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Abstract

:

Since the 2000s, European rivers have undergone restoration works to give them back a little more ‘freedom space’ and consolidate the hydro-sedimentary continuum and biological continuity as required by the Water Framework Directive (WFD). In high-energy rivers, suppression of lateral constraints (embankment removal) leads to geomorphological readjustments in the modification of both the active-channel length and active-channel width. The article provides a new methodological development to overcome the shortcomings of traditional methods (based on diachronic cross-section analysis) unable to simultaneously take into account these geometric adjustments after active-channel restoration. It allows us to follow and precisely quantify the geomorphological changes of the active channel faced to the stakes (i.e., structures or urbanized, recreation or agricultural areas) in the floodplain. The methodology proposes three new indicators (distance from active channel to stakes or floodplain margins as indicator 1; distance from stakes to active channel as indicator 2; diachronic distance as indicator 3) and a metric analysis grid in the 2D Euclidean space. It is applied to the Clamoux River (order 4, Strahler; bankfull, specific stream power: 280 W/m2) in the Aude watershed (Mediterranean France). The paper shows the full potential of this methodological protocol to be able to meet managers’ expectations as closely as possible within the framework of the multi-annual active-channel monitoring.
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1. Introduction


Today, many rivers around the world no longer exhibit their natural, morphological features because they have undergone significant modifications at least since the eighteenth–nineteenth century, through hydroclimate change and anthropogenic actions, as the channelization, construction of dikes, weirs and dams, river embankments and meanders cutting (Figure 1). Focusing on the human impact, hydraulic structures, whether longitudinal or transverse to the flow, have affected the proper hydromorphological and sediment functioning of rivers, thereby impacting biological conditions and significantly reducing biodiversity along the alluvial corridors. The scientific community and the managers of hydrosystems are now raising the question of how to give rivers balanced hydrological, morphological and sedimentary functioning, thus notably helping them to achieve the good ecological status of waterbodies by increasing water quality, morphological diversity and resilience to climate change and/or anthropogenic alterations. This paradigm corresponds to what is often called ‘river restoration’.



In this paper, we focused on one type of river restoration, which concerns actions that can help to give more lateral space to rivers (Figure 2) by removing longitudinal structures (gabions, walls, dikes, embankments or other riverbank protections) along the channels (for an exhaustive and complete review on river restoration, see [29,30,31]). Allowing rivers to obtain more lateral migration capacity amounts to working on the ‘river space of good functioning’ [32], i.e., the space that the river needs to regulate erosion processes at the watershed scale as well as low-waters and floods thanks to the reactivation of the margins of the active channel. Most of the time, river channelization has resulted in the simplification and shortening of streams, reduction of channel sinuosity and increase in the hydraulic slope and bed shear stress. This was the case for the braided rivers, which were channelized (Figure 2, Stage 2A). Sometimes, the channel pattern of the rivers has been modified from braided to meandering channel (Figure 2, Stage 2B), which has led to lengthening the watercourse and reducing the energy slope and specific stream power.



From this operating model, we can distinguish three stages in the recent history of rivers (Table 1):




	-

	
Stage 1: before significant functionalization of rivers. This stage can be assimilated to the free-flowing state of rivers (generally, before the eighteenth–nineteenth century, but sometimes before the Modern Times or Middle Ages). Lengthening or shortening of active channels by variations of fluvial style due to allocyclic and/or autocyclic processes is (i) common in high-energy rivers, (ii) much less in low-energy rivers.




	-

	
Stage 2: before embankment removal associated with river restoration. (i) In the natural context (not constricted), high-energy rivers show a good ability to lengthen/shorten their multiple or single channels. In low-energy rivers, channel lengthening/shortening is possible but limited. (ii) In the artificialized context (channelized), no significant channel lengthening/shortening is possible either in high-energy rivers or in low-energy rivers.




	-

	
Stage 3 (since 2000 with the emergence of environmental policies such as WFD in Europe that encourages restoration works [27,33,34]: current embankment removal accompanying river restoration. (i) In a natural context (not constricted), high-energy rivers are able to lengthen/shorten their multiple or single channels. Low-energy rivers can also be characterized by small channel lengthening/shortening when this occurs. (ii) In an artificialized context (channelized), high-energy rivers are exposed to a possible lengthening/shortening of their multiple or single channels. Low-energy rivers encounter high difficulty in lengthening/shortening their channel, and morphological adjustments are only locally visible.









This evolution, which tends towards a possible increase in the rate of lengthening/shortening of rivers in Stage 3, raises questions about how to take into account the longitudinal deformation of the multiple and single channels in the high-frequency monitoring of river beds from imagery. Surprisingly, the critical analysis of the literature concludes that the problem of longitudinal deformation of river beds (Figure 3) has not been taken into account in the story that is told from diachronic image processing.



In addition, if current trend is towards embankment removal, rivers are confronted with two situations (S), depending on their degree of energy expressed as ω = specific stream power [35,36,37]: (S1) rivers with sufficient energy (ω > 30 W/m2) allow moderate (30 W/m2 < ω < 100 W/m2) or significant (ω > 100 W/m2) geomorphological adjustments. (S2) rivers that have low energy (ω < 30 W/m2) allow nothing (ω < 10 W/m2) or not much (10 W/m2 < ω < 30 W/m2) in terms of geomorphological readjustments. We can cite in this regard the work of [28] on the Yerres River, a right-bank tributary of the Seine River upstream from Paris, which demonstrated during the 100-year R.I. flood (June 2016) that the river (ω < 30 W/m2) experienced no longitudinal and lateral change, with barely a few minor traces of weak incision in the channel bottom. The correlation of these two situations (S1, S2) with the new context of (i) embankment removal of rivers and (ii) the monitoring of the geomorphological impact of rivers restoration leads to improving the mapping method of fluvial beds, the subject of this paper.



The methods commonly used to analyze the temporal evolution of river channels from imagery, such as aerial photos and satellite images (2D variability), or even DTMs (e.g., BD Alti in France) and LIDAR surveys (3D variability), are based on transects (cross-sections) or channel-area calculation [38]. These cross-sections must meet two conditions: (i) they must always be perpendicular to the flow axis of the river; (ii) they must be equidistant, and this equidistance must not be modified to be reproducible, i.e., the measurements from one image to another must always be made at the same place. The variables drawn from the comparison of cross-sections are the channel width, braiding index, bed morphology, bed-material grain size, ecological habitat and the infrastructures located along the river channel and its margins [3]. In the case of the channel-area calculation, the ability of the stream to lengthen or shorten is neglected since what matters is the variation in the surface of the active channel over time. In any case, none of these methods currently allows taking into account the longitudinal and lateral deformation of rivers linked to the lengthening or shortening of their watercourse. These methods even become unsuitable when they lead to compare cross-sections that are not of the same number and not localized in the same place (Figure 3). Furthermore, very few studies [39,40,41,42,43] based on imagery, such as bathymetric maps or, recently, LIDAR data, report vertical shifts of the river channels and slope modification. Clearly, studies based on LIDAR data tend to provide deliverables such as sediment budgets, none of which offers methods to follow the planform dynamics of the river over an annual time step in the framework of river restoration.



The problematics of the paper are as follows: as long as the rivers were artificially constricted by an embankment (Figure 2, Stage 2), no lengthening or shortening of their watercourse was possible. From the moment the embankment removal occurred, lengthening or shortening of the rivers, driven by a change of river style, or quite simply by the revitalization of the river, asks to renew the diachronic mapping method derived from the imagery. While this may have had little impact on long-term studies and at the watershed scale, ‘classic’ methodology (i.e., based on diachronic cross-section analysis), which does not take into account the possible lengthening/shortening of the watercourse over time (Figure 3), is problematic in the case of detailed, operational studies carried out at the scale of the fluvial sectors. The objective of this paper is to draw up a protocol for analyzing images in fluvial geomorphology as part of river restoration so as to take into account the possible longitudinal deformation of the river channels through time.




2. Proposed Methodology


The methodological protocol developed in this paper proposes new indicators and a metric analysis grid to quantify the geomorphological changes occurring in rivers on an annual or multiannual scale. All these treatments can easily be completed by using GIS, such as QGIS open-source software, for instance [44].



2.1. The Purpose of New Indicators


We propose three new indicators. These three indicators allow quantifying distances between any points of a given active channel and any point within the adjacent watershed with different points of view (Figure 4): indicator 1: calculation of the distance between any points of the active channel and any point within the adjacent floodplain (Figure 4A,B); indicator 2: calculation of the distance between any points within the floodplain and the active channel (Figure 4C); indicator 3: calculation of the distance between any points of the active channel at one date and the same active channel at one other date (Figure 4D).



Note that the first indicator may be modified according to our goal. (i) If we are interested in the fluvial dynamics, we may calculate the distances between any points of the active channel and the margins of the floodplain (Figure 4A). By following this procedure for different dates, we can quantify the lateral migration of the active channel within the floodplain. (ii) If we are interested in fluvial risk management, with this first indicator, we may calculate the distance between any points of the active channel and any infrastructure built within the floodplain (Figure 4B).



2.1.1. Data Preparation


(i) Required Data. The calculation of the three indicators necessitates both spatial and temporal high-resolution images following regular monitoring. These images may be orthophotographs or very high-resolution satellite images. These images have to be georeferenced in a metric coordinate reference system such as UTM or any other national metric coordinate reference system.



(ii) Digitizing of the Active Channels. It is important to follow some basic rules when digitizing the active channels, which should be manually digitized as lines. The lines should be digitized at the middle of the active channel as it appears on the georeferenced images. In the case of large rivers (>30 m), it may be better to digitize rivers as surface and then calculate the centerline of this surface using GIS tools (such as «geometric attributes» in QGIS). The digitizing has to be completed from upstream to downstream. In the case the river is divided into multiple channels, such as braided rivers, it is better to digitize each channel individually. At this point, it is possible to digitize the active channels at different dates if the data are available. With this temporal dimension, it will be possible to follow the planform fluvial dynamics through time and the evolution of the hydrological risk. After the digitizing of the active channels, the lines should be converted to points. Indeed, the three indicators we develop require working with points and not directly with lines. We propose to extract a point for each meter along the active channel. For example, the plugin ‘interpolate point on line’ in QGIS allows us to extract regularly spaced points along a polyline in a very simple way.



(iii) Digitizing of the Floodplain Items. It is possible to digitize any items of interest (e.g., structures; riparian forest; urbanized, recreation or agricultural areas). In the case we are interested in fluvial dynamics, we may digitize the boundaries of the floodplain. These boundaries should only be the margins both of the right and left banks of the floodplain. In the case we are interested in risk management, we can digitize the infrastructure we want to protect. This infrastructure may be digitized as a point, a line or a polygon. However, if the infrastructure is first digitized as a line or a polygon, it should then be converted to points using the QGIS tool ‘polygon to line’, for instance. Then, regular points should be extracted from this line. We propose to extract a point every meter along the line or at the edge of the polygon of the infrastructure.




2.1.2. The Indicators


Figure 5 shows the workflow for the calculation of the three indicators.



(i) Indicator 1: Distance from Active Channel to Stakes or Floodplain Margins. This first indicator calculates the distance between any points of the active channel and any point within the floodplain. In order to quantify the temporal river dynamics, it is possible to calculate the distance between any points of the active channel and the floodplain boundaries. Thanks to this indicator, we can follow and quantify the lateral migrations of the active channels through time. The first step to build this indicator is to generate a raster proximity map indicating the distance from the center of each pixel to the floodplain boundaries. This may be completed by using the GDAL tool ‘gdal_proximity.py’ [45] interfaced in QGIS in the Raster menu ‘Proximity (Raster Distance’). The spatial resolution of this raster should be high. We recommend setting it to 1 m in order to be consistent with the points we have previously extracted along the active channel. Moreover, 1 m is an acceptable resolution because the active channels widen during floods and contract in between by much more, often by several tens of meters. This is what has been shown, for example, by the diachronic analysis of active channels in the French Southern Alps (Guil River) and on the foothills of the Montagne Noire (rivers Argent Double, Ognon and Clamoux; [46]). On this raster, the pixel values correspond to the distance between the pixel and the margins of the floodplain. For instance, a pixel with a value of 10 means that this pixel is 10 m away from the closest margin of the floodplain. The second step is to sample the value of this raster proximity map for each extracted point of the streams. In QGIS, we may use the ‘sample raster values’ tool. By performing this action, we know how far each point of the active channel is to the closest margin of the floodplain. In the case that we have the position of the river at different dates, we can quantify the lateral migration of the active channel.



From a perspective of risk management, we should now generate a raster proximity map indicating the distance from the center of each pixel to the infrastructure we want to protect in the floodplain. In this raster, the pixel values correspond to the distance between the pixel and the closest edge of the infrastructure to be protected. For instance, a pixel with a value of 10 means that this pixel is 10 m away from the closest edge of the infrastructure. Thanks to this indicator, it is possible to precisely identify the portions of the river which are less than a certain distance to the infrastructure. This indicator may help the river manager to identify the places where the building of embankments along the active channel can be relevant.



(ii) Indicator 2: Distance from Stakes to Active Channel. This indicator aims to calculate the distance between any points of the edges of any infrastructure and the active channel. It may help the river manager to precisely identify the places where it can be relevant to build a protection wall, for instance. The first step is to generate a raster proximity map indicating the distance from the center of each pixel to the channel. On this raster, the pixel values correspond to the distance between the pixel and the channel. For instance, a pixel with a value of 10 means that this pixel is 10 m away from the river. The second step is to sample the value of this raster proximity map for each point of the edges of the infrastructure. This indicator may help the manager to precisely identify which parts of the infrastructure should be protected. In the case that the position of the active channel is known for different dates, it is possible to follow the evolution of the vulnerability of the infrastructure through time.



(iii) Indicator 3: Diachronic Distance. This third indicator is used to quantify lateral migrations of the river through time. With this indicator, it is possible, for instance, to identify the sectors of the active channel which are highly unstable. This indicator is relevant only if at least two orthophotographs at two different dates are available. The first step is to choose one date as a reference. It may be the oldest one, for instance. Then, the raster proximity map indicating the distance from the center of each pixel to this reference channel should be generated. The second step is to sample the value of this raster proximity map for each extracted point of the channel of the second date. Finally, we obtain, for each point of the active channel of the second date, its distance to the active channel of the first date. A portion of active channel with a high distance means the river moved a lot in this sector. On the contrary, a portion of active channel with a low distance means the river did not move a lot in this sector.





2.2. The Metric Analysis Grid Approach


The analysis grid approach integrates the geographical variations of the active channel in the two-dimensional Euclidean space. After digitalization and georeferencing of the images, delimitation of the channel leads to manually digitize the riverbank boundaries as lines. The lines should be easily digitized when the riverbanks are not covered by tree vegetation. If the riparian forest or alluvial forest covers the riverbank, this creates a mask that does not allow us to see the edge of the river bank. After checking on the field (here, the Clamoux River), it turns out that the riverbanks can be delimited by passing by half of the first row of trees (semi-circles) bordering the active channel. Then, the study reach is rotated in order to obtain a rectangular area of investigation with a flow parallel to the X-axis as well as possible. A grid is created around the area of investigation with GIS software (for example, QGIS). The grid could be generated by vector calculation (with the QGIS ‘vector grid’ toolbox) or raster conversion (with the QGIS ‘vector to raster’ toolbox) with a sufficient resolution in comparison to the width/length of the studied reach. The resolution of the analysis grid is therefore the choice of the operator (Figure 6A). Here, we have chosen a metric analysis grid to follow the evolution of the two banks of the river between Year A and Year B in a 20 m × 40 m rectangular area of investigation. Each square (1 m × 1 m) occupied by the riverbank has been colored in red for the left bank and green for the right bank. Whatever the resolution choice, we recommend using an identical resolution for each survey of the monitoring.



The previous step of active-channel digitalization is used to characterize each grid cell by a specific code: 1 for the left bank, 2 for the right bank, 3 for the alluvial bar and 0 for all other objects (additional codes are possible to improve or complete the floodplain analysis by biological, hydrological, sediment or anthropogenic indicators). A classical selection by localization between the grid and geomorphological object (different riverbanks and alluvial bars) allows attributing the right code for each cell grid. The GIS database is then exported in a spreadsheet for different posttreatment as graphical output and indicator calculation. In order to avoid the case with more than one cell by column for the riverbank, the mean Y coordinate of the column is chosen to represent the unique Y coordinate of the column. The bank retreat/accretion is then calculated by the Y coordinate difference between Year B and Year A at each X unit. Careful attention is necessary to characterize the erosion or accretion in the function of the bank side and the flow direction. In our example, erosion of the left bank occurs for positive evolution, whereas accretion occurs for negative evolution and inversely for the right bank. Sometimes, the bank boundary passes through two superimposed squares. In this case, we take the average of the two squares for a diachronic comparison.



In the end, the evolution of the bank lines (or edge of the active channel) between Year A and Year B is reported on a histogram (Figure 6B) on which the measured bank sites (n = 40) are placed on the X-axis, and on the Y-axis, the values of erosion (bank retreat) or accumulation (bank accretion) for each of the two banks of the river. Reading the histogram of geomorphological adjustments of the channel between Year A and Yar B makes it possible to identify three types of river units: (i) units on which nothing is happening (no geomorphological change) between the two dates; (ii) units where there is a tendency to general retreat from the bank; (iii) and units where there is a tendency towards generalized accumulation. The entire histogram makes it possible to take into account both the lateral mobility of the channel as well as its longitudinal deformation. The difference in the number of alluvial-bar cells allows quantifying the longitudinal evolution of river deposits between Year A and Year B.



Regarding lateral mobility of the channel, we propose to apprehend it from a new indicator, i.e., the Lateral Mobility Rate (LMR; in %), expressed as:


LMR = ngc/n



(1)




where ngc is the number of sites having undergone geomorphological changes (bank retreat or bank accretion), and n is the total number of sites (or the number of cells counted in the bank edge). In the example chosen, LMR is equal to 28/40, or 70%, on the left bank, and 22/40, or 55%, on the right bank. In this case, the two banks are therefore mobile, and mobility is greater on the left bank (Table 2). The specific analysis of LMR by riverbank (left and right) makes it possible to see whether the river works more willingly on one of its banks or on both banks (and where possible, it will be necessary to voluntarily intervene and/or encourage the river to continue or to reduce its erosive activity).



It is then possible to calculate a sinuosity index and a braiding index. The sinuosity index (SI) is defined by [47] as the ‘channel length/straight-line valley length’ ratio. The braiding index (BI) corresponds to the average number of anabranches by section −1 [48]. In the proposed methodology, we adapted BI, which corresponds to the average number of anabranches by site −1 (here, n = 40).



One last clarification: the operator can choose to survey the values every meter, every 10 m, every 100 m, and so on. Therefore, the level of precision given to the study is the choice of the operator.





3. Applied Methodology


The case of low-energy single channels will not be developed in this paper because their low degree of evolution and slowness of morphological adjustments do not require that we modify the method classically used (i.e., diachronic analysis of equidistant cross-sections) to quantify the geomorphological evolution of the river channel. We will develop an example of a high-energy river characteristic of Mediterranean France. We show that the classic method (equidistant cross-sections) and the method proposed here do not lead at all to the same thing in terms of geomorphological monitoring and restitution of information to river managers. Below, we apply the proposed methodology to a river sector in a restoration context.



3.1. Study Area


We tested the ‘three indicators’ and the ‘metric grid approach’ in the Clamoux River, a left-bank tributary of the Orbiel River, which drains the Montagne Noire then the Minervois Piedmont in the Aude watershed (South of France; Figure 7). The Clamoux River (order 4, Strahler; length: 32.4 km; watershed area: 82 km2) is a confined, single-channel (plane bed or riffle pool) according to [49]. It was chosen as the test river for the proposed method for three main reasons. (i) It is a high-energy river, with a mean gradient of 3.2%, a Q100 1999 flood of 218 m3/s (for an annual mean discharge of 1 m3/s), which is typical of the intermittent Mediterranean river regime, with a bankfull, specific stream power of 280 W/m2 [2]. This high energy is explained by the boundary conditions of the watershed: high relief (1032 m; max. 1125 m–min. 93 m); Mediterranean climate favorable to flash floods from autumn to spring; the upstream part (mountain; schists) is marked by the rapid concentration (30 min) of water–sediment flows on the slopes (debris flows) and in the confined valley bottoms (hyper-concentrated flows); the downstream part (piedmont; molassic rocks) is characterized by water spreading and alluvial deposition in the floodplain when the river breaches its banks and structures, temporarily becoming a deconfined river. (ii) The Clamoux River experienced several extreme flash floods, including the November 1999 event (35 deaths in the South of France) and more recently, the February 2017 and October 2018 events. (iii) The Clamoux River has been the subject of restoration works since the creation in 2002 of the SMMAR—Syndicat mixte des milieux aquatiques et des rivières—the basin authority (EPTB) in charge of river management. These restoration works aim to let the river run its own course in zones where it has a tendency during each flood to bypass meanders (artificial channel pattern inherited from the seventeenth- to eighteenth-century embankments) and to open up new braided, active-channel segments. The SMMAR thus buys back the lands bordering the active channel from private owners. The goal is to control the river in its own freedom space, delimited by the stakes in the floodplain. The University of Paris/PRODIG Laboratory has been monitoring these restoration works on the field since the 1999 flood [1,2,50,51,52,53,54].



In the floodplain of the Clamoux River between the Aygadons Bridge and Villegly (Minervois piedmont), we digitized the active channel as it was in 1953, 2008 and 2018. This digitizing was carried out based on orthophotographs provided by the French Geographic Institute (IGN). The French national coordinate reference system (CRS) Lambert 93 (EPSG 2154) is used. It is a metric CRS. The floodplain boundaries were digitized based on field surveys and geological maps. A vineyard is located within the floodplain. In this example, this vineyard will be the infrastructure we want to protect (Figure 8).




3.2. Calculation of the Indicators


The starting point is to generate the different raster proximity maps. For indicator 1, from the perspective of fluvial dynamics study, the raster proximity map is calculated with the margins of the floodplain as the origin (Figure 9A). For indicator 1, from the perspective of risk management, the raster proximity map is calculated with the edges of the vineyard as origin (Figure 9B). For indicators 2 and 3, the raster proximity maps are generated using the location of the active channel in 1953 (Figure 9C) and in 2018 (Figure 9D).



3.2.1. Indicator 1: Distance from Active Channel to Stakes or Floodplain Margins


From a perspective of fluvial dynamics study, we sample the extracted points of the active channels with the raster proximity map to the margins of the floodplain (Figure 9A). By performing this action, we may know how far each point of the channel to the margins of the floodplain is. This sampling is completed for the two dates. Finally, this version of indicator 1 gives information about the migration of the channel within the floodplain through time. For instance, in the highlighted sector in orange (Figure 10A), the channel was around 8 m away from the closest margin of the floodplain in 1953, but around 50 m away in 2018. Thus, this sector can be considered as unstable. On the contrary, the sectors that present the same distances values in both 1953 and 2018 can be considered as stable.



In a perspective of risk management, we sample the extracted points of the channels with the raster proximity map to the margins of the edges of the vineyard (Figure 9B). By performing this action, we may know how far each point of the channel is to the margins of the edges of the vineyard. This sampling is completed for the two dates. Finally, this version of indicator 1 shows the most actives sectors (in terms of bank erosion) of the channels for the vineyard and their evolution through time. This version of indicator 1 may help the river manager to identify the sectors where it could be relevant to build an embankment along the channel. In Figure 10B, on the highlighted sector in orange, in 1953, the channel was around 20 m away from the vineyard, and in 2018, it was around 50 m away. Thus, we can consider that the lateral dynamics of the river for the vineyard has decreased in this sector. If we have data relative to the elevation of the different items of the floodplain, we may better interpret this indicator by taking into account the elevation.




3.2.2. Indicator 2: Distance from Stakes to Active Channel


For the calculation of indicator 2, we sample the extracted points of the edges of the vineyard with the raster proximity map to the channels at the different dates (Figure 9C,D). By performing this action, we may know how far each point of the edges of the vineyard is to the channel. This sampling is completed for the two dates in order to follow the evolution of the vulnerability of the infrastructure through time (Figure 11). Figure 11A shows the distance between each point of the edges of the vineyard and the channel in 1953. Figure 11B shows the distance between each point of the edges of the vineyard and the channel of 2018. The edge of the vineyard in the highlighted sector in orange was around 20 m away from the channel in 1953 and around 50 m away in 2018. Thus, we can consider that this edge became less vulnerable through time. This indicator may help river managers to identify which part of the infrastructure has to be protected by embankments, for instance.




3.2.3. Indicator 3: Diachronic Distance


For the calculation of this indicator 3, one channel should be chosen as reference. The oldest one may be chosen, for instance. Once this channel is chosen, the raster proximity map to this channel is generated (Figure 9C). Then, we sample each extracted point of the 2018 channel with this raster proximity map. By performing this action, we may know how far each point of the channel of 2018 is from the 1953 channel. This indicator clearly shows stable and unstable sectors. In Figure 12, the blue sectors are the sectors which moved a lot between 1953 and 2018. On the contrary, the white sectors are the sectors which did not move a lot between these two dates. The bluest part of the 2018 channel indicates that the channel in this sector moved around 50 m between 1953 and 2018.





3.3. The Metric Analysis Grid Approach


The Metric Analysis Grid Approach focuses on a 250 m sub-reach of the Clamoux River. Grid resolution is fixed to 1 m2 and was rotated 30° from the initial area of investigation (Figure 13). Only bank retreat/bank accretion on the channel margins is quantified (and not the alluvial bars) because of the relatively poor spatial resolution of the image in comparison to the channel width and masked area by the riparian forest.



Between 2008 and 2018, our method shows a clear general bank migration to the left side of the active channel with bank retreat (7.3 m on average) in the left bank and bank accretion (6.4 m on average) in the right bank. LMR indicator (92% for the left bank and 98% for the right bank; Table 3) highlights the longitudinal magnitude of riverbank evolution, which is similar on both sides and close to a total bank reworking. Lateral mobility (LMR) is slightly lower on the left bank due to the blockage of the active channel against the Pleistocene alluvial terraces bordering the floodplain.



These channel dynamics are controlled by the flood of February 2017 (62.7 m3/s; >Q50), which is responsible for a strong geomorphological adjustment, characterized by channel widening over 40 m in the study reach, as shown by field observation of the right bank position in February 2017; Figure 13). Due to the rapid vegetation recolonization in the right bank, the active channel of the Clamoux River in 2018 (before the October flood event) is not as wide as the active channel during the February 2017 flood. This process explains why sinuosity is higher after a morphogenic flood event, reflecting the stabilization of hydrodynamic conditions.





4. Discussion


4.1. New Indicators


The proposed three new indicators may help the scientist and the river manager to better understand the local hydrosystem and its temporal dynamics. These indicators are deduced from a manually calculated centerline. We have tested the automatic extraction of the centerline: it is not at all relevant at the moment because any software does not always know how to place the cross-section perpendicular to the river flow axis. Thus, we spend more time correcting these errors than drawing the centerline manually. Hence, the choice to draw a centerline manually.



The version of the first indicator calculating the distance from the streams to the margins of the floodplain at different dates gives information about the lateral migrations of the channels within the floodplain through time. The stable and unstable sectors are clearly highlighted. The version of the first indicator calculating the distance from the streams to the stake at different dates highlights the potentially dangerous parts of the streams. This version of the indicator may help the river manager to precisely identify the sectors where it could be relevant to build an embankment along the channel.



The second indicator calculating the distance from the stake to the streams at different dates highlights the evolution of the vulnerability of the stake through time. With this indicator, the river manager may identify the most vulnerable parts of the stake in order to possibly build a protection wall, for instance.



The third indicator focuses on the fluvial dynamics of the local system. It is useful to quantify the lateral migrations of the channels between two dates. This indicator highlights the stable and the unstable sectors without any information about the floodplain.




4.2. The Metric Analysis Grid in the Two-Dimensional Euclidean Space


The analysis of river segments using the metric analysis grid allows us to properly quantify the river dynamics in space-time. Figure 13 shows the superior quality of the results obtained with the metric analysis grid, compared to what we would have obtained using cross-sections. As shown by the classical approach, in the case of the Clamoux River, cross-sections could not allow us to properly quantify bank dynamics because (i) mean active-channel width (W) variations are very weakly negative (W = −0.33 m), which does not at all reflect the bank dynamics (i.e., right bank accretion and left bank retreat) perceived by the metric grid analysis, and (ii) the critical sites for bank management are not captured.



This metric analysis grid is a dashboard that is useful not only for scientists but also for river managers. In fact, in a river-restoration context, we need fairly detailed monitoring of the geomorphological readjustments produced by the river subjected to new boundaries conditions (removal of lateral constraints, increase in the energy slope, the channel width and braided index, decrease of sinuosity index, reactivation of sediment transport and alluvial forest development).



We strongly recommend annual monitoring in the case of a dynamic river (ω > 30 W/m2) in addition to a survey after a significant flood event. It is therefore necessary to plan one to several overflights of the studied area (drone, plane) to obtain images (photos, LIDAR). Monitoring campaigns should not be held during the growing season in order to limit vegetation hold on images.



This metric analysis grid constitutes a simplified approach to the geomorphological reality. A grid with a metric resolution (i.e., the resolution chosen here) indeed makes it possible to perceive geomorphological changes (e.g., bank retreat, bar accretion) within the active channel greater than 1 m. As part of a braided, active channel without strong human and/or material stakes, we are not within a meter. If this is the case, we must move to an engineering-type approach. Anyway, the analysis resolution can be adjusted by the operator depending on the precision desired. The grid does not prevent finer measurements on erosion processes, but the advantage is to bring geographical (systemic) dimensions of the active-channel functioning here. This systemic vision is what managers expect from researchers.



This method based on the metric grid also has the advantage of being able to survey the river banks without using images. In fact, the bank lines can be first surveyed with a GPS and then subsequently transferred to the metric grid. It can even be considered to transfer all types of field observations (geomorphology, sediment, vegetation, structures) directly to the grid.



This method assumes a good knowledge of the field and geomorphological processes because rivers are systemic, and it is not enough to observe erosion or deposition in such sites rather than others: we have to know how to interpret and predict the future of the river segments at +5 or +10 years at least (ideally +50 years). Only the understanding of geomorphological processes makes it possible to interpret our metric analytical grid and its use in the future.



About the braided index, the work can be improved concerning the quantification of the number of alluvial bars. However, for river restoration, this may be enough to identify sediment storage areas. This will be very useful (i) to alert that a river segment is being infilled, favoring the water overflow (inundation) by reducing the channel capacity, or on the contrary, (ii) to reassure that the alluvial transport is effective with good longitudinal/lateral connections within the watershed and that alluvial transport is slowed down in river reaches where there are no stakes, in order to avoid sediment deposits, for example, in urban areas exposed to a strong inundation risk.





5. Conclusions


We consider this work to help overcome the big difficulty of river managers, which is the monitoring of the active channels and parameters to be retained for good hydro-bio-sedimentary functioning. In fact, river managers generally call on researchers to help them understand how a river unit behaves after restoration works (e.g., after embankment removal). The river, if it is dynamic (ω > 30–100 W/m2), will then be capable of significant morphological adjustments (lateral mobility by bank erosion or avulsion in terms of planform variations; channel incision/aggradation) in the year of several meters or even much more. However, the managers are field workers, and very few of them have time to map the morphological changes they observe each day along the river. Furthermore, they know how to interpret the morphological adjustments of the river when they occur on a case-by-case basis. However, there too, the forward-looking vision of the ‘new’ river left to its own devices makes it difficult for them. In short, managers need help from scientists. For their part, geomorphologists understand that it is possible to transcribe these changes by monitoring the river geometry. In this paper, we have proposed a new method, which integrates the possibility of taking into account the precise deformation (both lateral and longitudinal) of the active channel, having previously noted the biases of existing methods in the literature and in practice. The main contribution of the metric analysis grid in 2D Euclidean space (Section 2.2 and Section 3.3) is precisely to provide a geographical (systemic) dimension within the framework of the observation and measurement of erosion processes along rivers. The cross-section surveys are too limited and imprecise for this in that they give a too local and discontinuous view of the river, in addition to not allowing the longitudinal deformation of the channel to be taken into account in dynamic river systems. The comparison of river surfaces on the scale of the floodplain is of no interest to the river managers because they are too general; they do not quantify changes at the scale of the river segment, river reach and geomorphic units. The introduction of the three new indicators based on accessible and easily reproducible GIS technics brings quantification about the dynamics of the local hydrosystem. This semi-automatic procedure of quantification makes it easier to follow the evolution of the system through time. May this work allow researchers and managers to make a precise annual (or after an event) diagnosis of river functioning. The sectors where the river is dynamic will be identified well and monitored, and they may be the subject of special attention faced to the stakes in the floodplain, which must be defended more or less strongly according to their nature (human, material). We will also be able to better understand the trajectories of the hydrosystems by the high-resolution analysis and monitoring of sectors that are regularly exposed to erosion or deposition. The proposed indicators may go beyond river-restoration issues. What we have proposed is ultimately interesting for any dynamic river segment, whether it is being restored or not.
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Figure 1. Typology of the recent evolution of rivers until the 2000s, just before their possible restoration. FDR = flood-dominated regime; DDR = drought-dominated regime; LFHM = low frequency, high magnitude. ①: Argent Double River, Mediterranean France [1,2]; ②: Guil River [3] and Ubaye River, Southern French Alps [4]; ③: Gila River, Arizona, USA [5]; ④: Barron River, North Queensland, Australia [6]; ⑤: Australian, NSW coastal rivers [7]; ⑥: Lower Bega River, New South Wales, Australia [8]; ⑦: Danube River, Austrian Machland region [9]; ⑧: Durance River, Southern French Alps [10]; ⑨: Swiss Rhône River [11]; ⑩: French Rhône River [12,13]; ⑪: Dore River, Massif Central, France [14]; ⑫: French Alpine rivers [15]; ⑬: Loire and Allier rivers, France [16]; ⑭: French Alpine and Pre-Alpine rivers [17,18]; ⑮: Isonzo River, Italy [19]; ⑯: French Alpine and Pre-Alpine rivers [20]; ⑰: Siret River, Romania [21]; ⑱: Waiau River, New Zealand [22]; ⑲: French Alpine and Pre-Alpine rivers [23]; ⑳: Upper River Spey, Scotland [24]; ㉑: Seine River, France [25] and Yerres River, a right-bank tributary upstream from Paris, France [26,27,28]. Causes of fluvial change. Type 1: Alternating phases of widening and narrowing of the active channels; Subtype 1a: Role of LFHM floods; Subtype 1b: Role of LFHM floods then introduction of exotic vegetation. Type 2: Progressive narrowing of (high to moderate energy) active channels, with some phases of acceleration of the phenomenon; Subtype 2a: Role of channelization then hydropower plants; Subtype 2b: Role of channelization and impoundments; Subtype 2c: Role of basin reafforestation, decreasing bedload supply and peak flows, riparian forest development, channel degradation, floodplain land-use changes, and flow regulation; Subtype 2d: Role of impoundments, and decreasing LFHM floods. Type 3: Progressive narrowing of low-energy active channels (role of closing secondary channels and bypass channels (mills), channelization, decreasing islands number, reservoirs and dams, and flow regulation. 
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Figure 2. Some examples of modern braided-river metamorphoses, which have been expressed, after channelization works, by shortening (Stage 2A) or lengthening (Stage 2B) their watercourse. River-restoration works in Europe since the 2000s (WDF) lead to finding the initial conditions of braided rivers (Stage 3A) or to achieving an intermediate fluvial style (e.g., wandering pattern) between braided and single channel (Stage 3B). 
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Figure 3. Mismatch of equidistant cross-sections. Diachronic monitoring of the watercourse development using cross-sections (A–G) surveyed perpendicular to the flow axis and equidistant and considering a river passing from meandering pattern (Stage 1) to straight pattern (Stage 2). The number of sections varies from one watercourse to another if the cross-section’s equidistance is respected. This method based on the comparison of equidistant cross-sections does not work as long as the channel varies in length over time. In any case, it is not possible to draw up cross-sections in the same place when the channel deforms laterally and longitudinally. 






Figure 3. Mismatch of equidistant cross-sections. Diachronic monitoring of the watercourse development using cross-sections (A–G) surveyed perpendicular to the flow axis and equidistant and considering a river passing from meandering pattern (Stage 1) to straight pattern (Stage 2). The number of sections varies from one watercourse to another if the cross-section’s equidistance is respected. This method based on the comparison of equidistant cross-sections does not work as long as the channel varies in length over time. In any case, it is not possible to draw up cross-sections in the same place when the channel deforms laterally and longitudinally.
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Figure 4. The three proposed indicators. Indicator 1 in a perspective of fluvial dynamics study is the distance from active channel to floodplain margins (A); Indicator 1 in a perspective of risk management is the distance from active channel to the edges of the stake (B); Indicator 2 is the distance from the stake to the active channel (C); Indicator 3 is the diachronic distance (D). 
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Figure 5. Workflow for the calculation of the indicator 1 (A), 2 (B) and 3 (C). 






Figure 5. Workflow for the calculation of the indicator 1 (A), 2 (B) and 3 (C).



[image: Applsci 11 08075 g005]







[image: Applsci 11 08075 g006 550] 





Figure 6. Riverbank retreat/accretion quantification with the metric grid approach (A). Graphical output of the riverbank retreat/accretion with the metric grid approach (B). 1: Left-bank evolution; 2: Right-bank evolution; 3: Longitudinal alluvial-bar scours and fills. Flow from left to right. 
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Figure 7. Location of the study area (Clamoux River, Aude watershed, Mediterranean France) (A). The Digital Elevation Model (DEM) (B) was deduced from the 2018 orthophotograph provided by the French National Geographic Institute (IGN). 
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Figure 8. The studied site (Aygadons Bridge) in the Clamoux River. 
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Figure 9. Raster proximity maps used for the calculation of the indicators along the Clamoux River. Raster proximity map of the floodplain margins (A); raster proximity map of the edges of the vineyard (B); raster proximity map of the 1953 active channel (C); raster proximity map of the 2018 active channel (D). 
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Figure 10. Indicator 1 in a perspective of fluvial dynamics study (A) and in a perspective of risk management (B) in the Clamoux River. 
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Figure 11. Indicator 2. Distance between the edge of the vineyard and the 1953 active channel (A); distance between the edge of the vineyard and the 2018 active channel (B) of the Clamoux River. 
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Figure 12. Indicator 3. The distance to the 1953 active channel of the Clamoux River is associated with each point of the 2018 active channel. 
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Figure 13. Geomorphological changes of the active channel of the Clamoux River between 2008 and 2018 (i.e., after the 2017 February flood and the 2018 October flood). Comparison between the metric grid analysis developed in this paper and the ‘classic’ method based on the diachronic cross-section analysis. 
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Table 1. Recent geomorphological change of rivers subdivided in three stages. (++) high; (+) moderate; (−) low; (o) zero.
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Stage 1

	
Before Significant Functionalization of Rivers (<18th–19th century)






	

	
Channel lengthening/shortening




	
High-energy rivers (ω > 30 W/m2)

	
++




	
Low-energy rivers (ω < 30 W/m2)

	
-




	
Stage 2

	
Before Embankment Removal Associated to River Restoration




	

	
Channel lengthening/shortening




	

	
Natural context (not constricted)

	
Artificialized context (channelized)




	
High-energy rivers (ω > 30 W/m2)

	
++

	
o




	
Low-energy rivers (ω < 30 W/m2)

	
-

	
o




	
Stage 3

	
After Embankment Removal Accompanying River Restoration




	

	
Channel lengthening/shortening




	

	
Natural context (not constricted)

	
Artificialized context (channelized)




	
High-energy rivers (ω > 30 W/m2)

	
++

	
+/++




	
Low-energy rivers (ω < 30 W/m2)

	
-

	
-
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Table 2. Application of the LMR indicator (A) and the braiding index (B) from the theoretical study case.
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A

	
Lateral Mobility Rate (LMR)






	

	
Left bank

	
Right bank




	
Number of cells with geomorphological change (ngc)

	
28

	
22




	
Number of cells counted in X-axis (n)

	
40

	
40




	
LMR (in %)

	
70

	
55




	
B

	
Braided Index (BI)




	
Year A

	
0.65




	
Year B

	
0.75




	
BI evolution (in %)

	
13.3
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Table 3. Application of the LMR indicator from the study case (Clamoux River).
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Lateral Mobility Rate (LMR)






	

	
Left bank

	
Right bank




	
Number of cells with morphological change (ngc)

	
190

	
201




	
Number of cells counted in X-axis (n)

	
206

	
206




	
LMR (in %)

	
92

	
98
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