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Long-term river management legacies strongly alter riparian forest attributes and constrain restoration strategies along a large, multi-use river
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Many terrestrial ecosystems have undergone profound transformation under the pressure of multiple human stressors. This may have oriented altered ecosystems toward transient or new states. Understanding how these cumulative impacts influence ecosystem functions, services and ecological trajectories is therefore essential to defining effective restoration strategies. This is particularly the case in riverine ecosystems, where the profound alteration of natural disturbance regimes can make the effectiveness of restoration operations questionable. Using the case study of legacy dike fields, i.e., area delimited by longitudinal and lateral dikes, along the regulated Rhône River, we studied the impacts of long-term channelization and flow regulation on environmental conditions and riparian forests attributes along a 200km climatic gradient. We characterized the imprint of human stressors on these forests by comparing the dike field stands to more natural stands in both young and mature vegetation stages. Across four reaches of the river between Lyon and the Mediterranean Sea, we found that channelization consistently promoted high rate of overbank sedimentation and rapid disconnection of dike field surfaces from the channel. The rapid terrestrialisation of dike field surfaces, i.e., the process by which former aquatic areas transition to a terrestrial ecosystem as a result of dewatering or sedimentation, fostered a pulse of riparian forest regeneration in these resource-rich environments that differs from more natural sites in structure and composition. Within the dike fields, older pre-dam stands are dominated by post-pioneer and exotic species, and post-dam stands support large, aging pioneer trees with a largely exotic understory regeneration layer. These patterns were associated with differences in the relative surface elevation among dike fields, whereas species shifts generally followed the river's longitudinal climate gradient. To enhance the functionality of these human-made ecosystems, restoration strategies should target the reconnection of dike fields to the river by dismantling part of the dikes to promote lateral erosion, forest initiation and community succession, as well as increasing minimum flows in channels to improve connection with groundwater. However, since a river-wide return to a pre-disturbance state is very unlikely, a pragmatic approach should be favoured, focusing on local 3 actions that can improve abiotic and biotic function, and ultimately enhancing ecosystem services such biodiversity, habitat, and recreation opportunities.

Introduction

Over recent decades, efforts to restore degraded ecosystems have vastly expanded in scope and cost, with international ambitions rapidly increasing (e.g., Aichi Biodiversity Targets for 2011-2020 set by the Convention on Biological Diversity). However, within many ecosystems, ecological communities and functions may already be modified to the extent that they approach transient or new states, i.e., "novel ecosystems", making a return to the historical state difficult or impossible [START_REF] Hobbs | Novel ecosystems: implications for conservation and restoration[END_REF]. In many regions, cumulative human-induced stressors alter disturbance regimes, modify abiotic conditions and/or favour the establishment of exotic species, leading to catastrophic and irreversible shifts in both terrestrial and aquatic ecosystems properties [START_REF] Scheffer | Catastrophic shifts in ecosystems[END_REF].

These alterations may impair the ecological resilience of natural ecosystems and compromise their ability to generate ecosystem services [START_REF] Folke | Regime shifts, resilience, and biodiversity in ecosystem management[END_REF]. Rapid and profound changes in both biotic and abiotic conditions can impede efforts to restore highly altered ecosystems [START_REF] Suding | Toward an era of restoration in ecology: successes, failures, and opportunities ahead[END_REF]. Thus a better understanding is needed of the capacity of these systems to provide sustainable habitats for biodiversity, as well as other essential ecosystem functions.

Riparian ecosystems are among the environments most impacted by human activities [START_REF] Best | Anthropogenic stresses on the world's big rivers[END_REF][START_REF] Nilsson | Fragmentation and flow regulation of the world's large river systems[END_REF] and also those most vulnerable to ongoing global changes [START_REF] Perry | Vulnerability of riparian ecosystems to elevated CO2 and climate change in arid and semiarid western North America[END_REF]. On many large rivers, massive civil engineering projects in the form of dikes, diversions, dams and reservoirs have been constructed to exploit surface water supplies, control the risk of flooding and bank erosion, improve river navigation, and protect infrastructure, among other functions. As a result, in many parts of the world, riparian ecosystems currently comprise a mixture of historic-relict, hybrid and novel ecosystems [START_REF] Cooper | Novel plant communities limit the effects of a managed flood to restore riparian forests along a large regulated river[END_REF][START_REF] Johnson | Riparian vegetation diversity along regulated rivers: contribution of novel and relict habitats[END_REF]. Due to the magnitude of biotic alterations as well as their drivers, these cumulative changes can potentially compromise the success of restoration objectives [START_REF] Richardson | Riparian vegetation: degradation, alien plant invasions, and restoration prospects[END_REF].

To improve habitat and water quality along riparian zones, large-scale river restoration programs have become a major objective for many European countries (e.g., in implementing the European Water Framework Directive of 2000). Through removing dikes, adding sediment, raising minimum flow levels, and augmenting natural aspects of regulated flow regimes (i.e., "ecological flows"), river managers aim to restore physical processes such as bank erosion, bedload transport, and floodplain inundation [START_REF] Biron | Freedom space for rivers: A sustainable management approach to enhance river resilience[END_REF][START_REF] Rohde | River widening: an approach to restoring riparian habitats and plant species[END_REF], and thus reorient altered systems toward their historical reference trajectories or a more dynamic stage. However, given the profound alteration of natural disturbance regimes and modifications to biotic and abiotic conditions induced by human infrastructure, the real added-value of these restoration actions is questionable [START_REF] Dufour | From the myth of a lost paradise to targeted river restoration: forget natural references and focus on human benefits[END_REF]. Indeed, due to widespread and irreversible land-use change on floodplains in conjunction with the incompatibility of ambitious restoration approaches with current human demand, the capacity of these degraded ecosystems to provide sustainable habitats and important ecosystem services into the future needs to be further studied and justified (e.g., [START_REF] Henning | Sedimentation and flow patterns induced by regular and modified groynes on the River Elbe, Germany[END_REF][START_REF] Shields | Fate of lower Mississippi river habitats associated with river training dikes[END_REF][START_REF] Simons | Man-made secondary channels along the River Rhine (The Netherlands); results of post-project monitoring[END_REF][START_REF] Thorel | Socio-environmental implications of process-based restoration strategies in large rivers: should we remove novel ecosystems along the Rhône (France)? Reg[END_REF].

Here, we aimed to understand the cumulative impact of human-induced stressors on the structure and composition of riparian forests. While interactions between shifting river landscapes and riparian forest attributes has been relatively well studied [START_REF] Cooper | Multiple pathways for woody plant establishment on floodplains at local to regional scales[END_REF][START_REF] Johnson | Forest overstory vegetation and environment on the Missouri River floodplain in North Dakota[END_REF][START_REF] Stella | The role of abandoned channels as refugia for sustaining pioneer riparian forest ecosystems[END_REF], there is a dearth of understanding how highly modified river-floodplain systems respond to multiple stressors operating at the timeframes of decades to centuries [START_REF] Reid | Emerging threats and persistent conservation challenges for freshwater biodiversity[END_REF]. Most of the studies available in the literature have either investigated the individual effect of channelization [START_REF] Dufour | Effects of channel confinement on pioneer woody vegetation structure, composition and diversity along the River Drôme (SE France)[END_REF][START_REF] Nakamura | Changes in riparian forests in the Kushiro Mire, Japan, associated with stream channelization[END_REF][START_REF] Oswalt | Channelization and floodplain forests: Impacts of accelerated sedimentation and valley plug formation on floodplain forests of the Middle Fork Forked Deer River, Tennessee, USA[END_REF] or the individual effect of flow regulation [START_REF] Bejarano | Riparian plant guilds become simpler and most likely fewer following flow regulation[END_REF][START_REF] Kui | The long-term legacy of geomorphic and riparian vegetation feedbacks on the dammed Bill Williams River, Arizona, USA[END_REF][START_REF] Merritt | Riparian vegetation and channel change in response to river regulation: a comparative study of regulated and unregulated streams in the Green River basin[END_REF] on riparian communities. In this study, we focused on the cumulative impact of these two humanmade alterations on riparian communities, using a nested sampling design in which we studied variations in forest attributes along a large, extensively channelized river, while contrasting the stages of development before and after the construction and operation of local flow-regulation dams. Moreover, by adopting a comparative approach among four reaches along a north-south river corridor, extending from a Continental to Mediterranean climate, we assessed both the effect of the longitudinal climatic gradient and local reach effects on the structure and composition of riparian forests. Such information is essential to understand how local factors influence stand development and therefore to adapt management strategies to the specificities of the river reach and prioritize areas with high restoration potential.

Our study is focused on the floodplains of the lower Rhône River (France), where engineered dike fields were constructed along both riverbanks in the middle 19 th Century to constrain the river and improve commercial navigation [START_REF] Thorel | Socio-environmental implications of process-based restoration strategies in large rivers: should we remove novel ecosystems along the Rhône (France)? Reg[END_REF]. Since the middle 20 th Century, a second human stressor was imposed on the river in the form of a chain of hydroelectric dams and bypass channels. These developments have fundamentally altered the river's flow configuration and discharge regime in the bypassed reaches, i.e., the historical Rhône River channel running parallel to a diversion canal, where the earlier dike fields have gradually transitioned to riparian forest. Within these dammed and bypassed reaches, we used dike field surfaces as a case study to highlight the relative influence of channelization and flow regulation on riparian forest attributes and characterize more broadly the overall imprint left by these human-induced stressors on the Rhône River riparian zone. This was done to evaluate the future capacity of these highly modified/novel ecosystems to provide sustainable riparian habitat, and to determine the potential ecological benefits of dismantling the engineered structures as part of a river-wide restoration program [START_REF] Thorel | Socio-environmental implications of process-based restoration strategies in large rivers: should we remove novel ecosystems along the Rhône (France)? Reg[END_REF]. Though the particular configuration, timing and scale of the river transformation is specific to the Rhône River, the fact that these same influences have been imposed on many large, multi-use rivers in Europe (e.g., [START_REF] Arnaud | Historical geomorphic analysis (1932-2011) of a by-passed river reach in process-based restoration perspectives: The Old Rhine downstream of the Kembs diversion dam (France, Germany)[END_REF][START_REF] Hein | Current status and restoration options for floodplains along the Danube River[END_REF], North America (e.g., [START_REF] Alexander | A brief history and summary of the effects of river engineering and dams on the Mississippi River system and delta[END_REF][START_REF] Johnson | The dammed Missouri: prospects for recovering Lewis and Clark's River[END_REF] and elsewhere (e.g., [START_REF] Luan | Morphodynamic impacts of large-scale engineering projects in the Yangtze River delta[END_REF][START_REF] Wohl | Forgotten legacies: understanding and mitigating historical human alterations of river corridors[END_REF] highlights the applicability of this study to other regions globally.

Based on this context of cumulative human stressor effects on riverine systems, we addressed the following four research objectives: (i) How environmental conditions vary between pre-dam and post-dam surfaces as well as among bypassed reaches; (ii) How the structure and composition of dike field forests vary between pre-dam and post-dam surfaces as well as among bypassed reaches; (iii) How the structure and composition of dike field forests vary with environmental variables describing hydro-geomorphic and climatic gradients; (iv) How the structure and composition of dike field forests differ from that of young and mature riparian forests in more natural environments within the same biogeographic region.

Material and Methods

Study area

The study was carried out along the Rhône River (total length = 810 km, catchment area = 96,500 km², mean annual discharge = 1,700 m 3 s -1 ) in southeastern France (Figure 1). Comparable to other large rivers, the Rhône Basin has been subject to multiple uses since early settlement, including agriculture, forestry and gravel extraction. In the last two centuries, two extensive river engineering phases profoundly changed its course and its hydro-sedimentary and ecological functioning. During the 19th Century, an extensive system of longitudinal and lateral submersible stone dikes was constructed to aid river navigation in the main channel downstream of Lyon. The long chains of rectangular compartments, referred to as "dike fields", concentrated the flow into a single-thread channel by damming secondary channels during low flows and fixing the position of pools and riffles.

During the second half of the 20th Century following World War II, an ambitious program of economic recovery was initiated within the Rhône River corridor and a total of twenty-four dams and hydro-electric power plants were constructed. Of these, sixteen dams feature diversion canals, excavated in parallel to the natural river course, creating secondary bypass channels in these reaches (total length = 162 km, [START_REF] Lamouroux | The ecological restoration of large rivers needs science-based, predictive tools meeting public expectations: an overview of the Rhône project[END_REF]. The diversion dams distribute the largest part of the discharge into the canals, while the bypassed reaches receive only a minimum baseflow discharge (i.e., residual flow is 10 to 30% of the mean annual flow arriving at the upstream diversion dams) [START_REF] Vázquez-Tarrío | Effects of continuous embankments and successive run-of-the-river dams on bedload transport capacities along the Rhône River, France[END_REF].

In the post-dam period, the dike fields have served as efficient sediment traps, and the accumulated overbank fine sediments have shifted the river margins from an aquatic to predominately terrestrial state (hereafter referred to as terrestrialisation), especially in the bypassed reaches [START_REF] Räpple | Sedimentation patterns and riparian vegetation characteristics in novel ecosystems on the Rhône River, France: a comparative approach to identify drivers and evaluate ecological potentials[END_REF][START_REF] Thorel | Socio-environmental implications of process-based restoration strategies in large rivers: should we remove novel ecosystems along the Rhône (France)? Reg[END_REF]. Prior to the dam construction period, terrestrialisation occurred gradually over several decades due to sediment filling; however this rate abruptly increased during the bypassing period due to reductions in baseflow and dewatering within the dike fields (Appendix 1). Two distinct stages of surface and forest development are thus distinguished, pre-and post-dam. The predominant land cover in the bypassed reaches is today mostly composed of riparian forests. Their species pool includes both pioneer, dominated by Salix alba, Populus nigra and P. alba, and post-pioneer species, dominated by Fraxinus angustifolia, as well as abundant exotic species, dominated by Acer negundo and Robinia pseudoacacia [START_REF] Janssen | Divergence of riparian forest composition and functional traits from natural succession along a degraded river with multiple stressor legacies[END_REF].

Dike field forest inventory

The study sites comprised four bypassed reaches between Lyon and the Mediterranean Sea.

Pierre-Bénite (PBN) and Péage de Roussillon (PDR) are located in the upstream part and experience a continental/oceanic climate; Montélimar (MON) and Donzère-Mondragon (DZM) lie further downstream within the Mediterranean climate zone (Figure 1). For each study reach, we used georeferenced aerial photograph series in a Geographic Information System (ESRI ArcMap 10.3) to manually delineate surfaces within the dike fields, which are exposed and evident over an extended period of the year (see Appendix 1). We selected one aerial image series per reach, which was closest prior to the year of dam construction (i.e., PBN = 1966, PDR = 1977, MON = 1957, DZM = 1952) and covered the entire reach to delineate "pre-dam surfaces". A set of post-2000 orthophotographs was used to delineate "post-dam surfaces" that had emerged following diversion. Finally, we superposed the resulting surface polygons of the two years to create a 'surface age' map (see Appendix 2 for details).

Overlaying the forest stand polygons and the surface age map, we selected 61 dike fields among the four bypassed reaches. We then used a stratified random approach to distribute 42 sampling plots in pre-dam dike field surfaces (PBN = 11, PDR = 10, MON = 10, DZM = 11) and 40 sampling plots in post-dam dike field surfaces (PBN = 10, PDR = 10, MON = 10, DZM = 10), while avoiding sampling the elevated stone dike structures themselves. For each forest plot, the forest inventory and the measurement of environmental variables were done in spring 2014 within two nested concentric plot sizes: a 10-m radius plot (area: 314 m²) for recording all live and dead standing trees with a diameter at breast height (DBH) ≥ 7.5 cm, and a 20-m radius plot (area: 1,256 m²) for recording all live and dead standing trees with DBH ≥ 30 cm. Furthermore, three sub-plots of 1.5-m radius each (7 m 2 ) were centered on the 10-m radius plot perimeter, positioned at due North and at 133 and 267 degrees radially, to inventory regeneration stems (i.e., DBH < 7.5 cm). For each tree, we recorded species, DBH and health class, comprising live trees (< 50% dead crown and branches), dying trees (>50% dead crown and branches), or dead trees.

To compare stand attributes between the study sites, data were standardized to a per hectare basis. Basal area (m² ha -1 ), mean diameter (cm) and stem density (stems ha -1 ) were calculated for total live standing trees, distinguishing between overstorey (i.e., DBH ≥ 7.5 cm) and understorey (i.e., DBH < 7.5 cm) vegetation and among pioneer, post-pioneer and exotic tree species (see Appendix 3 for details).

Environmental variables

To assess conditions relative to the provision and accessibility of resources to the trees, as well as relative to the disturbance level, we measured fine sediment depth (median grain size Ø ≤ 2 mm) at each plot centre. We assumed that the fine grain-dominated material was deposited on top of coarse-grained material, which made up the former river channel or had accumulated in the initial phase following dike construction, when the dike field's connectivity to the main channel was still frequent. Using a soil corer (Ø = 5 cm), we penetrated the ground until a dull sound and an increased resistance was perceived, which was assumed to reflect the gravel layer boundary, and measured that distance from the surface. To characterize the climatic gradient along the north-south Rhône River corridor, extending across a Continental to Mediterranean climate, we recorded the geographic coordinates (longitude and latitude) at the centre of each plot using a high-accuracy GPS (Trimble GEO7X). To describe the hydrological connectivity, we used two correlated variables (see Appendix 4 for correlation matrix), the relative surface elevation above the water level at a discharge of 100 m 3 s - 1 and the inundation duration (in days per year). Values were extracted value at each plot centre from the models of [START_REF] Džubáková | Multi-scale assessment of overflow-driven lateral connectivity in floodplain and backwater channels using LiDAR imagery[END_REF], which used ground elevation based on airborne LiDAR data and digital elevation models, combined with flow levels observed from field reconnaissance.

Only the upper Rhône reaches, notably PBN, were shown in the Džubáková et al.'s paper (2015) but PDR, DZM and MON were also available.

Young and mature forest inventories

We used two complementary datasets to compare the structure and composition of dike field forests with those of riparian forests less impacted by human activities and located in the same biogeographic region. For comparison to a young vegetation stage, we used a 2001 inventory of woody vegetation on the Drôme River (hereafter DRO), a tributary of the Rhône in southeastern France [START_REF] Dufour | Effects of channel confinement on pioneer woody vegetation structure, composition and diversity along the River Drôme (SE France)[END_REF]. The inventory was conducted across four young vegetation islands within the active floodplain of the river with quadrats of 4 m 2 (2 m x 2 m) distributed along transects that bisected the islands, and within which all tree species and stem diameters measuring 5 cm above ground level were recorded. To make forest inventories more comparable between the Rhône and Drôme rivers, we accumulated the 4 m 2 quadrat surfaces by considering the downstream, upstream and intermediate zone of each island (n = 12, mean ±SD = 34.3 ±19.3 m², range: 12-44 m²).

For comparison to a mature vegetation stage characteristic of the older end of the floodplain vegetation chronosequence, we used a 2013 riparian forest inventory within the Natural Reserve of the "Ile de la Platière" (hereafter PLA). The reserve is located within the bypassed reach of Péage de Roussillon and forest inventories were conducted within naturally-established floodplain stands (i.e., not within dike fields) using the same protocol adopted in the current study.

Statistical analysis

All analyses were conducted with R version 3.6.1 (R Core Team, 2020).

Variation in environmental conditions between pre-dam and post-dam surfaces, and among bypassed reaches

We used one-way ANOVAs with type III sum of squares and Tukey's HSD post hoc tests to assess whether surface elevation, inundation duration, fine sediment depth and surface age varied between pre-and post-dam surfaces and bypassed reaches. Prior to analysis, the variable inundation duration was log+1 transformed to approximate normal distribution. In addition, we used linear regression to determine how environmental variables varied with surface age and whether these trends were consistent among bypassed reaches. We fitted normal linear models (LMs) or lognormal LMs for skewed variables (i.e., inundation duration) and tested for an interaction effect between surface age and the bypassed reach factor (see Appendix 6 for model construction).

Variation in structure and composition of dike field forests between pre-dam and post-dam surfaces, and among bypassed reaches

We used one-way ANOVAs with type III sum of squares and Tukey's HSD post hoc tests to assess whether the structure of the dike field forests varied between pre-and post-dam surfaces and bypassed reaches. The analyses distinguished between basal area, stem density and mean diameter of pioneer, post-pioneer, and exotic trees within both the understorey and overstorey separately (Appendix 3). Since almost all of these variables were more or less over-dispersed, they were either log or log+1 transformed prior to analysis.

We used multivariate generalized linear models (GLMs) to identify variations in tree species composition between pre-dam/post-dam surfaces and bypassed reaches. This approach has the advantage of being based on a GLM framework, which is robust to the strong mean-variance relationship in multivariate data [START_REF] Warton | Distance-based multivariate analyses confound location and dispersion effects[END_REF]. We used the 'manyglm' function of the 'mvabund' package [START_REF] Wang | mvabund -an R package for model-based analysis of multivariate abundance data[END_REF] to fit negative binomial regressions to each tree species that were present in more than 5% of the plots, using integer values of basal area as an abundance measure, and summed the likelihood ratio statistics to estimate their multivariate response. The significance of each independent variable in the multivariate GLM was assessed using an analysis of variance with the PIT-trap method and 999 bootstrap resamples [START_REF] Warton | The PIT-trap-A "model-free" bootstrap procedure for inference about regression models with discrete, multivariate responses[END_REF]. Model performance was evaluated according to the proportion of deviance explained (D² = [null deviance -residual deviance]/null deviance). When factors had more than two levels, pairwise comparisons between each level were performed, adjusting for multiple comparisons via a free stepdown resampling procedure, to identify the factor levels that showed statistically significant differences in forest composition. To determine which tree species contributed most to the overall model deviance, we extracted univariate test statistics and p-values, adjusted to correct for multiple tests for each species. Finally, to provide a graphical representation of the gradients in forest composition, we used a canonical analysis of principal coordinates [START_REF] Anderson | Canonical analysis of principal coordinates: a useful method of constrained ordination for ecology[END_REF], using a Bray-Curtis distance.

Variation in structure and composition of dike field forests along hydro-geomorphic and climatic gradients

We used lognormal linear regression models to assess the individual effects of latitude (a proxy for the climate gradient), relative surface elevation, inundation duration, fine sediment depth and surface age on the same stand structure variables as above. We ranked the five models, plus a null model, using the Akaike's information criterion corrected for small sample sizes. Because some values of relative surface elevation and inundation duration were missing, we modeled them using the output of the previous linear models. Then, we extracted for each parameter the estimate and associated standard errors, as well as the 95% confidence intervals.

We used multivariate GLMs to identify variations in tree species composition with relative surface elevation, inundation duration, surface age, fine sediments depth and latitude. Then, as detailed above, we extracted information on the significance of each independent variable, the proportion of deviance explained and the univariate test statistics and p-values.

Differences in dike field forest structure and composition from young and mature riparian stands

We used one-way ANOVAs with type III sum of squares and Tukey's HSD post hoc tests to assess whether the structure of the dike field forests differed from those of young and mature vegetation stages. Response variables were the same as for the inter-site comparisons, with dike fields split between pre-and post-dam surfaces represented as a single level factor.

We used multivariate GLMs to identify variations in tree species composition between dike fields, young and mature vegetation stages. Then, as detailed above, we extracted information on the significance of each independent variable, the proportion of deviance explained and the univariate test statistics and p-values.

Results

Variation in environmental conditions between pre-dam and post-dam surfaces, and among bypassed reaches

One-way ANOVA revealed that elevation, fine sediment depth and surface age significantly decreased between pre-dam and post-dam surfaces, whereas the inundation duration significantly increased (Figure 2; Appendix 5). Among bypassed reaches, the inundation duration, surface elevation and fine sediment depth also varied significantly (Appendix 5). Tukey HSD tests revealed that the average surface elevation was significantly lower and the inundation duration significantly greater within the PDR reach. Also, the fine sediment depth was significantly greater within the DZM reach (Figure 2). Linear regression revealed no significant interaction between surface age and bypassed reaches for all environmental variables (Figure 3; Appendix 6). The relative surface elevation increased with surface age, while the inundation duration decreased. Also, the inundation duration was significantly lower and the fine sediment depth significantly greater within the DZM reach as compared to the PBN reach.

3.2. Variation in structure and composition of dike field forests between pre-dam and postdam surfaces, and among bypassed reachesOne-way ANOVA revealed that the stem density and the basal area of post-pioneer trees, as well as the basal area and the mean diameter of exotic trees in the overstorey significantly decreased between pre-dam and post-dam surfaces (Figure 4; Appendix 7). Conversely, the stem density of pioneer trees in the overstorey significantly increased between pre-dam and post-dam surfaces. One-way ANOVA also revealed significant differences in stem density of pioneer trees and basal area of exotic trees in the understorey as well as in stem density and basal area of pioneer and exotic trees in the overstorey between bypassed reaches (Appendix 7).

Tukey HSD tests revealed that the stem density of pioneer trees and the basal area of exotic trees in the understorey were significantly higher on the MON reach (Figure 4). For the overstorey, the stem density of pioneer trees was significantly higher on the PDR reach and the basal area of pioneer trees was significantly higher on the PDR and MON reaches. Also, the stem density and the basal area of exotic trees were significantly higher on the DZM reach, whereas the mean diameter was significantly higher on the PBN reach.

Multivariate GLM revealed that tree species composition varied significantly between postdam and pre-dam surfaces (Dev = 42, p = 0.001), bypassed reaches (Dev = 140, p = 0.001) and their interaction term (Dev = 96, p = 0.001), while explaining a large part of the variation (D² = 0. 392).

Pairwise comparisons revealed significant differences in tree composition between all pairs of bypassed reaches. Univariate tests (n = 16, Appendix 11) showed that the abundance of Ligustrum vulgare (Dev = 8, p-adj = 0.050) increased on pre-dam surfaces and that of Acer negundo (Dev = 16, p-adj = 0.020) increased in the PBN, MON and DZM reaches (Figure 7). Finally, the abundance of Salix alba (Dev = 21, p-adj = 0.004) increased on post-dam surfaces, in the central part of the Rhône corridor, while the abundance of Sambucus nigra (Dev = 14, p-adj = 0.044) increased on pre-dam surfaces, in the southern part.

Variation in structure and composition of dike field forests along hydro-geomorphic and climatic gradients

Linear regressions revealed that the model including the relative surface elevation ranks first for 9 of the 18 stand structure variables (Table 1;Appendix 8). An increase in the surface elevation induced a significant increase in the density, basal area and, to lower extent, mean diameter of postpioneer and exotic trees but a significant decrease in the density and basal area of pioneer trees, especially in the overstorey (Figure 5; Appendix 9). The surface age and fine sediment depth had a similar effect on the structure of dike field forests, while the inundation duration had the opposite effect. However, as evaluated by the adjusted coefficient of determination (Appendix 8), the effect size of these variables was of lower importance than the one related to surface elevation. Finally, as latitude decreased, the density and basal area of exotic trees increased significantly.

Multivariate GLM revealed that tree species composition varied significantly with latitude 

Differences in dike field forest structure and composition from young and mature riparian stands

One-way ANOVA revealed that most stand structure variables varied significantly between dike-fields, young and mature vegetation stages (Figure 6; Appendix 10). Tukey HSD tests revealed that the young stage had higher basal area and higher density of pioneer trees. Conversely, the mature stage had higher density and basal area of post-pioneer trees. Also, for pioneer trees in the overstorey, the mean diameter was significantly higher in dike field forests and mature stage, while the basal area was significantly higher only in dike fields forests. Dike field forests also had significantly higher overstorey density and basal area of exotic trees.

Multivariate GLM revealed that tree species composition varied significantly between dike fields, young and mature stages (Dev = 579, p = 0.001, D² = 0.429). Pairwise comparisons showed significant difference in species composition between all pairs of forest types. Univariate tests (n = 17, Appendix 13) showed that nearly all species contributed to the multivariate effect. As such, the 

Discussion

Most of the terrestrial biosphere has been transformed by anthropogenic drivers into hybrid human/natural ecosystems [START_REF] Ellis | Anthropogenic transformation of the biomes, 1700 to 2000[END_REF]. Identifying the drivers that lead to the degradation or divergence of ecosystems to novel states is essential for proper ecosystem assessment and management [START_REF] Morse | Novel ecosystems in the Anthropocene: a revision of the novel ecosystem concept for pragmatic applications[END_REF]. Using the case study of the highly regulated Rhône River, we showed that the cumulative impact of channelization and flow regulation induced major changes in environmental conditions and in riparian forest attributes. Specifically, there are strong differences in environmental conditions between pre-dam and post-dam surfaces, but less variation amongst river reaches, demonstrating the greater effect on riparian forest trajectories of different river management regimes compared to the river's longitudinal climatic and hydro-geomorphic gradient.

Several environmental variables, especially the relative elevation of dike field surfaces, strongly influenced the structure of riparian forests, while their composition was principally influenced by the stands' position along the Continental to Mediterranean climate gradient within the Rhône River corridor. Compared to more natural, young and mature riparian forests, the dike-field forests were characterized by the dominance of very large, aging pioneer trees, but also more exotic trees.

Overall, our results indicate that the artificial structures facilitated a homogenization of environmental conditions along the Rhône, favouring the development of stands that differ in structure and composition from riparian forests within the same biogeographic setting.

Channelization and flow regulation influences on dike field environmental conditions

Strong differences in environmental conditions between pre-dam and post-dam surfaces were evident within the bypassed reaches of the Rhône River. Older pre-dam surfaces have a higher relative elevation, greater accumulation of fine sediment and are less prone to flooding during the year. Because these surfaces are older and have experienced a long flood history, they have had time to accumulate more sediment than younger surfaces. Also, the capacity of dike fields to trap suspended sediment has been shown to be greatest immediately after their completion, after which sedimentation rates decreased over time [START_REF] Tena | Cumulative effects of channel correction and regulation on floodplain terrestrialisation patterns and connectivity[END_REF]. As in natural floodplains, these results confirm the natural attenuation of sediment deposition over time, even within the artificial structures. However, our results also indicate that fine sediments depth was not predicted by surface age, meaning that terrestrialisation does not rely solely on deposition. Indeed, river incision has been emphasized as an important factor in driving floodplain terrestrialisation along the Rhône River [START_REF] Provansal | The geomorphic evolution and sediment balance of the lower Rhône River (southern France) over the last 130years: Hydropower dams versus other control factors[END_REF][START_REF] Tena | Cumulative effects of channel correction and regulation on floodplain terrestrialisation patterns and connectivity[END_REF], as well as along other channelized rivers (e.g., Habersack et al., 2016;[START_REF] Surian | Morphological response to river engineering and management in alluvial channels in Italy[END_REF][START_REF] Wyżga | Impact of the channelization-induced incision of the Skawa and Wisłoka Rivers, southern Poland, on the conditions of overbank deposition[END_REF]. Therefore, the sudden transition from coarsegrained to fine-grained sediments and connectivity between the floodplain and the channel reflects the combined effect of overbank fine sedimentation and channel incision, mainly operating during the river's channelization phase [START_REF] Petit | Channel incision, gravel mining and bedload transport in the Rhône river upstream of Lyon, France ("canal de Miribel[END_REF][START_REF] Provansal | The geomorphic evolution and sediment balance of the lower Rhône River (southern France) over the last 130years: Hydropower dams versus other control factors[END_REF][START_REF] Vauclin | Effects of river infrastructures on the floodplain sedimentary environment in the Rhône River[END_REF].

Overall, this shows that dike fields created relatively homogeneous environmental conditions to the detriment of floodplain heterogeneity and connectivity [START_REF] Franklin | Complex effects of channelization and levee construction on western Tennessee floodplain forest function[END_REF], which are essential components in maintaining the ecological diversity of riparian zones [START_REF] Naiman | Origins, patterns, and importance of heterogeneity in riparian systems[END_REF][START_REF] Poff | The natural flow regime[END_REF]. In accordance with James (2017), we inferred that dike field structures and subsequent flow regulation are anthropogenic inhibitors that have altered the natural channel and floodplain geomorphic trajectory, resulting in highly stable environmental conditions along the channelized Rhône River margins.

Although changes in environmental conditions varied consistently between pre-dam and post-dam surfaces, differences in abiotic conditions did occur across the four bypassed reaches studied. Dike fields were at significantly lower elevation on the Péage de Roussillon reach (PDR), which induces more frequent flood events in this bypassed section, while fine sediments depth was greater on the Donzère Mondragon reach (DZM). For PDR specifically, this local response is due to the fact that this bypassed reach is less incised, i.e., shear stress is compensated by upstream sediment supply, and thus more connected to the channel [START_REF] Tena | Cumulative effects of channel correction and regulation on floodplain terrestrialisation patterns and connectivity[END_REF]. The downstream increase in sediment thickness, with the greatest values at the DZM reach (Figure 2), reflects the progressively larger sediment flux to the mainstem Rhône from its tributaries, primarily the Isère River [START_REF] Dépret | Evolution of abandoned channels: Insights on controlling factors in a multi-pressure river system[END_REF][START_REF] Poulier | Combining flux monitoring and data reconstruction to establish annual budgets of suspended particulate matter, mercury and PCB in the Rhône River from Lake Geneva to the Mediterranean Sea[END_REF]. Combined with channel incision, a high rate of overbank sedimentation has induced a major disconnection of the dike field surfaces, particularly in the bypassed DZM reach [START_REF] Tena | Cumulative effects of channel correction and regulation on floodplain terrestrialisation patterns and connectivity[END_REF]. This spatial variation in environmental conditions means that some reaches have experienced a more rapid terrestrialisation than others; thus reach adjustment conditions along the river corridor must be taken into account to understand related changes in biotic conditions. From a management perspective, these results underline the need to take into account local environmental characteristics when developing restoration strategies based on approaches at reach and corridor scales.

Influence of multiple drivers on dike field forest structure and composition

Overall, we found few differences in riparian forest attributes between pre-dam and postdam surfaces along the Rhône River. As such, differences were limited to greater dominance of pioneer species on the younger post-dam dike fields and of post-pioneer and exotic species on the older pre-dam ones. Beyond the expected successional patterns related to surface age [START_REF] Janssen | Divergence of riparian forest composition and functional traits from natural succession along a degraded river with multiple stressor legacies[END_REF], the high mean diameter values for pioneer species on post-dam surfaces and the predominance of regeneration of post-pioneer species on pre-dam surfaces indicate widespread and progressive stand aging. Regarding forest composition, only one species showed significant differences in relative abundance between pre-dam and post-dam surfaces. This indicates that the alteration of flow configuration and discharge regime due to dam commissioning, i.e., reduction of average flow, frequency of high discharge and peak flows [START_REF] Vázquez-Tarrío | Effects of continuous embankments and successive run-of-the-river dams on bedload transport capacities along the Rhône River, France[END_REF], did not induce major changes in riparian forest attributes (e.g., strong mortality). One explanation beyond this pattern may be related to the fact that major changes in environmental conditions within dike fields (i.e., high accumulation of fine sediments and incision) occurred progressively over several decades, after the initial channelization phase and prior to the dam construction period [START_REF] Tena | Cumulative effects of channel correction and regulation on floodplain terrestrialisation patterns and connectivity[END_REF]. On the pre-dam surfaces, this allowed multiple possibilities for establishing succession but also a gradual adaptation of the root systems to the new conditions. Conversely, on post-dam surfaces the instantaneous and lasting dewatering induced by the diversion of flow in the canals left few opportunities for the regeneration of pioneer species and led to the rapid development of stands towards a post-pioneer phase.

Beyond the influence of channelization and flow regulation, related environmental variables strongly shaped dike field forests. Specifically, we showed that the surface elevation best explained changes in forest structure (Figure 5). Along the lateral dimension of the hydrosystem, hydrologic aspects of the flood gradient strongly shape vegetation structure and composition [START_REF] Naiman | The ecology of interfaces: riparian zones[END_REF]. Accordingly, a clear shift in forest composition was found between frequently flooded surfaces, dominated by pioneer species (Salix alba), and non-flooded surfaces, dominated by post-pioneer (Juglans regia, Cornus sanguinea and Ligustrum vulgare) and exotic species (Acer negundo and Robinia pseudoacacia). Our results also indicate that the density and basal area of exotic species, as compared to post-pioneer species, increased more with increasing surface elevation [START_REF] Catford | Species and environmental characteristics point to flow regulation and drought as drivers of riparian plant invasion[END_REF]. Although a high accumulation of fine sediments increases ecosystem productivity by maintaining higher nutrient reserves [START_REF] Franklin | Complex effects of channelization and levee construction on western Tennessee floodplain forest function[END_REF] and although resource-rich environments promote exotic species [START_REF] Nadal-Sala | Growth and water use performance of four co-occurring riparian tree species in a Mediterranean riparian forest[END_REF][START_REF] Porté | Invasive Acer negundo outperforms native species in non-limiting resource environments due to its higher phenotypic plasticity[END_REF], our results show that the position along the elevation gradient was of greater importance. Overall, this suggests that sedimentation patterns within dike fields are rather homogeneous and that it is primarily differences in elevation, and thus channel connectivity, which explain significant changes in species composition.

Finally, our results show limited effects of the reach position, as well as latitude, on riparian forest structure. The main differences among the four reaches were related to greater density and basal area of overstorey pioneer trees on the PDR reach and of exotic trees on the DZM reach. These site-based differences are consistent with variation in environmental conditions amongst the sites. At PDR the dike field surfaces were at lower elevation and potentially better connected to the water table, which presumably maximize growing conditions for pioneer species. At the DZM site, the dike field surfaces were highly disconnected due to higher sedimentation levels and potentially higher nutrient pools, conditions which can favour invasion by more drought-tolerant exotic species [START_REF] Nadal-Sala | Growth and water use performance of four co-occurring riparian tree species in a Mediterranean riparian forest[END_REF][START_REF] Porté | Invasive Acer negundo outperforms native species in non-limiting resource environments due to its higher phenotypic plasticity[END_REF]. However, regarding riparian forest composition, a shift in species pool was evidenced between the Continental northern and Mediterranean southern parts of the river corridor. Among the native species, poplar dominance shifted in the downstream direction from Populus nigra to P. alba. Exotic species also shifted, though between genera, from stands dominated by Acer negundo in the north to Robinia pseudoacacia in the south. At all sites, some combination of these two species dominated the understorey. These patterns suggest that the future of the Rhône dike field forests will look very different from today and that the sustainability of local native communities may be compromised through changes in biotic interactions and environmental conditions [START_REF] Vilà | Ecological impacts of invasive alien plants: a meta-analysis of their effects on species, communities and ecosystems[END_REF]. Specifically, these two species may have different impacts on biodiversity [START_REF] Campagnaro | Five major invasive alien tree species in European Union forest habitat types of the Alpine and Continental biogeographical regions[END_REF], different management strategies [START_REF] Merceron | Killing it softly: Girdling as an efficient eco-friendly method to locally remove invasive Acer negundo[END_REF][START_REF] Vítková | Robinia pseudoacacia-dominated vegetation types of Southern Europe: Species composition, history, distribution and management[END_REF] and varying responses to ongoing global changes [START_REF] Camenen | American trees shift their niches when invading Western Europe: evaluating invasion risks in a changing climate[END_REF].

Therefore, understanding the local-scale effect of climate versus human-induces stressors on ecosystem properties is essential to designing effective restoration approaches along the entire length of the river corridor. The shift in native and exotic species composition observed reinforces the need to account for the climatic gradient to understand changes in vegetation dynamics, in order to contextualize the impact of human stressors and thus adapt management strategies appropriately.

Characterizing the imprint of long-term human stressors on dike field riparian forests

Nearly all riparian forest attributes and tree species varied significantly between dike-fields and the more natural systems comprising young vegetation on recently-formed point bars and mature forests on older floodplains. As expected, the density of small pioneer trees of the family Salicaceae (Populus and Salix spp.) dominated the understorey and overstorey of the young stands, while regeneration of these species was almost absent in dike fields and in the mature forest.

Conversely, a few very large pioneer trees dominated the dike field stands, indicating a lack of flood disturbance and subsequent regeneration on these surfaces [START_REF] Vázquez-Tarrío | Effects of continuous embankments and successive run-of-the-river dams on bedload transport capacities along the Rhône River, France[END_REF], along with an early maturation of these stands to their maximum potential biomass. Thus, despite large variations in surface age among dike field sites (i.e., range 22-135 years), large pioneer trees already dominated the youngest surfaces [START_REF] Janssen | Divergence of riparian forest composition and functional traits from natural succession along a degraded river with multiple stressor legacies[END_REF], indicating high growth rates of Salicacea species in these resource-rich environments [START_REF] Karrenberg | The life history of Salicaceae living in the active zone of floodplains[END_REF].

Compared to young and mature riparian forests, dike field forests were dominated by exotic species, especially Acer negundo. Beyond the fact that several exotic species have been voluntarily introduced for the needs of human activities in the Rhône catchment, such as Robinia pseudoacacia and Morus alba, dike fields may be particularly susceptible to invasion because the modified hydrologic and sedimentologic conditions decrease the recruitment niche for pioneer species as the surfaces rapidly terrestrialize [START_REF] Janssen | Divergence of riparian forest composition and functional traits from natural succession along a degraded river with multiple stressor legacies[END_REF][START_REF] Kui | The long-term legacy of geomorphic and riparian vegetation feedbacks on the dammed Bill Williams River, Arizona, USA[END_REF]. The disconnection of the dike field surfaces from the river channel and the reduction in flood frequency and duration reduce the creation of new fluvial landforms, diminish the substrate moisture regime, and limit the potential for dispersal by hydrochory, all to the detriment of pioneer species [START_REF] Nilsson | The role of hydrochory in structuring riparian and wetland vegetation[END_REF]. At the same time, Acer negundo has been shown to be more resistant to a high rate of burial by fluvial sediments [START_REF] Kui | Fluvial sediment burial increases mortality of young riparian trees but induces compensatory growth response in survivors[END_REF], to establish more easily, through facilitation processes, in pioneer-dominated stands [START_REF] Saccone | Acer negundo invasion along a successional gradient: early direct facilitation by native pioneers and late indirect facilitation by conspecifics[END_REF] and therefore to out-compete native pioneer species in resource-rich environments [START_REF] Porté | Invasive Acer negundo outperforms native species in non-limiting resource environments due to its higher phenotypic plasticity[END_REF]. Moreover, once dense stands of A. negundo become established on fluvial surfaces, their intense shade and high growth rates tend to preclude recruitment of competitors, particularly shade-intolerant pioneer species. Overall, our results highlight that current dike field forest structure and composition bear little resemblance to more natural areas, as no bank erosion occurs, pioneer tree regeneration is rare and exotic tree species are highly represented.

Considering that the disconnection of dike field surfaces from the river channel is the main factor driving changes in riparian forest attributes along the Rhône River, restoration actions that increase this connection should be favoured at the reach scale. Indeed, river-wide restoration strategies aiming to recreate a dynamic mosaic of changing habitats with patches of different ages, as found on more natural alluvial rivers (e.g., [START_REF] Cooper | Multiple pathways for woody plant establishment on floodplains at local to regional scales[END_REF][START_REF] Johnson | Forest overstory vegetation and environment on the Missouri River floodplain in North Dakota[END_REF], would rely on extremes interventions, such as wholesale removal of dams and dikes to re-establish historical flow and sediment regimes. Given the unrealistic nature of this approach, we argue that restoration actions should target local reaches where there is potential for improvement, seeking to restore the natural physical and ecological processes that reconnect the river channel to its riparian margins. This can be done by dismantling part of the dike fields, at least for their upper parts, in order to reestablish bank erosion and recreate bare alluvial surfaces and a graduated floodplain and terrace complex in the fluvial corridor of individual bypassed reaches. Bank re-erosion is a tricky process, not so easy to re-establish in reaches where bed load transport is interrupted [START_REF] Arnaud | Historical geomorphic analysis (1932-2011) of a by-passed river reach in process-based restoration perspectives: The Old Rhine downstream of the Kembs diversion dam (France, Germany)[END_REF].

Moreover, groundwater may be also raised by increasing the minimum flow in the bypassed channels, as was done in the 2000s for the restoration of aquatic habitats [START_REF] Lamouroux | The ecological restoration of large rivers needs science-based, predictive tools meeting public expectations: an overview of the Rhône project[END_REF] so as to reinforce hydrological connectivity of floodplain. These measures can be especially effective in favouring the regeneration of pioneer species that are most threatened along the Rhône River corridor, especially along the less disconnected reaches, such as the Péage de Roussillon bypassed reach.

Finally, the adaptation and persistence of exotic species to the human-altered hydrogeomorphic environment of the Rhône corridor suggest that other interventions such as local eradication or broader-scale floodplain clearing may be needed to simulate the natural processes of floodplain development and native forest regeneration [START_REF] Cooper | Novel plant communities limit the effects of a managed flood to restore riparian forests along a large regulated river[END_REF]. Though these actions may be effective in individual sites, they are likely impractical at the river corridor scale because of the enormous costs involved and the uncertainty of the expected results. Therefore, we argue that the restoration of severely degraded environments will require a nuanced mix of approaches at different spatial scales [START_REF] Bernhardt | River restoration: the fuzzy logic of repairing reaches to reverse catchment scale degradation[END_REF]. Along the Rhône River, restoration operations should be prioritized first in reaches where restoration of physical process is most likely to occur, mainly the longest ones where we can restore bedload transport and local bank re-erosion. On other reaches with lower potential, however, it seems more appropriate to adapt current forest stand management to local conditions by promoting the development of sustainable habitats for biodiversity and improving the ecosystem services they provide.

Conclusion

Along the Rhône River margins, engineered modifications due to human infrastructure have induced profound changes in both abiotic and biotic conditions within the riparian environment.

Compared to more natural riparian forests, we showed that channelization leads to a rapid terrestrialisation of dike field surfaces, which steers stand development towards a new composition and structure. As a secondary influence, flow regulation reinforces this effect. Given that current dike field surfaces are no longer subject to erosion processes and that the return to a pre-disturbance state at the corridor scale is very unlikely, pragmatic approaches should be favoured to maximize ecological values given the current state [START_REF] Dufour | From the myth of a lost paradise to targeted river restoration: forget natural references and focus on human benefits[END_REF]. In this view and in accordance with [START_REF] Thorel | Socio-environmental implications of process-based restoration strategies in large rivers: should we remove novel ecosystems along the Rhône (France)? Reg[END_REF], we argue that the ecological and sociological cost-benefit of restoration actions should be better evaluated. Therefore, we believe that a process-based restoration strategy should be implemented by giving priority to bypassed reaches with the greatest ecological potential (e.g., by facilitating the regeneration of pioneer species on surfaces with lower elevation) through bed load transport restoration coupled with bank re-erosion. On other bypassed reaches, management of dike field forests could aim to improve the ecological benefits provided by these human-made ecosystems in terms of suitable habitat for biodiversity (e.g. in-channel wood, large living trees and related microhabitats) as well as other services (e.g., recreational areas, pollutant mitigation and carbon storage). We believe that implementing a hierarchical, multiscale approach based on local reach conditions and species pools will maximize the ecological benefits of restoration actions along the Rhône River corridor. Given that channelization and flow/bed load regulation are among the most common human interventions in rivers that constrain the dynamics of riparian communities, these results for the dike field forests along the Rhône River should be readily transferable to other human-altered riparian ecosystems. 
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  Dev = 54, p = 0.001), inundation duration (Dev = 83, p = 0.001) and relative surface elevation (Dev = 48, p = 0.001), but not with surface age (Dev = 11, p = 0.852) and fine sediment depth (Dev = 17, p = 0.524). Altogether, these variables explained a large part of the variation (D² = 0.352). Univariate tests (n = 15, Appendix 12) showed that the abundance of Ligustrum vulgare (Dev = 12, p-adj = 0.006) increased in the northern part of the study area while that of Populus alba (Dev = 13, p-adj = 0.004) increased in the southern part (Figure 7). Moreover, the abundance of Acer negundo (Dev = 12, p-adj = 0.016), Cornus sanguinea (Dev = 15, p-adj = 0.004), Juglans regia (Dev = 10, p-adj = 0.032), Ligustrum vulgare (Dev = 14, p-adj = 0.004) and Robinia pseudoacacia (Dev = 14, p-adj = 0.004) increased in non-flooded surfaces. Finally, the abundance of Salix alba (Dev = 15, p = 0.011) increased at low elevation.

  abundance of Salix eleagnos (Dev = 80, p-adj = 0.001), Salix purpurea (Dev = 58, p-adj = 0.001) and Populus nigra (Dev = 7, p-adj = 0.038) increased in the young stage; the abundance of Crataegus monogyna (Dev = 96, p-adj = 0.001), Fraxinus angustifolia (Dev = 51, p-adj = 0.001) and Ligustrum vulgare (Dev = 43, p-adj = 0.001) in the mature stage; and the abundance of Salix alba (Dev = 57, padj = 0.001), Acer negundo (Dev = 47, p-adj = 0.001) and Populus alba (Dev = 8, p-adj = 0.036) in dike field forests (Figure 7).
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