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Abstract  17 

1 – Rejuvenation operations are often conducted in rivers to manage vegetation encroachment and 18 

balance biodiversity benefits and flood risks. Understanding the drivers of vegetation recruitment and 19 

establishment is necessary to implement these operations but requires monitoring at spatial and 20 

temporal scales that are suited to pioneer riparian environment. 21 
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2 – Bi-yearly drone surveys were used to retrieve the trajectory of pioneer vegetation in a six 22 

kilometres reach of the Isère River (France) following rejuvenation operations. Visible images acquired 23 

at the beginning and the end of six consecutive vegetation periods were classified using a convolutional 24 

neural network and changes in vegetation cover through time were characterized using spatial 25 

operations across dates.  26 

3 – Vegetation encroachment in the reach was driven by patch expansion and presented a high inter-27 

annual variability. Provided environmental conditions were favourable, vegetation could cover 20% of 28 

bar surfaces in a two-year period following rejuvenation actions. Vegetation destruction in the reach 29 

was on the other hand mainly driven by vegetation clearing operations.    30 

4 – Vegetation recruitment was found to be mainly driven by the hydrological conditions during the 31 

seed dispersal and germination period in May and June. Prolonged bar submersion for flow levels 32 

starting at 125 m3.s-1 led to lower recruitment while prolonged dry periods were instead favourable to 33 

vegetation encroachment. Under favourable hydrological conditions, recruitment mainly occurred in 34 

areas that were covered by fine sediments or water at the beginning of the vegetative period.  35 

5 – Spring and winter floods did not result in significant vegetation destruction when plants had a least 36 

a year to establish. The surfaces of vegetation destroyed by the Isère River was always lower than the 37 

net gain in vegetation cover for each period, and the only spike in vegetation destruction occurred 38 

when most vegetation in the reach was less than one year old. 39 

6 – Synthesis: Summer hydrology played a key role in vegetation encroachment in the reach by 40 

providing either favourable (i.e., prolonged dry periods and no high flows late June) or unfavourable 41 

conditions for vegetation recruitment and establishment. Timing eco-morphogenic releases to sustain 42 

submersion could help prevent encroachment. 43 
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1. Introduction.  48 

River functioning has been altered worldwide by a wide range of pressures such as land use change, 49 

damming, and channelization (Belletti et al., 2020; Entwistle et al., 2019; Grill et al., 2019). By modifying 50 

the flow and sediment regimes of rivers, human activities have resulted in widespread changes in river 51 

geomorphology (Liébault and Piégay, 2002; Surian and Rinaldi, 2003), with impacts on riparian zones 52 

and related plants communities (Corenblit et al., 2007; Gurnell et al., 2012). In many regulated rivers, 53 

loss in lateral and vertical connectivity led to changes in species assemblages (Breton et al., 2023; 54 

Janssen et al., 2021), in plant health (Godfroy et al., 2023) and in the dynamic of riparian habitats 55 

(Comiti et al., 2011; Serlet et al., 2018). While riparian vegetation can provide ecosystem services that 56 

benefit biodiversity and human activities (Riis et al., 2020), the development of vegetation in river 57 

corridors can also lead to changes in roughness, facilitating fine sediment deposition that increase 58 

flooding risk, notably in embanked reaches (Vargas-Luna et al., 2015). In such a context, managing 59 

riparian vegetation through rejuvenation operations is required. These operations comprise 60 

vegetation clearing and bar reprofiling, by lowering topographic levels and exporting fine sediments. 61 

While such operations can benefit pioneer riparian plants communities (Janssen et al., 2023), 62 

questions remain about the sustainability of these operations and the habitats that have been 63 

recreated. This is especially true for highly-anthropized rivers where changes in flow and sediment 64 

regimes led to rapid vegetation recruitment and establishment (Comiti et al., 2011; Serlet et al., 2018).  65 

Pioneer stages of riparian vegetation are shaped by hydrological and geomorphological drivers 66 

(Corenblit et al., 2014; Karrenberg et al., 2002; Mahoney and Rood, 1998; Stella et al., 2006). For 67 

example, flow pulses during the growing season have been shown to lead to seedling mortality and 68 

reduced survival for the Salicaceae (Carter Johnson, 2000; Dixon, 2003; Stokes, 2008). However, these 69 

drivers often interact at multiple spatial and temporal scales, and it remains challenging to understand 70 

their relative importance and threshold effects associated with them (but see Corenblit et al., 2024a; 71 

Pasquale et al., 2014; Stokes, 2008). This requires monitoring and assessing the trajectory of riparian 72 



5 
 

communities following rejuvenation operations over large spatial and temporal extend. Nevertheless, 73 

such high frequency monitoring, covering entire river reaches, has very rarely been possible using field-74 

based approaches (González et al., 2015). Furthermore, although ex situ experiments have successfully 75 

identified the drivers influencing seed germination, such as air temperature and substrate moisture 76 

(Chen et al., 2013; Van Splunder et al., 1995), they cannot incorporate the effects of flow regime and 77 

geomorphic changes. Advances in remote sensing over the past decades are promising for high 78 

frequency monitoring of vegetation recruitment and establishment over large and continuous spatial 79 

extents (Corenblit et al., 2024b; Huylenbroeck et al., 2020; Piégay et al., 2020; Viles, 2016).  80 

Components of riparian vegetation has been extracted from imagery for three decades now, using 81 

increasingly-advanced image processing techniques (Carbonneau et al., 2020; Dufour et al., 2012). 82 

Satellite time-series (i.e., with a coarse spatial resolution but a dense temporal resolution) have been 83 

used to investigate the links between vegetation dynamics and hydrology. Combining field monitoring 84 

and Landsat data on the Yangtze River (China) for 20 years, Mei et al. (2025) demonstrated a rise in 85 

vegetation cover following reduced flow conditions and shortened submergence periods associated 86 

with active restoration efforts to promote vegetation development. On the Po River (Italy), Nones et 87 

al. (2024) also used Landsat data to show that the trend toward vegetation encroachment was linked 88 

to interactions between past human pressures and climate change, resulting in longer and more 89 

frequent dry periods. The role of floods in vegetation destruction was furthermore highlighted using 90 

ASTER satellite data on a reach of the Tagliamento River (Italy), where contrasting responses of riparian 91 

vegetation to flooding, based on differences in vegetation vigour, were highlighted (Bertoldi et al., 92 

2011a). However, while satellite data provides critical insights on how vegetation responds to changes 93 

in flow regimes, they are limited by their low spatial resolution. This may induce a mismatch between 94 

the year of recruitment and a year of detection and can prevent a finer scale understanding of the 95 

ecological processes driving these trends from year to year.  96 
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At a finer spatial resolution, studies were conducted using aerial images from airplanes and drones. 97 

Time-series of historic aerial images were used to retrieve similar trends as satellite observations, for 98 

example with studies on vegetation development on the Isère River being able to go back to the 1930s 99 

(Serlet et al., 2018; Vautier et al., 2002). While the temporal depth of these datasets is appealing, their 100 

temporal resolution is often poor with gaps of multiple years between surveys. On the other hand, 101 

yearly surveys over smaller time-periods were able to shed light on the ecological and hydrological 102 

processes behind vegetation recruitment and establishment. On the Drome River (France), Räpple et 103 

al. (2017) used yearly aerial images to link recruitment with hydro-climatic drivers such as flow timing 104 

and intensity. Low flows and high temperatures following a reset of bare surfaces by floods were 105 

favourable to patch recruitment and expansion as there were no scouring floods both following seed 106 

dispersal and the winter. In addition, Maeda and Miyamoto (2025) used vegetation maps from UAV 107 

surveys acquired for 5 years on the Kinu River (Japan) to build a model predicting vegetation 108 

recruitment following a flood. They tested biological, hydrological and geomorphological predictors 109 

and showed that the presence of vegetation before the flood was one of the best predictors of 110 

vegetation recruitment, highlighting the role of biological processes related to resprout from plant 111 

fragments. However, there is still often a mismatch between the temporal and spatial resolution of 112 

the data used to monitor riparian vegetation and the ecological processes driving recruitment and 113 

establishment, as surveys using one image per year or less are very sensitive to acquisition timing.  114 

Following multiple studies documenting rapid vegetation encroachment in the Isère River due to past 115 

and ongoing human pressures (Corenblit et al., 2020; Serlet et al., 2018; Vautier et al., 2002), the local 116 

stakeholders conducted rejuvenation operations over a 6 km reach, and acquired bi-yearly data to 117 

monitor vegetation response over a period of 7 years. The goal of this monitoring was to further our 118 

understanding of the processes behind vegetation development in the reach and to objectify when 119 

maintenance work is needed. This provides a unique framework to investigate the response of riparian 120 

vegetation to these actions and the hydrological drivers of vegetation dynamics in this reach. 121 

Therefore, in this paper, we (i) train a convoluted neural network to classify a bi-yearly time-series of 122 
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drone aerial images acquired over this reach, (ii) document the trajectory of vegetation patches (i.e., 123 

recruitment, lateral growth, destruction, resprouting) during six consecutive vegetative seasons 124 

following rejuvenation operations and (iii) test the effects of surface grain size, bar submersion and 125 

flooding on vegetation recruitment, establishment and destruction.  126 

 127 

2. Study site. 128 

The study was conducted on the Isère River, which is located in south-eastern France and is one of the 129 

main tributaries to the Rhône River (the mean annual flow at Grenoble is 178 m3.s-1, the total length 130 

is 286 km and the catchment area is 11.890 km²) [Figure 1]. The natural hydrological regime of the 131 

river was governed by snow and glacier melts with high flows from May to June (Vivian, 1969). The 132 

flow regime of the Isère River has been altered since the 1950s, increasing low flows during winter and 133 

reducing high flows during summer (Serlet et al., 2018; Vivian, 1994).  134 

The floodplain of the river was strongly modified since the end of the 19th century. The initial braided 135 

river was first channelized and artificially confined in an embanked channel along its entire length. 136 

Most of the floodplain has been converted into agricultural and urban areas. In the latter half of the 137 

20th century, sediments were intensively extracted in the main channel and the construction of dams 138 

and water bypasses modified the flow regime.  139 
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Figure 1. – Location of the study reach in France and on the Isère River. 140 

Following channelization and until the 1950s, the fluvial style of the Isère River was characterized by 141 

alternate bare gravel bars. During high flow periods, those bars were eroded upstream and sediments 142 

were deposited downstream, leading to downstream bar migration that stopped plant succession at 143 

early pioneer stages (Didier, 1994). Geomorphic activity then progressively slowed following sediment 144 

extraction and damming, and vegetation encroachment and bar accretion was observed. Several 145 

studies were previously conducted to understand the drivers of vegetation encroachment. Vautier et 146 

al. (2002) noted an increase in the area of the vegetation in a reach of the Isère river from 5% in 1970 147 

to 20% in 1996, which they attributed to changes in surface grain size and sediment transport. Serlet 148 

et al. (2018) analysed the timing of vegetation encroachment and the associated changes in bar 149 

morphology and mobility. They concluded that encroachment occurred following hydropower 150 

development and sediment mining in the studied reach and resulted in the formation of elongated and 151 

non-migrating bars. More recently, Corenblit et al. (2020) investigated the statistical relationship 152 

between vegetation successions and geomorphological variables at the bar level such as bar planform, 153 
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bar topography and fine sediment depth, obtained using time-series aerial images coupled with a field 154 

survey.   155 

Our study covers a reach of about 6 km located in the Combe de Savoie, between the Grésy bridge and 156 

the confluence of the Isère and Arc rivers [Figure 1]. In this reach, the local river manager (SISARC) has 157 

carried out massive vegetation clearing and sediment removal operations to mitigate flood risk and 158 

recreate pioneer environments. Specifically, the reach was rejuvenated by removing woody vegetation 159 

and fine sediments from the bars and reshaping them to an elevation that favours frequent 160 

submersion. The rejuvenation work was conducted in three phases: (i) in the downstream portion of 161 

the study site in 2017, (ii) the upstream portion of the study site in 2018 and (iii) on two vegetated bars 162 

that had not yet been rejuvenated in winter 2021–2022 [Appendix F1A]. Since then, maintenance work 163 

(i.e., removal of vegetation and reshaping of bars without exporting fine sediments) has been carried 164 

out on two bars downstream the study reach in April 2021 [Appendix F1B] and on the bar located at 165 

the Grésy bridge in winter 2021–2022 [Appendix F1C]. 166 

 167 

3. Materials & Methods. 168 

3.1. Remote sensing surveys and hydrological data. 169 

Aerial visible images were acquired over the study reach each year between 2018 and 2023 by local 170 

stakeholders in order to investigate the processes behind vegetation development in the reach and to 171 

objectify when maintenance work is needed. For each year, two surveys were mobilized: one close to 172 

the beginning and one close to the end of the vegetation period [Appendix T1]. For each survey, a DJI 173 

Phantom 4 drone was flown at ≃ 95 meters height over the active channel and sampled light in three 174 

spectral bands: red, green and blue. After the flight, all images were processed by the stakeholders 175 

using Agisoft Metashape in order to create an orthomosaic of the study site. The planimetric accuracy 176 

of the images was assessed both visually and using 46 permanent ground control points located near 177 

the roads on the embankments. We used these post-processed images for the analysis. 178 
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Hydrological data was retrieved using three different gauging stations upstream the study reach (data 179 

available at https://hydro.eaufrance.fr/). Due to multiple gaps in data availability, two different time 180 

series were created: 1) the data from the Grignon station on the Isère River 14 km upstream the study 181 

reach was extracted for the 2021–2023 period; 2) the data from the Conflans station on the Isère River 182 

and from the Venthon station on the Arly River were used to reconstruct a hydrological series for the 183 

2018–2023 period. The data from each of these stations was aggregated on an hourly timestep and 184 

the daily mean discharge was calculated. The hygrogram for the aggregated time-series, along with 185 

the dates of all aerial images is presented on Appendix F2.  186 

3.2. Image classification.  187 

Images were first classified using a simple convolutional neural network (CNN) with seven hidden 188 

layers with ReLu as the activation function and of descending spatial size, and a final fully-convolutional 189 

layer used to predict the classes. 190 

A training dataset was built by manually digitizing 125 regions of interest (ROI) for five classes (i.e., 25 191 

per class) on each image: vegetation, fine sediments, coarse sediments, water and shadows. All classes 192 

were identified visually using photo-interpretation. Training and validation points were randomly 193 

sampled in each ROI with an 80-20 split using the st_sample function of the sf package for the R 194 

processing software (Pebesma, 2018; R Core Team, 2023) to obtain 10 000 training points and 2 500 195 

validation points per image. Images were normalized and 16x16 training and validation patches were 196 

extracted using the Orfeo Toolbox meets TensorFlow (OTBTF) module built on Orfeo Toolbox and 197 

TensorFlow (Cresson, 2019). Patches from each image were combined to create a single training 198 

dataset for all images (totalling 120 000 training patches and 30 000 validation patches) and were used 199 

to train and validate a single neural network. 200 

To further assess the accuracy of the two sediment classes, we used field measurements that were 201 

acquired as a part of the monitoring plan implemented by the stakeholders. Five surveys spanning 202 

multiple days were conducted between 2021 and 2023 but were not synchronous with the flights. For 203 

https://hydro.eaufrance.fr/
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each date, the sand-silt cover of six bars was surveyed by using a 5x5 meters grid and a visual 204 

assessment of the relative proportion of fine sediments (i.e., sands and silts) deposited above gravel 205 

in a 50 cm radius around each point of the grid (i.e., between 2273 and 2845 points per date). The 206 

relative proportion of fines was assessed using six discrete classes: 0–5%, 5–25%, 25–50%, 50–75%, 207 

75–95% and 95–100%. For each of these points, the relative proportion of the fine sediments class 208 

compared to the coarse sediments class (i.e., not counting surfaces that were classified as shadows or 209 

vegetation) was calculated in the 50 cm radius using the closest image available. The relative 210 

proportion of fine sediments from the classified images and from the in-field surveys were then 211 

compared for each field–image couple. 212 

 213 

3.3. Patch extraction and semantic classification of change. 214 

To create change maps between each date, the vegetation class was vectorized and gravel bars were 215 

manually digitized at low flow conditions each year (i.e., at the end of summer). This layer was used as 216 

a mask to remove the vegetation on the riverbanks, that overhangs above the active channel, and the 217 

biofilm cover which develops in side channels and shallow water areas. Vegetation patches were then 218 

extracted by keeping all polygons with an area > 2 meters (Räpple et al. 2017) and trends in vegetation 219 

cover at the pixel level and at the patch level were compared. 220 

Spatial operations were used on vegetation patches to provide insights on vegetation changes. 221 

Intersections and differences across layers from the most recent to the oldest were used to extract the 222 

previous geometry of each vegetation patches and assign changes to four states: 223 

(a) Recruitment: defined as the appearance of a vegetation patch that did not intersect a 224 

vegetation patch at the end of the previous vegetative season;  225 
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(b) Lateral growth: defined as the difference between the spatial extent of a vegetation patch at 226 

the end of the current vegetative season and the spatial extent of all patches it intersects (n > 227 

1) from the end of the previous vegetative season;  228 

(c) Resprouting and annual plants: defined as vegetation that was already present at the end of 229 

the previous vegetative season but not at the beginning of the current vegetative season; 230 

(d) Removal: defined as vegetation that was present at the end of the previous vegetative season 231 

but is not present anymore at the end of the current vegetative season; 232 

 233 

3.4. Analysis framework.  234 

Vegetation dynamics were assessed at the reach scale. For each year, the surface area corresponding 235 

to each vegetation state was calculated in order to assess trends in vegetation cover. To control for 236 

the effects of changes in hydrology and overbank fine sediments cover across dates, the area of the 237 

digitized gravel bars and the proportion of both vegetation and fine sediments on the bars were also 238 

extracted for each year. In addition, vegetation dynamics were further assessed by exploring the 239 

longitudinal vegetation encroachment pattern using a spatially-continuous segmentation of the river 240 

reach into successive discrete river segments of 100 m long (Alber and Piégay, 2011). This process was 241 

achieved using the segmentation algorithm of the Fluvial Corridor Toolbox (see Rousson and Dunesme, 242 

2024; Roux et al., 2015).  243 

Three variables were then investigated as potential drivers: the initial state of new vegetation pixels, 244 

the time since the last rejuvenation operation and hydrology.  245 

To identify the initial state of each vegetation pixels (i.e., the class at the beginning of the season), 246 

change rasters were produced for each vegetation season. Each time, the vegetation layer was 247 

reclassified using the change states to obtain initial information for each state. The difference in bar 248 

geometry between dates due to the higher flows at the beginning of the season was accounted for by 249 
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reclassifying as “water” all pixels that were in the spatial extent of the bar at the end of the season but 250 

not at the beginning.  251 

To understand the effects of rejuvenation operations on vegetation encroachment, the relative area 252 

of vegetation on the bars was assessed each year depending on the time since the last operation. 253 

Intersection and difference operations between years were used to obtain a map of surface age from 254 

the last clearing operation.  255 

To link hydrology and vegetation recruitment, we calculated the number of days during the seed 256 

dispersal period for which the daily mean discharge exceeded different ecological thresholds. We 257 

started with an initial threshold of 125 m3.s-1 that had been previously identified by Jourdain (2017) as 258 

the (critical) discharge for which bar coarse sediments was entrained on sparsely-vegetated bars 259 

before the rejuvenation work was conducted in the reach. We iterated on this initial threshold with a 260 

10 m3.s-1 step and across a range of ± 30 m3.s-1 and determined the coefficient of determination of the 261 

relationship between the area of recruited patches and the number of days the threshold was 262 

exceeded. Based on field observations, the May–June period was selected for the recruitment of the 263 

Salicaceae species present in the study site.  264 

To link hydrology and vegetation destruction, the values of the “Removal” vegetation class were first 265 

adjusted by removing polygons that were overlapping with the spatial extent of rejuvenation and 266 

maintenance operations in the reach. For each hydrological period (Pi) corresponding to an 267 

observation of vegetation destruction (i.e., between two end-of-summer acquisitions), we calculated 268 

the excess flow power of flood peaks (Arnaud et al., 2017; Bagnold, 1966). For this, we selected a 269 

critical discharge value of 200 m3.s-1 based on the current discharge range targeted by stakeholders for 270 

dam flushing and releases (200–250 m3.s-1) and whose current aim is to promote erosion and 271 

sedimentation processes in the reach. We also summed the number of hours where Qmean ≥ 200 m3.s-272 

1 for each hydrological period. Two variables were calculated for the excess flow power: 273 
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- (i) The excess flow power per unit area (ω𝑚𝑎𝑥  −  ω200, in W.m-2) defined as  
𝜌𝑔(𝑄𝑚𝑎𝑥 – 𝑄200)𝑆

𝑤
, 274 

where ρ is the water density equal to 1000 kg.m-3, g is the acceleration due to gravity equal to 275 

9.81 m.s-2, Qmax is the maximum hourly discharge within Pi, Q200 is the discharge equal to 200 276 

m3.s-1, S is the channel slope of the reach equal to 0.0019 m.m-1, and w is the median active 277 

channel width equal to 95 m; 278 

- (ii) The sum of the unit excess flow power for flood peaks (∑ (ω𝑚𝑎𝑥 −  ω200)
𝑃𝑖 , in W.m-2) 279 

defined as  ∑
𝜌𝑔(𝑄𝑓 – 𝑄200)𝑆

𝑤

𝑃𝑖 , where Qf are the hourly peak discharges of each event summed 280 

within Pi.  281 

 282 

4. Results.  283 

4.1. Classification accuracy.  284 

A single classifier was trained to process all images in the time-series and reached an overall accuracy 285 

of 0.97 and a kappa index of 0.97 on the validation data. The confusion matrix [Appendix T2] suggests 286 

that confusion between classes occurs mainly between the fine sediments class and either the coarse 287 

sediments class or the water class. Visual inspection of the classified images shows the limitations of 288 

the trained classifier, which is sensitive to changes in the properties of the water column [see Appendix 289 

F3 for details]. 290 

Comparison of the fine sediments class with in-field observations shows that the proportion of fine 291 

sediments on bar surfaces tends to be underpredicted by classifier [Appendix F4]. For two of the five 292 

surveys (A and C), a 75–95% cover in the field was estimated at around 50%, while it was estimated at 293 

around 75% for the three other surveys (B, D, E). On average, when fine sediments cover was lower 294 

than 50% in the field, the proportion of pixels classified as fine sediments was lower than 10%. 295 

Therefore, pixels classified as fine sediments are mostly coherent with in-field observation of surfaces 296 

dominated by fine sediments and not with coarser materials or a mix of fine and coarse material.  297 
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 298 

4.2. Riparian vegetation dynamics at the reach scale.  299 

Vegetation cover was initially low following the two years of clearing operations and started to increase 300 

in 2019 [Figure 2a]. Maintenance work during winter 2020–2021 and winter 2021–2022 led to a 301 

reduction in vegetation cover but the system recovered to pre-maintenance state in a two-year 302 

timeframe. During the study period, vegetation cover increased by a factor of five, reaching its highest 303 

value at the end of summer 2023.  304 

Figure 2. – Evolution of A) vegetation cover in the study site for all pixels classified as vegetation on 305 

the bars and for vegetation patches, B) bar surface area (i.e., bare and vegetated) and C) the 306 

proportion of bar surface area occupied by vegetation, vegetation patches or fine sediments. 307 
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 308 

The bi-yearly trends in vegetation cover are similar between all pixels classified as vegetation and 309 

vegetation patches (i.e., area ≥ 2m). Each year, vegetation cover increases due to growth and 310 

recruitment during the vegetative period and decreases during the off-season, either due to the death 311 

of plant with an annual life cycle, destruction, submersion, burial, or a lack of detection at the 312 

beginning of the vegetative period.  313 

At the same time, bar area varied seasonally with higher area (≃ 250 000 m² (± 10%)) at the end of 314 

vegetative periods, when the flow level is lower [Figure 2b]. It was highest following rejuvenation and 315 

maintenance operations in 2022. Overall, vegetation encroachment covered 15% to 20% of bar 316 

surfaces starting from the end of the 2019 vegetative season to the maintenance operations that 317 

cleared vegetation on targeted bars [Figure 2c]. Those operations resulted in a drop of encroachment 318 

to around 5% but it rose again to 20% of bar surfaces at the end of summer 2023.  319 

Fine sediments surfaces covered between 20% and 40% of the total area of bars in the reach [Figure 320 

2c]. Fine sediments cover was higher at the beginning of the vegetative season than at the end. They 321 

occupied around 35% of bar surfaces on average between 2018 and 2021 and dropped between 20% 322 

and 25% of bar surfaces starting the end of the 2021 vegetative season to the end of the survey period. 323 

Fine sediments cover reached a maximum of near 50% at the beginning of the 2019 vegetative season. 324 

Spatializing the distribution of vegetation encroachment along the study reach [Figure 3] shows a 325 

coherent increase in the proportion of vegetation on the bars for years where increases in overall 326 

vegetation cover occurred.  327 
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Figure 3. –  Vegetation encroachment on bars along 100 meters segments. When the proportion of 328 

vegetation on the bars in a DGO is between 0% and 5%, values are shown in dark grey instead. 329 

At the beginning of the study period, vegetation was located on two vegetated bars that had not been 330 

cleared during the initial rejuvenation work, and on an island downstream our study site [Figure 3]. 331 

Vegetation recruitment in 2018 occurred mainly in the downstream-most section – the first one to 332 

undergo clearing work. Vegetation encroachment then increased on all gravel bars during summer 333 

2019. The effects of targeted maintenance work to remove vegetation are visible near the confluence 334 

in 2021 (near 5500 m in Figure 3) and on the two initially vegetated bars in 2022 (near 1500 m and 335 

3500 m in Figure 3). At the end of the study period, most of the river reach is covered by vegetation, 336 

with vegetation encroachment reaching more than 50% of the immerged bar surface in some of the 337 

river segments.    338 

The temporal resolution of the data allowed for the distinction of changes of vegetation into different 339 

states [Figure 4]. Recruitment of new vegetation patches was the highest during 2023 and 2019. The 340 

third highest year for patch recruitment was 2022, for which recruitment was still 2 to 3 times higher 341 

than in 2018, 2020 and 2021. Patch growth was the highest in 2023 and 2019 and was also high the 342 

years following high patch recruitment. The area from the lateral expansion of vegetation patches was 343 
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always higher than the one from appearing patches. The resprouting state reached a higher surface 344 

area than recruitment in 2020 and 2021. Partial or total destruction of vegetation patches was the 345 

highest during winter in 2019–2020, 2020–2021 and 2021–2022. The removal of vegetation due to 346 

maintenance work in 2021 and 2022 accounted for 75% and 91% of the loss in vegetation area 347 

respectively.  348 

Figure 4. – Evolution of the surface area of all four different vegetation states each year in the study 349 

site: vegetation growth, vegetation recruitment, vegetation removal and vegetation resprout. The 350 

data shown is extracted from the spatial and temporal analysis of the vegetation patches. 351 

4.3. Drivers of riparian vegetation recruitment, establishment and destruction.  352 

The initial state of each pixel at the beginning of the vegetation period was investigated for all pixels 353 

identified as patch recruitment or patch growth [Table 1]. Although the total changes in vegetation 354 

area were different between years, recruitment was the highest (40%–60%) on the fine sediments 355 

class, with two exceptions: during the first and the last years of the study period. In 2018, recruitment 356 

occurred (73%) where sparse vegetation was already present at the end of June, whereas in 2023 357 

recruitment mainly occurred (63%) in areas that were initially submerged. The trend was similar for 358 

patch growth, but with a lower relative proportion of pixels from the fine sediments class and a higher 359 
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relative proportion from sparse vegetation pixels (> 20% for all years besides 2023). Pixels classified as 360 

fine sediments were also the ones that became vegetated the most. Around 15% to 40% of fine 361 

sediments pixels in the spatial extent of the bars turned into vegetation at the end of the season, a 362 

higher value than for both the coarse sediments pixels and water pixels combined. Following the 363 

previously observed trends, inundated bar areas in spring 2023 were the ones that turned into 364 

vegetation the most. While up to 20% of vegetation was recruited on the coarse sediments class in 365 

2022, less than 5% of the coarse sediments surfaces became vegetated at the end of summer. 366 

Recruitment on already vegetated pixels during spring occurred mostly in 2018, 2021 and 2022, years 367 

for which the first available image was later during the season: near the end of June.  368 

  2018 2019 2020 2021 2022 2023 

R
e

cr
u

it
m

e
n

t 
fr

o
m

 

Fines 1% 63% 58% 49% 58% 19% 

Coarse 0% 16% 9% 7% 22% 11% 

Vegetation 73% 5% 16% 38% 9% 6% 

Water 26% 15% 15% 5% 11% 63% 

G
ro

w
th

 f
ro

m
 

Fines 1% 58% 48% 42% 53% 35% 

Coarse 0% 6% 5% 3% 12% 8% 

Vegetation 96% 21% 36% 47% 26% 15% 

Water 3% 14% 7% 3% 8% 38% 

Fi
n

es
 t

o
 

Vegetation patch 0% 24% 17% 7% 15% 38% 

Sparse 

vegetation 
0% 3% 2% 2% 3% 3% 

C
o

ar
se

 t
o

 

Vegetation patch 0% 4% 2% 1% 2% 5% 

Sparse 

vegetation 
0% 2% 1% 0% 1% 2% 
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W
at

e
r 

to
 

Vegetation patch 0% 7% 4% 1% 1% 14% 

Sparse 

vegetation 
1% 2% 2% 2% 1% 5% 

Table 1. – Class transitions for each vegetative period: initial state of new vegetation from patch 369 

recruitment and patch growth, and proportion of the fine sediments, coarse sediments and water 370 

classes that becomes vegetation. Transitions from and into shadow are not shown. 371 

The effect of time since the last rejuvenation operation revealed that encroachment was very low (< 372 

2%) at the end of the summer following each operation [Figure 5]. It then increased to between 10% 373 

and 20% in a span of two to three years, with the timing of the increase corresponding to the years for 374 

which recruitment and lateral growth were the highest (i.e., 2019 and 2023). For vegetation that was 375 

initially cleared in 2017, encroachment dropped in 2021 following maintenance operations in April, 376 

and for vegetation that was initially cleared in 2018, it dropped in 2022 following the maintenance 377 

operations during winter 2021–2022. At the end of the study period, encroachment was directly 378 

related to the time since last clearing, with older surfaces being more vegetated than newer surfaces. 379 
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Figure 5. – Vegetation encroachment on bar surface area depending on the date of the last clearing 380 

operation conducted. Changes in bar areas related to hydrology are excluded to keep only the 381 

reworked surfaces. 382 

Finally, the number of days hydrological thresholds were exceeded was plotted against the area of 383 

recruited patches and the r² of the relationship reached its maxima at 0.76 for 125 m3.s-1 and 0.77 for 384 

135 m3.s-1 [Figure 6A]. Although the number of observations was low, two distinct hydrological 385 

conditions were observed during the vegetative period. The series of years for which patch recruitment 386 

was the lowest (i.e., 2018, 2020 and 2021) were also the ones for which the threshold of bar surface 387 

mobility (i.e., 125 m3.s-1) was exceeded for 30 days (i.e., ≃50% of the time). On the other hands, the 388 

years for which patch recruitment was the highest (i.e., 2019, 2022 and 2023) were years for which 389 

this threshold was exceeded for less than 7 days (i.e., < 10 % of the time). The timing and duration of 390 

events where the hourly discharge exceeded this lower threshold were mapped [Figure 6B], which 391 

highlighted that events exceeding 125 m3.s-1 were spread out from the beginning of May to the end of 392 

June during the years with low recruitment.  393 
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Figure 6. – A) Relationships between the number of days where different daily mean discharges 394 

(Qmean) are exceeded during the seed dispersion and germination period, and the surface area of 395 

recruited patches for each year. B) Timing and duration of the events for which the hourly mean 396 

discharge is equal to or exceeds 125 m3/s-1. 397 

After removing the effects of rejuvenation operations, the area of vegetation that was destroyed each 398 

year was the highest between 2019 and 2020, reaching 10 000 m2 [Figure 7A]. This was also the period 399 

for which the sum of the unit excess flow power for flood peaks was the highest [Figure 7B]. Although 400 

it reached similar values between 2020 and 2021, this did not result in an increase in vegetation 401 

destruction compared to other periods. Destruction was the lowest for the period immediately after 402 
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the rejuvenation work (i.e., between 2018 and 2019), which was also the period for which excess flow 403 

power was the lowest.  404 

Figure 7. – A) Surface area of vegetation destroyed by the Isère River for each hydrological period Pi 405 

between two end-of-summer acquisitions. B) Relationship between the unit excess flow power 406 

metrics ω𝑚𝑎𝑥  −  ω200, defined as 
𝜌𝑔(𝑄𝑚𝑎𝑥 – 𝑄200)𝑆

𝑤
, and ∑ (ω𝑚𝑎𝑥 −  ω200)

𝑃𝑖 , defined as 407 

 ∑
𝜌𝑔(𝑄𝑓 – 𝑄200)𝑆

𝑤

𝑃𝑖 , and the number of hours Q200 was exceeded for each hydrological period. 408 

 409 

5. Discussion.  410 
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5.1. Dynamics of riparian vegetation at the reach scale.  411 

Retrieving vegetation from the remote sensing data enabled us to investigate the dynamics of pioneer 412 

vegetation on a 6 km reach of the Isère River. Vegetation encroachment fluctuated over time but a 413 

general pattern of increasing cover was highlighted during the study period. Vegetation development 414 

was rapid, reaching between 10% and 20% of bar surface from an un-vegetated state in a two-year 415 

time frame following both the initial rejuvenation work and later maintenance actions. Although it 416 

increased during the study period, vegetation encroachment was partly controlled by local 417 

rejuvenation actions during the study period that reset ≃6 km of bar length, as vegetation 418 

encroachment kept increasing on older surfaces.  419 

Two distinct states were considered to understand increases in vegetation cover: lateral growth and 420 

recruitment. Overall, our results highlighted that the increase in area from the lateral extension of 421 

vegetation patches was higher than that from the recruitment of new vegetation patches. In this study, 422 

lateral growth is determined through spatial operations that may be interpreted as different ecological 423 

processes: the growth of individual plants, the creation of new stems through clonal development and 424 

new seedling sprouting near established patches, as they create more favourable conditions for 425 

seedlings recruitment (Corenblit et al., 2014; Politti et al., 2018). However, patch recruitment is still 426 

necessary for patch growth, and large increases area attributed to patch growth followed increases 427 

attributed to recruitment in the same year or the year before. These relationships between patch 428 

expansion and recruitment are similar to the ones found on the Drome River (Räpple et al., 2017), 429 

where the growth of established vegetation patches was also the main driver of encroachment 430 

following an initial spike in recruitment after a reset by floods. We also investigated vegetation loss, 431 

which was mainly driven by rejuvenation actions conducted by the stakeholders. Destruction of the 432 

vegetation by the river flow was always lower than the combined increases in vegetation area from 433 

lateral growth and recruitment. Finally, the intra-annual variability inside each vegetative season was 434 

assessed using the resprout state, which included both resprout of vegetation buried by winter flows 435 



25 
 

altogether with annual plants that can quickly reach high biomass during one growing season. Resprout 436 

was initially higher than recruitment following the initial clearing work and the spike in recruitment 437 

during summer 2019 and then fell off when vegetation in the reach became older. This highlights the 438 

need to consider the intra-annual dynamics of riparian vegetation when surveying changes in 439 

vegetation cover, and that future studies would also benefit from the ability to better distinguish 440 

between woody pioneer vegetation and annual plants – for example using higher spectral resolution 441 

data that can enable species mapping (da Silva et al., 2022) or using higher temporal resolution to 442 

distinguish species by phenological differences (Michez et al., 2016).   443 

 444 

5.2. Drivers of vegetation patterns 445 

Hydrology played a key role in the recruitment and establishment of vegetation in the studied reach. 446 

Increases in vegetation encroachment during low-flow years occurred regardless of the time since the 447 

last clearing. Specifically, a window of at least two weeks of low-flow in May was observed the years 448 

where recruitment was the most important, while higher flows were consistent throughout the seed 449 

dispersal period when recruitment was low. However, amongst the three years for which high 450 

recruitment was observed (2019, 2022 and 2023), the driest year (2022) was also associated with the 451 

lowest area of recruited patches. As dry periods have been documented to lead to seedling mortality 452 

(Guilloy-Froget et al., 2002; Mahoney and Rood, 1998), we can hypothesize that survival rates could 453 

have been lower that year. Our overall observations about vegetation recruitment are coherent with 454 

the fact that flow pulses during the growing season are known to lead to seedling mortality for woody 455 

pioneer species (Carter Johnson, 2000; Dixon, 2003; Guilloy-Froget et al., 2002; Pasquale et al., 2014; 456 

Stokes, 2008) and with the observed response of green vegetation to dryer flows across multiple years 457 

(Cohen et al., 2022; Nones et al., 2024). Applying a window of opportunity approach (Balke et al., 2011) 458 

to our observations is difficult because of the hydrological variability of the Isère River between years 459 

and because the end of the period where seed germination might occur each year is not clear and 460 
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might vary between species (Stella et al., 2006) and between years due to variations in temperatures 461 

(Bourgeois and González, 2019). Further research is therefore needed to characterize the seed 462 

dispersal period as well as work at a higher temporal resolution and with topographic data in order to 463 

better characterize submersion windows and the effects of specific flood events, but also to determine 464 

the relative contribution of annual and perennial species to patch recruitment and patch growth. 465 

Beside hydrology, we found that fine sediments deposits were more likely to become vegetated at the 466 

end of the season, both for patch recruitment and patch expansion. However, for lateral growth, these 467 

findings need to additionally consider the feedback between pioneer vegetation and sediments 468 

transport that facilitate sediments deposition (Corenblit et al., 2016). In years with higher flows when 469 

the initial state images were acquired, submerged areas were also likelier to become vegetated. This 470 

suggests that low flow areas where fine sediments are preferentially deposited and where moisture is 471 

high are the ones where vegetation establishes preferentially (Díaz-Alba et al., 2023; González et al., 472 

2018).  473 

The analysis of vegetation destruction shows that vegetation renewal from hydrological events was 474 

low during the study period. The floods that occurred during the period were comprised between two-475 

year return time floods (Q2 = 290 m3.s-1) and five-year return time floods (Q5 = 415 m3.s-1) and the 476 

effect of floods with a higher instant discharge could not be assessed. The frequent floods that occur 477 

each year with a peak discharge of at least 200 m3.s-1 are not sufficient to induce a destruction of 478 

established patches. While there were two periods for which the sum of the excess flow power for 479 

flood peaks was high, only one of the them led to a peak in vegetation destruction (i.e., the 2020-2021 480 

period). From a hydrological standpoint, the main differences between 2019–2020 and the 2020–2021 481 

hydrological periods were in the number of hours where the critical discharge was exceeded: it was 482 

higher during the 2020–2021 due to a higher number of smaller floods, while it was lower during 2019 483 

– 2020 since two floods reached a peak discharge ≥ 350 m3.s-1. From an ecological standpoint, the state 484 

and the nature of riparian vegetation was also different during those two periods: the surfaces 485 

recruited spiked in summer 2019 and were far lower than the surfaces destroyed by the following 486 
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hydrological period (i.e., 10 000 m²), while recruitment was low during summer 2020 and, as a result, 487 

surfaces recruited this year were lower than the surfaces destroyed by the following hydrological 488 

period (i.e., 2500 m²). Our results suggest that vegetation that was able to establish and resist the 489 

floods from the 2019–2020 period was also able to resist the floods from the 2020–2021 period. An 490 

increasing resistance to flooding due to the rapid establishment of roots and the need for morphogenic 491 

change to uproot the plant for erosion has been shown in the literature for the perennial willows and 492 

poplars (Bywater-Reyes et al., 2015; Karrenberg et al., 2002; Politti et al., 2018), which contribute to 493 

the dynamics of vegetation patches in our study reach.   494 

 495 

5.3. – Implications for river management and restoration.  496 

González et al. (2015) considered active hydro-geomorphic actions such as water releases and bar 497 

levelling as parts of a larger panel of tools to restore riparian vegetation in rivers. The same measures 498 

can be also used to prevent vegetation encroachment, with studies citing both vegetation clearing 499 

(Janssen et al., 2023) and water releases (Loire et al., 2021; Rivaes et al., 2015) as potential tools to 500 

reset the system and remove established vegetation. In this study, we were able to assess the effects 501 

of vegetation clearing and of hydrological drivers on the dynamics of pioneer vegetation over a six 502 

years period. 503 

On the Isère River, mechanical interventions on vegetated bars had a lasting impact on vegetation 504 

encroachment and forced a reset of the system. Before the rejuvenation operations, the vegetation 505 

cover in the reach was very high – reaching ≃70% of the total channel (Serlet et al., 2018). In 2023, 506 

vegetation cover occupied less than 30% of the surface of all bars that had been rejuvenated since the 507 

first clearing operations took place in 2017 which corresponds to ≃9% of the total channel. Targeted 508 

interventions on the more vegetated bars in 2021 and in 2022 had a local but visible effect on the 509 

repartition of vegetation at the reach scale but were still sensitive to recruitment and establishment 510 

during summer 2023. The nature of the vegetation was also different from before the rejuvenation 511 
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works as it was comprised of vegetation at the pioneer stage rather than the post-pioneer and mature 512 

upland forests that were described before (Corenblit et al., 2020).  513 

Morphogenic flows in the Isère River currently target bar submersion and erosive processes using a 514 

range of discharges between 200 m3.s-1 and 250 m3.s-1 (Melun, 2024). Our results show that attempting 515 

to destroy established vegetation by erosion and uprooting would require the use of higher peak 516 

discharges (e.g., ≥ 350 m3.s-1) and would need to target the winter or spring following high vegetation 517 

recruitment, before it can establish further. While these values are not realistic for managing 518 

vegetation in the reach as attaining these discharges cannot be guaranteed, our results also show that 519 

promoting bar submersion can be effective to prevent the recruitment of vegetation. In particular, we 520 

identified a threshold between 125 m3.s-1 and 135 m3.s-1 that was inversely correlated to the area of 521 

recruited patches each year. These values are lower than the current flow level targets for 522 

morphogenic releases in the reach and could be tested to sustain submersion over a longer time period 523 

during the seed dispersal period.  Therefore, while previous studies suggested that timing flow releases 524 

with the peak of the dispersal period was an active restoration method that could be implemented to 525 

promote the recruitment of Salicaceae (Mahoney and Rood, 1998; Rood et al., 2003), we suggest that 526 

flow releases following seed dispersal and germination can help prevent the development of 527 

vegetation in rivers where management needs are different.  528 

 529 

6. Conclusion.  530 

Bi-yearly colour aerial images acquired over a 6 km reach enabled the retrieval of both riparian 531 

vegetation and information on the surface grain size of gravel bars. The spatio-temporal dynamics of 532 

riparian vegetation were explored, showing a trend towards vegetation encroachment at the reach 533 

scale. The inter-annual variability of changes in vegetation cover was high and driven by patch 534 

recruitment and lateral expansion while vegetation destruction was mainly the result of targeted 535 
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rejuvenation actions. Encroachment was quick following rejuvenations actions and reached 20% of bar 536 

surfaces in a two-year period.  537 

Vegetation recruitment was found to be mainly driven by the hydrological conditions during the seed 538 

dispersal and germination period. Flows between 125 m3.s-1 and 135 m3.s-1 were found to be correlated 539 

with lower recruitment and are hypothesized to contribute to the mortality of young seedlings through 540 

the submersion of the bars they generate. Under favourable hydrological conditions, vegetation 541 

established on areas previously dominated by fine sediments or water, suggesting a preference for 542 

areas of low elevation where fine sediments deposit and humidity is high. On the other hand, floods 543 

were shown to have little impacts on vegetation in the reach: hydrological periods with high excess 544 

flow power only led to vegetation destruction when vegetation had less than one year to establish. 545 

This suggests that riparian vegetation in the Isère River establishes very quickly once seedlings survive 546 

summer floods.  547 

Our results have strong implications on the use of river flow in vegetation management. While current 548 

practices suggest that eco-morphogenic flows could be used to limit vegetation encroachment in rivers 549 

by destroying established vegetation, we suggest that sustaining summer flows could be used to limit 550 

vegetation establishment.  551 

 552 
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Supplementary Materials.  809 

Appendix T1. – Characteristics of the datasets used in this study.  810 

Date Spatial resolution Daily mean discharge Days between flights 

2018-06-27 5 cm 53 m3.s-1 
115 

2018-10-19 5 cm 15 m3.s-1 

2019-04-23 5 cm 59 m3.s-1 
108 

2019-08-09 5 cm 13 m3.s-1  

2020-06-16 5 cm 76 m3.s-1 
107 

2020-10-01 5 cm 43 m3.s-1 

2021-07-02 5 cm 54 m3.s-1 
105 

2021-10-15 5 cm 39 m3.s-1 

2022-05-16 5 cm 78 m3.s-1 
144 

2022-10-07 5 cm 17 m3.s-1 

2023-05-30 5 cm 112 m3.s-1 
133 

2023-10-10 5 cm 33 m3.s-1 

 811 

Appendix T2. – Confusion matrix of the classification on the validation data.  812 

  Predicted class of the validation patches 

  Fine Coarse Shadow Vegetation Water 
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Fine 5743 109 19 1 148 

Coarse 151 5788 0 1 40 

Shadow 26 0 5941 3 30 

Vegetation 3 2 1 5991 3 

Water 159 67 36 3 5735 
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 813 

Appendix T3. – Proportion of each surface class that became vegetation after the vegetative period. 814 

Both vegetation patches (≥ 2m²) and isolated (i.e., sparse) vegetation units (< 2 m²) are shown. 815 

 Fine Coarse Water 

Patches Sparse Patches Sparse Patches Sparse 

2018 0% 0% 0% 0% 0% 1% 

2019 24% 3% 4% 2% 7% 2% 

2020 17% 2% 2% 1% 4% 2% 

2021 7% 2% 1% 0% 1% 2% 

2022 15% 3% 2% 1% 1% 1% 

2023 38% 3% 5% 2% 14% 5% 

 816 

  817 
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Appendix F1. – Before–after view of the bars that underwent (A) vegetation clearing work during 818 

winter 2021–2022, (B) maintenance work in April 2021 and (C) maintenance work during winter 819 

2021–2022.  820 

 821 

 822 

 823 

 824 

  825 
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Appendix F2. – Daily mean discharge series merging the data from the Grignon station (from 2022) 826 

and the reconstructed series from the Conflans and Venthon stations (before 2022). The black dots are 827 

the date of acquisition for each aerial image and areas where the curve is interpolated are shown in 828 

light blue. 829 

 830 

Appendix F3. – Panels highlighting the limitations of the trained classifier: (A) high turbidity, (B) low 831 

and transparent water table where submerged sediments are visible, (C) low water table on darker 832 

substrate and (D) biofilm cover.   833 

 834 
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Appendix F4. – Comparison between the relative cover of fine sediments observed in field and 836 

predicted on the images.   837 

 838 

 839 


