015 hill-shaded LiDAR. B: planform evolution of the downstream curvature of the meander loop during the second half of the 20™ century. C, D: field photos showing
undercutting processes along a heavily modified bank and a natural bank (lower terrace) with local sediment supply, respectively. E: improvised embankment of pluridecimetric

anthropogenic blocks impeding bank erosion.

Fig. 12 - Evolution historique de la partie aval de la zone d’étude et mise en évidence de processus actuels.

A : évolution planimétrique du lit actif pendant la fin du XIX siécle. L'érosion récente est mise en valeur par un différentiel de MNT 2006-2015. Larriére-plan correspond au LiDAR
2015 ombragé. B : évolution planimétrique de l'aval de la courbure du méandre lobé pendant la seconde moitié du XX* siécle. C, D : photos de terrain montrant du sapement a la base
respectivement dans une berge profondément modifiée et une berge naturelle (basse terrasse) avec approvisionnement sédimentaire local. E : “enrochement” non-planifié de blocs

anthropiques pluridécimétriques limitant I’érosion de berge.
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5.4.2. Vertical adjustments

The most striking result undoubtedly is the (almost) generalized,
~0.6 m-high aggradation recorded at the secular scale along
the whole studied reach (fig. 10). It is somehow unexpected as it
seemingly contradicts the common trend observed for European
rivers which are largely affected by historical channel incision
(Rinaldi, 2003; Simon and Rinaldi, 2006).

According to Lane’s balance, one would anticipate river bed
aggradation when a decrease of the stream transport capacity or,
alternatively, an increase in sediment supply and associated bedload
transport, occurs (e.g. Dust and Wohl, 2012). To test the first
condition, we computed the evolution of the specific stream power
o through time (fig. 13), based on the following equation (Leopold,
1992; Charlton, 2008):

w = (pgQS) /W (4]

p is the density of water (1000 kg/m®) and g the gravitational
constant (9.8 m/s®). We considered Q2 as the bankfull discharge
(Q) and used the planimetric data to document the evolution of
the channel width (W) and the thalweg length. The slope (S) is
measured from the 2015 LiDAR and thus assumed to be constant
through time (5 m of elevation drop in the studied reach). No
temporal pattern is observed (fig. 13). In addition, the sole
significant hydrological trend observed over a decadal scale is the
increase of the annual minimum daily discharge (see section 5.3.).
This is largely insufficient to suggest an hypothetical decrease of
transport capacity and leaves this question open.

Investigating the second condition requires looking at the two
distinct geographical areas where a possible increase in sediment
delivery could have occurred over historical times. They are: (i)
the Lower Bruche via the reworking of older sedimentary deposits
inducing local sediment supply and (ii) the Upper Bruche catchment
draining the Vosges (i.e., the distant source; see section 2.1.). As
for the first area, sustained outer bank retreat, mostly associated to
meander development, locally erodes alluvial sediments originating
either from the Holocene floodplain (fig. 2A) or the post-LGM
terrace (fig. 12D), thereby injecting coarse material into the active
channel. This induces the formation of bars downstream, which
may enhance bank erosion and, finally, channel widening which can
induce sediment deposition (Malavoi and Bravard, 2010; Chardon et
al,, 2021). It remains however unsure whether this process is able to
ensure a generalized channel aggradation along the whole studied
reach. Precise sediment budgeting, which is beyond the scope of this
study, would help answering this question.

As for the second area, we assume that the most recent deforestation
phase in the Vosges Massif, which took place during the 18" century
(Gebhardt et al., 2015), probably triggered the last, massive pulse of
sediment production on the hillslopes of the Upper Bruche catchment.
In this respect, based on radioactive tracers in pebbles with a recovery
rate of 65% in the Bruche headwaters, a yearly (i.e., over 15 months)
maximal transport distance of 350 m for the bedload linked to three
flood events was recorded (Courtois et al., 1970). If we average this
value over a secular timescale, bedload would have been transported
downstream over several tens of kilometers (up to 50-60 km over
two centuries). Interestingly, this value roughly matches the distance
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Fig. 13 - Evolution of the stream specific power, calculated in the study
reach from planimetric data (thalweg length and channel width).

Fig. 13 - Evolution de la puissance spécifique du cours d’eau, calculée sur
le trongon a létude a partir des données planimétriques (longueur du
thalweg et largeur du chenal).

between the Upper Bruche and our study area. This inference suffers
from two limitations. First, the unavailability of a long-term bedload
monitoring on more than three flood events makes this averaged
transport rate over longer timescales somewhat speculative. Second,
a potential significant time lag in sediment connectivity, involving
a temporary storage of sediments on deforested hillslopes, is not
considered. The question whether secular riverbed aggradation
results from an upstream erosional signal linked to deforestation thus
remains open. Similar further research focusing on river dynamics in
upstream reaches of the Bruche and other Vosgian tributaries would
help unravelling this issue.

The whole hydrological network of the Bruche catchment is currently
affected by around four hundred different kinds of weirs (Sandre
referential of flow obstacles, OFB). Whilst it is widely acknowledged
that dam or weir removal can induce upstream aggradation (Bednarek,
2001), little is known about intentional removal or progressive
deterioration over time of the numerous weirs present along the
Bruche’s network. Whether the progressive release of sediments
previously stored upstream of weirs, notably those linked to former
mills, is responsible for the downstream aggradation on a secular
time frame remains open too. Further investigations, using Radio
Frequency IDentification (RFID) tags (Casserly et al., 2020; Galia et
al,, 2021) and/or iron slags (Peeters et al., 2020) as short and long-term
tracers of bedload dynamics in relation to the presence (or removal) of
weirs could be helpful to unravel this question.

Finally, the decadal-scale evolution of the riverbed profile highlights
three localized aggradation areas of limited amplitude around 10-
30 cm (fig. 10). Although a 30 cm aggradation can correspond to a single
hydrological event, the two reaches recording the highest aggradation
are located up- and downstream the pipeline (fig. 10), thereby possibly
pointing to its sustained influence on fluvial morphodynamics more
than 50 years after its construction.

5.5. Comparison of the Lower Bruche’s lateral dynamics
with similar rivers

This study precisely quantifies the lateral and vertical dynamics
of an alluvial reach of the Lower Bruche over the last 200 years. As
specified in section 2.3., the studied reach is categorized as a “river
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with moderate energy and high lateral dynamics” (Schmitt et al,,
2007). By contrast, if we exclusively focus on its specific stream
power (~27 W/m?), the studied reach could be classified as a low
energy river, as it falls in the theoretical lower range usually reported
in the literature between laterally active and inactive reaches 25-
35 W/m® (Brookes, 1987; Orr et al., 2008; Bizzi and Lerner, 2015;
Dépret et al., 2017). This slight inconsistency raises the question: In
terms of lateral dynamics, where does the Lower Bruche stand in
comparison with similar rivers?

We thus briefly compare the values of migration rates along the
studied reach with those reported from similar reaches in French
rivers. Although such observations globally remain sparse on rivers of
low to moderate energy, a few studies recently focused on low-energy
alluvial reaches in western France: the Cher (Dépret, 2015; 2017), the
Seulles (Lespez, 2015; Beauchamp, 2017), the Merantaise (Jugie, 2018),
the Charente (Duquesne, 2020) and the Loire (Corbonnois, 2016). All
these studies reported a specific stream power ranging from 10 to 40
W/m?, an active channel width ranging from 10 to 40 m and mean
migration rate values lower than 0.5 m/yr. This contrasts with the mean
value more than twice higher in our studied reach 1.2 myr (fig. 9A),
with a specific stream power of 27 W/m” and an active channel width
of ~20 m.

Even though a bias might arise from the comparison of migration
rates computed via different methodologies and over different time
periods, we consider that this difference is significant and highlights
the relatively high lateral mobility of the Lower Bruche. However, one
must keep in mind that this dissimilarity between the Lower Bruche
and the other rivers does not integrate prime-order factors controlling
lateral mobility. First, the bank composition of some of the fluvial

reaches in Western France seems to be more cohesive than those of
the Lower Bruche (section 2.3.). Fining upward sequences mostly
characterize bank composition in our studied reach. Loose sandy
and gravelly sediments left by former channel activity, either in the
Holocene floodplain or the post-LGM terrace, are overlain by more
cohesive silty loam typical of overbank deposition (fig. 14A). Therefore,
concave banks are prone to the cycle of bank retreat processes depicted
by Brierley and Fryirs (2013), which could be witnessed during our
field investigations. It successively involves basal erosion, mass failure,
toe accumulation and removal of the collapsed sediments during the
next flood event(s) (fig. 14B). The cohesiveness of bank material is
acknowledged to be one of the main controlling factors on the mobility
of low-energy alluvial rivers (Candel et al., 2020). The erodibility of
bank material in the Lower Bruche can thus play a prevailing role and
explain its high lateral dynamics. Second, it is necessary to keep in
mind that the upper Bruche catchment drains the Vosges Massif before
debouching into the Rhine alluvial plain. This makes the context of the
alluvial section very specific compared to the rivers of Western France
mentioned above. The wide valley of the Lower Bruche bears witness
of a complex mix of fan deposits and a system of sandy/gravely alluvial
terraces (Maire, 1966). Third, variable riparian vegetation, which is
largely recognized as a significant controlling factor of bank erosion
(Hey and Thorne, 1986; Millar, 2000), may also explain differences of
mean channel migration rates. Finally, some authors also pointed out
the potential impact of neotectonics, as the Lower Bruche is located in
the direct vicinity of a main normal fault system of the Upper Rhine
Graben (Maire, 1967; Vogt, 1992). However, no clear evidence of
tectonic activity could be highlighted and linked to the Late Quaternary
evolution of this river system.
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Fig. 14 - The cyclical process of bank retreat (Brierley and Fryirs, 2013) involved in the studied reach of the Lower Bruche.

A: Profile of the composite concave bank. B: Photographic and schematic illustration of the cyclical process of bank retreat in the sub-reach 25.

Fig. 14 - Le cycle de retrait de berges (Brierley et Fryirs, 2013) impliqué dans le trongon a I'étude de la Basse-Bruche.

A : Profil de la berge concave composite. B : Illustration photographique et schématique du cycle de retrait de berges dans le trongon 25.
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6. Conclusion

This study demonstrates the usefulness of jointly analyzing a
large set of both planimetric (maps and orthophotos) and vertical
(longitudinal profile and LiDAR) diachronic data to accurately
reconstruct the evolutionary trajectory of a dynamic 6 km-long
reach of the Lower Bruche with a high resolution over 150 years.
Although using ancient data sources (i.e., maps and field surveys)
requires a thorough consideration of related uncertainties, we
successfully show that their combination with accurate recent data
(orthophoto, LiDAR) is relevant to quantify lateral and vertical
channel morphodynamics on decadal and secular timescales. In
this respect, the specifically-designed indicator of lateral mobility,
which aggregates the various types and origins of planform
changes into a single index (AMI), has proven its effectiveness
and can be easily transferred to other wandering rivers. The
evolutionary trajectory of the Lower Bruche reveals a high and
almost generalized lateral mobility from the mid-19* to the
mid-20* century with mean AMI ranging from 0.6 to 3.5 m.yr .
Then, a major man-induced modification of a sub-reach, i.e., the
construction of an underground pipeline, dramatically reduced
the intensity of the lateral morphodynamics upstream (and
possibly increased it a little downstream), leading to a mean AMI
ranging between 0.4 and 1.4 m.yr". In other sub-reaches, the lateral
mobility of the river has been primarily controlled by various
anthropogenic actions (e.g., embankments, channelisation). As for
the vertical evolution of the Lower Bruche, the channel elevation
shows an average aggradation of ~0.6 m from the mid-20" to
the beginning of the 21% century. Although some preliminary
explanations could be proposed, such as local sediment reworking
and past deforestation in the downstream and upstream parts
of the catchment, respectively, or sediment release following
weir removal, those remain speculative and require further
investigations to be validated. In the Lower Bruche, one could take
advantage of established tracing methods, such as slags (Peeters et
al., 2020) since this catchment was one “hotspot” of metallurgical
activity from the Middle Ages to the Early Modern Period in the
Vosges Massif (Mariet et al., 2018). Finally, this spatiotemporal
analysis of the historical geomorphological adjustments of the
Lower Bruche could greatly help future management projects, all
the more meaningful given the high significance of this river in
ecological terms. The detailed portrait depicted in this dynamic
river reach could represent a strong basis for restoration projects in
other strongly impacted reaches of the Bruche or similar Vosgian
rivers.
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Version frangaise abrégée

Une majorité de riviéres européennes a été largement affectée plus
ou moins directement par divers aménagements et activités humaines
(rectification, enrochements, canalisation, barrages, changement
d’occupation du sol, extraction de granulats, etc.), menant a de pro-
fondes modifications de leur fonctionnement hydrogéomorpholo-
gique. L’étude géomorphologique de la trajectoire temporelle d’'un
cours d’eau consiste a reconstituer I’évolution de paramétres mor-
phométriques du chenal, généralement par superposition de don-
nées diachroniques planimétriques (orthophotographies, cartes an-
ciennes, etc.) et/ou verticales (levés historiques, modéles numériques
de terrain, etc.). Ce type d’approche, largement éprouvée durant les
derniéres décennies, permet de caractériser le fonctionnement hydro-
géomorphologique des cours deau, leur évolution, ainsi que leur
sensibilité aux forcages hydro-climatiques et/ou anthropiques. La
connaissance de la trajectoire hydrogéomorphologique d’un cours
d’eau est aussi de plus en plus reconnu comme une base robuste per-
mettant d’élaborer des stratégies de gestion - voire de restauration -
durables des systémes fluviaux.

La Basse-Bruche, sous-affluent du Rhin Supérieur, est une riviére
alluviale de taille moyenne (superficie du bassin versant ~720 km?)
qui conflue dans I'lll aux portes de la ville de Strasbourg (fig. 1).
Connue pour sa dynamique latérale active et ses inondations récur-
rentes (Maire, 1966 ; Payraudeau et al., 2010), elle a été largement
impactée par de nombreuses activités humaines en particulier durant
les périodes moderne et contemporaine (Klein, 2005 ; Skupinski et
al., 2009), avec la construction du « Canal de la Bruche » a la fin du
XVIE siécle (Haettel et Haettel, 2012) et, depuis les années 1960, une
urbanisation croissante (Skupinski, 2009). Présentant une concentra-
tion élevée de frayéres a saumons (Salmo salar L.) et lamproies (Petro-
myzon marinus) (Gerlier et Roche, 1998), la Basse-Bruche constitue
un systéme hydroécologique clé a I’échelle régionale qu’il convient de
préserver, et dont les caractéristiques géomorphologiques et écolo-
giques présentent un fort potentiel de restauration.

Sappuyant sur un large jeu de données diachroniques planimé-
triques et topographiques, l'objectif de cette étude est de reconstituer
la trajectoire géomorphologique d’un trongon de la Basse-Bruche de
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6 km de long (fig. 1C). La période considérée couvre approximative-
ment les 150 derniéres années, de 1866 a 2015. Plus spécifiquement,
Pétude vise a (i) quantifier précisément la mobilité latérale historique
du trongon d’étude, (ii) documenter I’évolution verticale du fond du
lit et (iii) identifier les facteurs de contréle des ajustements morpho-
dynamiques enregistrés.

La base de données repose sur l'analyse de deux cartes anciennes,
huit orthophotographies, deux MNT LiDAR (tab. 1) et un levé topo-
graphique ancien du fond du lit (fig. 5). Les incertitudes géométriques
associées aux données planimétriques ont été finement évaluées, no-
tamment sur la base des analyses de Jautzy et al. (2020).

Afin de quantifier précisément la mobilité latérale, le chenal actif a
d'abord été digitalisé dans un systéme d’informations géographiques
(SIG) pour chacune des données planimétriques disponibles. Puis, un
indice de migration latérale (Aggregated Migration rate Index ; AMI)
(fig. 3) a été spécialement congu et appliqué sur les chenaux actifs digi-
talisés, pour permettre de documenter les ajustements latéraux de ma-
niére systématique, sur des trongons élémentaires de 100 m.

Lanalyse de I’évolution du profil longitudinal du fond du lit a d'abord
nécessité le traitement des nuages de points des deux levés LiDAR dia-
chroniques (2006, 2015). Le traitement a consisté a identifier au sein du
nuage de points, ceux ayant été réfléchis a la surface de l'eau (fig. 4A) et
a exclure ceux ayant été réfléchis sur des bancs alluviaux (fig. 4B). En
moyennant les valeurs d altitudes ainsi extraites, cela a permis d’obte-
nir deux profils longitudinaux diachroniques de la ligne d’eau. Les pro-
fils longitudinaux respectifs du fond du lit ont ensuite été obtenus en
soustrayant la valeur du niveau d’eau mesurée d la station de jaugeage
de Holtzheim, les jours respectifs des levés LiDAR. Les deux profils lon-
gitudinaux ainsi obtenus ont été convertis dans le méme systéme de
référence altimétrique que celui utilisé par le levé topographique ancien
(EVRF2000).

Les résultats montrent que durant plus d’un siécle (de 1866 a
1978), la mobilité latérale de la Basse-Bruche était élevée (AMI
moyen de 1,6 m/an) et distribuée de maniére relativement homo-
géne le long du trongon d’étude. A Uinverse, de 1978 a 2015, la
mobilité latérale moyenne a diminué de 50 % (LMI moyen de
0,8 m/an) et s’est concentrée dans la moitié aval du trongon (sous-
trongons 18 a 38) (fig. 9). La construction d’un pipeline souterrain
associée a de lourds aménagements du chenal entre 1965 et 1971
ont été identifiés comme la cause de cette altération du fonction-
nement morphodynamique de la Basse-Bruche (sous-trongons 8
a 13). La diminution de la largeur moyenne et l'augmentation de
la sinuosité du trongon témoignent également d’un ajustement
géomorphologique encore en cours (fig. 8). La mobilité latérale du
cours d’eau bien qu'actuellement réduite, est cependant toujours
active, comme Uillustre les valeurs d’AMI des sous-trongons 18,
28 et 35 entre 2011 et 2015 (8,1 ; 9,5 et 5,0 m/an, respectivement),
ainsi que le différentiel des MNTs LiDAR 2006-2015 (fig. 12A).

Lévolution du profil longitudinal du fond du lit (fig. 10) révéle
quant a lui une aggradation généralisée d’environ 0,6 m entre
1940 et 2006. Des hypothéses explicatives — qui peuvent se com-
biner - ont été formulées : les effets de la derniére phase de défo-
restation du massif Vosgien durant le XVIII® siécle (Gebhardt et
al., 2015) et d’éventuels arasements de seuils dans le bassin de la
Bruche a 'amont du trongon d’étude. De récentes et plus modestes
aggradations (0,1-0,3 m) localisées aux alentours du pipeline et
des ponts de Wolfisheim et Eckbolsheim, entre 2006 et 2015, ont

également été enregistrées. Enfin, des analyses statistiques ré-
vélent que le poids des facteurs hydro-climatiques (événements et/
ou tendances) vis-d-vis des ajustements morphodynamiques n’est
pas significatif.

Cette étude démontre que les ajustements géomorphologiques de
la Basse-Bruche au cours des 150 derniéres années ont été trés lar-
gement controlés par les facteurs anthropiques. Au vu de la forte
mobilité latérale mesurée entre la moitié du XIX* et la moitié du
XXesiécle, il a aussi été mis en évidence que le potentiel de mobilité
de ce secteur de la Basse-Bruche est trés élevé. Ce dernier point
devrait étre pris en considération dans les futurs projets de gestion
et de restauration de la dynamique latérale de la Basse-Bruche.
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