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Abstract

:

Mountain streams are frequently characterized by step–pool morphology that provides stability and energy dissipation to the channel network. Large flooding events can overturn the equilibrium of the step–pool condition by altering the entire configuration. This work focuses on the impact of the “Vaia” storm (27–30 October 2018) on a step–pool mountain stream (Rio Cordon, Northeast Italy) and on its evolution after two years of ordinary flow conditions. To achieve the aims, this work uses both remote sensing data (LiDAR and UAV) and direct field measurements (i.e., longitudinal profiles and grain sizes distributions) performed pre-event, post-event, and 2 years later (current conditions). The results show a significant widening (width +81%, area +68%) and the creation of a new avulsion after the storm and a substantial change between the number of units (51 in the pre-event, 22 post-event, and 51 in the current conditions) and characteristics of step–pool sequences between pre- and post-conditions. Furthermore, it proves the ongoing processes of morphological stabilization since the current step–pool sequences parameters are heading back to the pre-event values. Such results suggest clear susceptibility of step–pool to exceptional events and fast recovery of such setting during barely two years of ordinary flow conditions.
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1. Introduction


The morphological configuration of a fluvial system is the result of a complex interplay between different factors. In mountain environment, the latter are mainly constituted by climatic, geological, hydrological, and sedimentological forcings, to which mountain streams have to adapt. To describe and better understand the mountain stream morphology, different classifications were proposed in the literature. Up to now, the most used and shared is the classification proposed by Montgomery and Buffington [1], which defines the streams according to the channel-reach morphologies. These are classified as follows: colluvial, bedrock, cascade, step–pool, plane bed, pool riffle, and dune ripple. Worth adding is the typology “rapids” that was introduced firstly by Church and Zimmermann [2] and then used by Gomi et al. [3]. In this work, particular attention is paid to the step–pool configuration that is one of the most common morphologies in mountain streams [4]. As the name suggests, the step–pool setting is characterized by the presence of an upstream step and a downstream pool. Higher water level upstream and a lower moving downstream characterize the pools. The steps are commonly composed of large boulders or wood logs that imbricate smaller boulders, cobbles or gravels, entailing stability and a heterogeneity in the streambed material. Additionally to the steep slope (>5%), the step–pool setting develops mainly under the conditions of highly heterogeneous grain size, i.e., spanning from fine granules to large boulders [4,5]; near critical to supercritical flows [6]; persisting limited sediment supply conditions and limited transport rate [5]. This morphology is also known to be a configuration that effectively dissipates energy [7]. Dissipation that is favored by both the grain and form roughness. The former is verified since the large elements provide resistance to the water flow, the latter, instead, occurs due to the presence of the vertical drop of the step that reduces the potential energy, which otherwise would be converted into a longitudinal component of the kinetic energy [8], influencing erosional and sediment transport processes [9]. The mean flow velocity for a step–pool stream, in fact, is the minimum attainable for assigned values of slope, grain size distribution and roughness [4]. The step–pool configuration can be described by a series of descriptive parameters, proposed by Whittaker and Jaeggi [10] and Abrahams and Atkinson [11], i.e., step width (W), step–step drop (Z), step–pool height (H), pool–pool spacing (Lp), step–step spacing (Ls), and mean slope (S). The mean H and mean Ls of a step–pool unit can be used to define the steepness factor [10,11,12]. Based on field and flume experiments, Abrahams and Atkinson [11] suggested that the maximum resistance to the flow of a step–pool setting is satisfied when the steepness factor is equal to 1.5 S. Furthermore, field experiments by Lenzi [4] demonstrated that such parameter equals 0.79 S when the step–pool configuration faces unstable conditions. The addition of the S parameter to the steepness permits to compute the non-dimensional steepness (c) which gives further information on the slope of the pool bottom profile [4]. Step–pool configuration plays an important role in controlling sediment transport processes and, in the mountain streams’ sediment yield. This capacity to influence the sediment transport processes is also used for ecological and management issues. At present, in fact, step–pool settings are used to provide both watershed protection and restoration of mountain fluvial systems. The capacity of step–pool configuration to modulate the sediment fluxes was also proven by study cases that documented its removal. In fact, the suppression of step–pools led to an increase in sediment yields due to the reduction in grains interlocking, and bedform roughness [4,5]. In addition, in highly confined valleys the step–pool configuration can act as a reinforcement of the banks; therefore, its removal may promote hillslope instabilities and the increase in sediment supply [5,13]. As far as the alteration of step–pool is concerned, Crowe [14], through flume experiments, identified several processes such as: burial by sediments, collapse of key elements due to erosion of supporting fine particles, failure due to downstream plunge pool erosion, and collapse due to collision by large particle as processes for which a step can be removed. Nevertheless, the field analysis carried out in the Erlenbach by [5] identified an additional step removal process, consisting in the direct entrainment of key elements due to outstanding hydraulic forcing conditions. Large and infrequent floods are commonly the main causes of mountain streams’ morphological alteration expressed as new avulsions [15], channel widening [16], and changes in the streambed configuration [17]. Such morphological changes can be investigated by means of remote sensing approaches relying on LiDAR, UAV, and aerial photos [18,19,20], which can be integrated by accurate field surveys in order to limit their uncertainty [21,22].



Therefore, in light of the susceptibility of the mountain step–pool streams to a wide range of natural disturbances [23] and given the increase in intensity and frequency of such events, it is of crucial importance understanding their responses and evolutions after flood events of different magnitude. In this sense, the Northeast of Italy was recently affected by the “Vaia storm” (27–30 October 2018), a low-pressure system causing high Scirocco wind gusts (>200 km/h) and cumulative precipitation up to 715 mm [16,24].



This work provides an accurate study about the morphological response of an alpine step–pool stream to a large and infrequent flood, and subsequent ordinary flow conditions. The unique opportunity of analyzing the Vaia storm provides new information concerning the step–pool morphological changes and new tips for future management guidelines in order to predict mountain streams evolution in a future scenario featuring climate change. Therefore, to analyze the event precisely, particular attention is given to: (i) the planimetric evolution, (ii) the alteration of step–pool configuration, and (iii) the grain size variations.




2. Materials and Methods


2.1. Study Area


The Rio Cordon catchment is located in the eastern Alps of Italy, precisely in the Agordino valley (Belluno, Veneto Region) (Figure 1). It has an extension of 5 km2 and a typical alpine climate. The mean annual precipitation is stable (1986–2018) around 1180 mm [25], whereas the mean annual temperature (T°) has distinctly increased over 1 °C during the last three decades [26]. At present, the mean T° is around 7.5 °C. The nivo-pluvial regime of the basin favors predominant snowfalls in the late fall, during the winter season and in the early spring. In the rest of the year, short and intense rainfalls feature the runoff regime.



Being part of the Southern Limestone Alps, the substrate of the Rio cordon is characterized by dolomites, limestones, volcanic conglomerates, and calcareous-marly rocks [25]. As the range of elevation goes from 1763 to 2763 m a.s.l., the vegetation cover is limited to 7% of the basin area. The vegetation is composed of spruce (Picea abies) and larch (Larix decidua). Bare rocks (14%), shrubs (18%), and grasslands (61%), instead, cover the rest of the area. The Rio Cordon main channel (hereinafter Rio Cordon) is characterized by cascade, step–pool, and riffle–pool morphologies [1]. Worth mentioning is the presence of a waterfall just upstream of the middle part of the channel. As it is known [26], such a unit represents a knickpoint and a natural area of disconnection between the upstream and downstream part of the basin. For the lower Rio Cordon, the mean average slope is around 17%. The bankfull discharge is around 2.3 m3 s−1 (Figure 2), which covers a mean channel width of around 5.3 m [26,27,28]. Thanks to a monitoring program activated since 1985 and based on a permanent measuring station, the Rio Cordon study site can be defined as a “field laboratory”. In fact, it was monitored for more than three decades, allowing for better understanding as to how climatic, hydrological, morphological, and sedimentological dynamics can act in an alpine basin [29,30,31,32,33,34,35].




2.2. Flow Conditions


To analyze the morphological evolution of the study reach channel of the Rio Cordon, three field campaigns were realized in 2015 (pre-event), 2018 (post-event) and 2020 (current conditions), respectively (Figure 2, Table 1). In terms of hydraulic forcing, the period between pre-event and post-event surveys was characterized thanks to the water discharge (Q) recorded by the Rio Cordon monitoring station, which measured Q hourly [32]. In this study period, the Rio Cordon experienced Q mainly under- and near-bankfull flood (Figure 2). However, in October 2018 a severe weather event (hereinafter Vaia storm) affected the study site [36]. Particularly, the heavy rainfall occurred between 27–30 October 2018 (352 mm in ~80 h) triggered a peak of water discharge (QP) equal to 16.4 m3 s−1, i.e., the largest QP ever documented in the Rio Cordon [25]. This outstanding hydraulic forcing caused the transport of about 6800 m3 of bedload to the monitoring station and the consequent interruption of all the operations, included the Q measurements. Therefore, from the Vaia storm, the hydraulic forcing conditions acting in the Rio Cordon had to be derived through indirect methods. To this end, the Q recorded by the nearest gauging station (“Sottorovei” Arpa Veneto station at Fiorentina Stream) was used, through a specific basin to-sub-basin discharge extrapolation [25]. The capacity of the Fiorentina Stream discharge to predict the Rio Cordon discharge was tested and validated by Rainato et al. [25], permitting authors to characterize the Vaia storm flood. In light of this, the relationship between Fiorentina Stream discharge and Rio Cordon discharge was used to describe the hydraulic forcing condition which occurred in the Rio Cordon from October 2018 onward. Figure 2 shows that following the Vaia storm and, in particular, between the post-event field campaign and the survey of current conditions, the Rio Cordon experienced persistent ordinary flows. In this study, we defined as ordinary flow condition the discharge values lower than the bankfull value. Precisely, the peak of water discharge estimated between the pre-event and post-event surveys was equal to 16.4 m3 s−1 (29 October 2018), whereas QP = 1.7 m3 s−1 (17 November 2019) was observed between the post-event field campaign and the survey of current conditions.




2.3. Planimetric Pattern


The planimetric analysis was carried out taking advantage of three subsequent aerial photos and Digital Elevation Models (hereinafter DEMs) with respect to the pre-event, post-event and current conditions (Table 1). For the first two years (pre-event and post-event) LiDAR surveys were exploited. The ortophotos were characterized by a resolution of 0.20 m with DEMs of 0.50 m. Although the Vaia storm hit the basin in the late 2018, the remote sensing survey was taken the following winter in order to avoid snow covering along the basin area. The remote sensing data of the current conditions, instead, were obtained thanks to Structure from Motion workflow (SfM) [37] using Unmanned Aircraft Vehicles (hereinafter UAVs). Particularly, the drone employed was a quadcopter DJI Phantom 4. The data processing was performed using the Agisoft Photoscan Professional 1.5.5 [38] from which high-resolution aerial photos of 0.02 m and DEM of 0.10 m were produced.



Moving forward, through an aerial photo interpretation technique [26,39], the active channels detected in the pre-event, in the post-event and in the current periods were measured and compared using the Esri ArcMap 10.5 software. Following Lawlor’s [40] definition, the active channel considered referred to the geomorphic feature of the torrent which is defined by a break in bank slope and, typically, by the edge of the exposed gravels. The talweg line position was detected via aerial photo interpretation. The combination of the active channel polygon and the talweg position permitted to measure the mean width per each year plotting transversal cross-sections every 20 m.




2.4. Step–Pool Configuration


The analysis of the step–pool configuration was performed surveying the longitudinal profile of the Rio Cordon in the study, which reached 320 m long. This segment partially matches with the 250 m investigated by Lenzi [4], extending for over 70 m upstream. Specifically, the longitudinal profile was surveyed pre-event, post-event and in the current conditions (Figure 2, Table 1). In these surveys, a uniform and consistent approach was used to measure the longitudinal profile. Particularly, a laser rangefinder (horizontal/vertical accuracy = 0.01 m) in conjunction with a target prism was used to measure the relative elevation and distance of each major breaks in the bed topography along the talweg of the Rio Cordon. Using such approach, 335, 149, and 220 points were measured pre-event, post-event, and in the current periods, respectively. Therefore, the mean accuracy achieved was 1.05 points m−1 pre-event, 0.47 points m−1 post-event, and 0.69 points m−1 in the current conditions.



Once obtained the longitudinal profiles, the analysis focused on the identification of step–pool units. A step–pool unit was defined as an accumulation of boulders or large cobbles separating an upstream backwater pool from a downstream plunge pool [2,4,5,41]. According to Lenzi [4], only the step–pools that were part of a sequence of at least three consecutive units were considered. Hence, each step–pool unit was characterized in terms of step–pool height (H), step–step drop (Z), step–step spacing (Ls), pool–pool spacing (Lp), and mean slope (S) (Figure 3). H and Z were measured considering the vertical distance, whereas Ls and Lp were defined measuring the slope distance.



In this sense, only the step–pool units exhibiting H > D84 of the pre-event grain size distribution were considered in the analysis (see Section 2.5). The use of D84 as minimum threshold is designed to operate an effective identification of the step–pool configuration, relying on sedimentological feature of the study site. The step–pool sequences (SPS) were identified in clusters of three or more consecutive step–pool units, separated upstream and downstream by other channel forms for a distance of at least two times the mean bankfull width (10.6 m). Finally, to compute the steepness and non-dimensional steepness c (see Section 1) the following Equations (1) and (2) were used, according to Lenzi [4] and Abrahams and Atkinson [11]:


  steepness =  H  Ls    



(1)






  c =    H  Ls    S   



(2)








2.5. Grain Size Distribution Variation


To comprehensively understand the morphological evolution of the Rio Cordon over the study period, the surveys of planimetric variations and step–pool configurations were supported by the definition of the grain size distribution (GSD) of the Rio Cordon surficial material. The GSD analysis were made in the pre-event [42], post-event, and current conditions (Table 1). The three GSD analyses were conducted using the grid by number approach and sampling the surficial in-channel material along the most downstream part of study reach. Specifically, 326, 202, and 229 particles were collected and measured in the pre-event, post-event, and current periods, respectively.





3. Results


3.1. Planimetric Evolution


In the pre-event condition, the Rio Cordon active channel (Figure 4A) covered an area of 3238.5 m2 and was characterized by a mean channel width of around 10 m (Table 2). The talweg length was 350.8 m.



After the Vaia storm event, the mean channel width and active channel area increased by 81% and 68%, respectively (Figure 4B). Particularly, the former reached a value of 18.6 m whereas the latter registered around 5425.1 m2. Furthermore, the talweg increased its length to 352.5 m (+0.48%). Compared with the post-event planimetric data, the current conditions exhibited further slight changes (Figure 4C). The channel area increased by 10.5%, covering an active area of 5993.8 m2. Likewise, the width increased to 20.0 m (+7.5%). On the contrary, the talweg reduced its path by around 1.6%, registering a length equal to 346.8 m.



Worth to mention, is the creation of an avulsion around 110 m upstream the outlet of the basin. Such area (Figure 5) affected around 23.3% of the post-event talweg length. Specifically, the avulsion measures 82.3 m and reduced the pre-event talweg length in that area by around 6 m (from 88.5 to 82.3 m).




3.2. Evolution of Step–Pool Configuration


The number of step–pool units identified in the pre-event, post-event, and current conditions was 51, 22, and 51, respectively. All investigated parameters exhibited a similar behavior over the study period, with larger Ls, Lp, H, and Z in the post-event than in the pre-event situation. Hence, in the current conditions, these parameters showed a general decrease, returning to values very close to those observed in the pre-event (Figure 6).



A certain trend is observable also clustering the step–pool units in sequences (SPS, see Section 2.4). In the pre-event, in fact, six step–pool sequences were found, whereas post-event they decreased to 4. In the current conditions, instead, the sequences moved up to 8 (Table 3). Interestingly, the mean Ls, Lp, H and Z observed in the SPS showed, between the pre-event, post-event and the current conditions, a behavior similar to that identified in the units (Figure 6). In fact, the average Ls observed in the step–pool sequences increased from 4.42 m in the pre-event to 6.80 m in the post-event (+53.9%), and then decreased to 4.07 m in the current conditions (−40.2%). The mean Lp increased from 4.36 m to 6.68 m between the pre-event and post-event period (+53.3%), whereas in the current conditions this was 4.23 m (−36.7%). Similarly, H and Z showed higher mean values in the post-event than in the pre-event, increasing from 0.75 to 0.97 (+30.4%) and from 0.63 to 0.95 (+50.8%), respectively. Therefore, in the current conditions, both H and Z experienced a reduction in mean values, decreasing to 0.75 m (−22.6%) and 0.54 m (−42.8%), respectively (Table 3). Lastly, it is worth noticing that an opposite trend was appreciated in the mean slope of step–pool sequences, which exhibited S equal to 0.14 m m−1 in the pre-event period, 0.13 m m−1 in the post-event (−5.1%) and 0.15 m m−1 in the current conditions (+12.7%).



The step–pool analysis also permitted to investigate the trend exhibited by the steepness over the study period. Specifically, the relationship between S and mean steepness (H/Ls) for each step–pool sequence was observed pre-event, post-event, and in the current conditions. Figure 7 highlighted that the pre-event and, in particular, the current periods’ sequences, fit well the function H/Ls = 1.5 S (maximized flow resistance). Differently, the post-event sequences plot constantly lower. In this sense, the non-dimensional steepness (c) was 1.41 in the pre-event, 1.11 in the post-event, and 1.44 in the current conditions.




3.3. Variation in Grain Size Distributions


Post-event, the grain size distribution of the Rio Cordon surficial material was overall finer than in the pre-event (Figure 8). Particularly, the 16th (D16), 50th (D50), and 84th (D84) percentiles were 29, 114, and 358 mm in the pre-event, decreasing to 26, 78, and 302 mm in the post-event. The GSD measured in the current conditions was comparable to that found post-event (Figure 8). However, D16, D50, and D84 equal 24, 76, and 423 mm, suggesting a certain coarsening of the larger grain size fraction. Such tendency is explicated by the 84th percentile, which increased by 40.1%.





4. Discussion


The pre-Vaia storm conditions, outlined by both the analysis on the pre-event planimetric pattern and GSD are to be considered the results of a long and stable phase of the Rio Cordon distinguished by persistent ordinary hydraulic forcing conditions [43]. In fact, prior to the Vaia storm, the only flood able to significantly modify the Rio Cordon morphology was registered in September 1994. However, this latter event, which registered a Qp = 10.40 m3 s−1, affected more the hillslope rather than the main channel, creating numerous new sediment source areas [32]. Particularly, since the bedload transport of 1994 flood was around seven times lower than the Vaia flood [25], the stream changed substantially in terms of bedforms configuration but slightly in terms of planimetric pattern. Large planimetric changes, instead, were registered during Vaia, which created an 82.3 m channel avulsion close to the outlet of the basin (Figure 9). In mountain fluvial systems, avulsion channel can be the result of the combination of different factors such as large flooding events and its consequent aggradation effect [44] that triggers the creation of a new and steeper channel [45,46,47] able to provide new downstream pulses of sediment transport and yield [48]. In the Rio Cordon, such changes go together with the increase in around 80% of the mean channel width and 68% of the channel area. Notwithstanding, the talweg length increased by only 0.48%, featuring a relatively similar planimetric path. The talweg length increase documented in the Rio Cordon was lower than what was experienced by the Erlenbach, consequently to the 50-year flood of June 2007. In fact, such event induced an augment of 3.82% in the Erlenbach talweg length [49]. Interestingly, the increase in mean channel width detected in the Rio Cordon between pre- and post-event was in line with the range +40–105% observed in the mountain Biała River consequently to an 80-year flood [50]. However, it is worth comparing the widening observed in the Rio Cordon with that documented in the Grimmbach and Orlacher Bach after the May 2016 flash flood [20]. In fact, the larger (30 km2) and flatter (1.5%) Grimmbach mountain basin experienced a mean channel width increase (+590%), clearly higher than the Rio Cordon. Instead, the Orlacher Bach, which features basin area (5 km2) and stream slope (5.5%) closer to the Rio Cordon, exhibited an increase in mean channel width equal to +210%. In this sense, it is worth noting that the widening in the Rio Cordon was induced by a unit peak discharge equal to 3.3 m3 s−1 km−2, notably lower than the 20.9 m3 s−1 km−2 expressed in the Erlenbach by the June 2007 flood and the 20.0 m3 s−1 km−2 experienced by the Orlacher Bach during the May 2016 flash flood, stressing the high geomorphic effectiveness of the Vaia storm in the alteration of main channel. Such hypothesis is supported also by the large variation experienced by the Rio Cordon in terms of active channel area (+68%).



The planimetric changes observed between post-event and current periods resulted one order of magnitude lower than those registered between the pre- and post-event. This result is mainly related to the persistent ordinary flow conditions occurred during the last years (Qp = 1.7 m3 s−1). However, the capacity of these conditions to further augment the active channel area by 10.5% and the mean channel width by 7.5% seems to suggest that the geomorphic status of the Rio Cordon is still unstable after two years from the Vaia storm. Moreover, the current talweg reduced its length by around 1.6%, implying a certain simplification in the channel path, especially in the downstream part of the study reach (Figure 4C). Interestingly, this result is consistent to what observed in the Erlenbach after 3 years from the large June 2007 flood. During these 3 years (2007–2010), the Erlenbach experienced only ordinary floods, reducing the talweg length by 4.74% and restoring similar values to those of the pre-2007 period [49]. In the Rio Cordon, it is worth mentioning the degree of uncertainty given by the two different techniques of remote sensing data acquisition, precisely between the LiDAR and SfM from UAV technology. Although both provide high-resolution products, SfM DEMs and aerial photos offer lower cell dimension, reducing considerably the possible errors made by the operators in measuring the planimetric features of the channel. On the contrary, LiDAR technology offers more reliability when filtering the water and vegetation cover [51]. In the end, despite the analysis carried out by the same operator, the two different data sources might have affected the results of the present work.



The changes in the planimetric pattern of the Rio Cordon led to the alteration of the step–pool configuration. In this sense, the step–pool investigation realized between the pre-event and the current condition can be compared with the analysis made by Lenzi [4] during the period 1993–1998, offering the rare opportunity to understand how the step–pool configuration can respond to different large floods. Interestingly, the increase observed in Ls (+53.9%), Lp (+53.3%), and H (+30.4%) after the Vaia storm was higher than the +22.7%, +36.7%, and +2.1% documented by Lenzi [4] as a consequence of the September 1994 event. This different response can be ascribed to the different magnitude of the two flood events, in particular in terms of flood duration [25]. However, both cases fall within those exceptional floods that [5] highlighted to be able to generate total step–pool alteration. The same authors, in fact, demonstrated that 40- and 50-year floods in the Erlenbach were capable of disrupting the step–pool morphology, whereas a 27-year event produced only a partial alteration of this bedform configuration. This also matched with [52], who proved that an extreme rainfall event caused the step–pool system failure in the Latnjavagge basin. Particularly, in the Rio Cordon, the removal of the step–pool units by the Vaia storm seems to be attributable to the outstanding hydraulic forcing conditions that produced also boulder mobility [25]. Such conditions suggest that the direct entrainment of the keystone and the impact of these by large particles could have been the main processes by which the steps were removed. Such a hypothesis would support what was documented in the Erlenbach by Turowski et al. [5], as well as the flume experiments made by [53], in which the motion of keystone accounted for 90% of the total step–pool failure events.



The Ls (−40.2%), Lp (−36.7%), and H (−22.6%) variations detected after 2 years from the Vaia storm (current conditions) were in line with those revealed 4 years since the September 1994 event. In fact, in 1998–1999, Lenzi [4] found −36.4% in Ls, −36.7% in Lp, and −19.1% in H. Therefore, these results seem to suggest that after the October 2018 flood, the Rio Cordon is recovering the step–pool configuration faster than after the September 1994 event, likely due to the post-event hydraulic forcing. In fact, the period between the post-event and the current situation was characterized by persistent under-bankfull flows (Qp = 1.7 m3 s−1). Differently, the post-large flood period (1994–1999) analyzed by Lenzi [4] featured an over-bankfull flood (Qp = 4.7 m3 s−1) that can have further disturbed the re-establishment of step–pool configuration. In 2020, the decrease in Ls, Lp, H, and Z may also be caused by the large widening experienced by the Rio Cordon, which, combined with the persistent ordinary flow conditions, can have promoted flow velocity reduction over the step–pool units, and then the prevalence of deposition over erosion [54]. This dynamic may have further supported by the large sediment availability characterizing the post-event period. Interestingly, the step–pool responses observed in the Rio Cordon differed from what document in the Erlenbach after the large June 2007 event [49]. In fact, this latter event has not substantially changed the mean step height and the mean step spacing, but strongly increased their variability. Additionally, in 2010, after 3 years of ordinary flow conditions, the Erlenbach step–pool configuration showed an increase of 4.41% and 8.86% in the mean step height and the mean step spacing, respectively. Therefore, the Erlenbach exhibited a different response in terms of step–pool evolution, in particular, in the variations induced by the ordinary flow conditions. This stresses how the step–pool configurations can respond in a complex way to the different hydraulic forcings, especially, if they were previously altered by large flood events. However, the step–pool recovery currently observed in the Rio Cordon is consistent to what found in the Lainbach by Gintz’ et al. [55], who noticed the re-established of this bedform configuration two years after an exceptional flood event. In addition, the trend exhibited by the steepness and by the non-dimensional steepness (c) seems to confirm it. Particularly, the decrease in c from 1.41 (pre-event) to 1.11 (post-event) stressed further how the Vaia flood has destabilized the step–pool morphology, which after that event has shown a more disorganized pattern. However, c equal to 1.44 (current conditions) pointed to a return to a more stable bedform configuration, with a c very close to 1.5, i.e., a condition of maximized flow resistance and well-developed armour layer [4,6]. As for the analysis on the planimetric patterns, the results obtained for the step–pool evolution include some uncertainty related to the methodological technique applied. For instance, the post-event longitudinal profile was built on fewer points per meter because it was surveyed in the weeks immediately after the Vaia flood, i.e., in highly unstable streambed conditions and with the presence of over 130 trees uprooted and laying perpendicularly to the main channel that made field activities particularly difficult and dangerous [36]. However, we assume that the survey was good enough to provide information related to the step–pool configurations.



In light of the results achieved, it is evident how Vaia caused an evident expansion of the active channel (mean channel width and mean active channel area), to which the step–pool configuration responded by increasing its spacing (Ls, Lp) and height differences (H, Z). Moreover, the flood event triggered a general fining of surficial material of Rio Cordon (Figure 8). Differently, the persistent under-bankfull flow conditions occurred after Vaia flood induced no significant variations in the GSD apart from an increase in the coarse fraction of the distribution (>D70). As above-mentioned, even the planimetric pattern responded modestly to 2 years of ordinary flow conditions, which, instead, induced a significant change in the step–pool units and sequences that returned to a configuration very similar to the pre-event. This result seems to suggest that, in the Rio Cordon, the outstanding hydraulic forcing expressed by Vaia were capable to totally altering the fluvial system, whereas the under-bankfull flow conditions occurred after such event acted on the step–pool configuration but not significantly on the streambed grain size and on the planimetric pattern. Such conclusion is in line with [43], who stressed that even low hydraulic forcing conditions can influence the fluvial system, acting in particular on the setting of streambed material. To conclude, in a future scenario, with more frequent extreme events, understanding the primary response of mountain step–pool streams to diverse flood magnitudes will be a major topic in terms of both management strategies and ecological purposes. In this sense, this work offers the rare chance to investigate the morphological response of a mountain step–pool stream to a large and infrequent flood as well as its evolution two years after that event. Furthermore, thanks to a long-term monitoring programme it was possible to compare the results to a previous exceptional flood in the same catchment.




5. Conclusions


This study presents the response of a step–pool mountain stream to an exceptional flood and its evolution during two years of ordinary flow conditions. The results provide evidence of step–pool destruction and recovery. Specifically, the analysis on the planimetric patterns suggested clear changes in both the width and the talweg path of the Rio Cordon. Such consequence led to an in-channel morphological alteration. In fact, significant changes have emerged between the analysis on the pre-event, post-event, and current step–pool configuration. A distinct increased on the value of the step–pool descriptive parameters, as well as a decrease in the number of sequences immediately after the Vaia storm was highlighted. Furthermore, an ongoing process of morphological stabilization after two years from the large disturbance was identified. The data registered concerning Ls, Lp, Z, and H, in fact, are heading back to the pre-event values. Therefore, our results underline that the step–pool morphology can be destroyed only by large exceptional events and can recover even during a 2 year period of ordinary flow conditions.



However, the comparison of the results with worldwide studies concerning step–pool alteration and recovery from large infrequent disturbances highlighted evidence of complex and non-univocal responses. Therefore, further verification of such dynamics is required. We suggest applying future flume and field experiments to both compare and validate such impacts and the cascading processes occurring in a mountain step–pool stream after an exceptional flood event.
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Figure 1. (A) Aerial picture of the Rio Cordon basin located in the northeast of Italy (green pentacle), the red square at the outlet of the basin represents the area where the UAV survey was made along the (B) study reach. In this part, the planimetric and step–pool analyses were made. 
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Figure 2. Water discharge experienced by the Rio Cordon during the study period. Until the Vaia storm, the water discharge was measured by the Rio Cordon monitoring station. From Vaia onward, due to the interruption in the monitoring station operations caused by the event, the water discharge acting in the Rio Cordon was determined starting from the Fiorentina Stream discharge and using a specific basin to sub-basin discharge extrapolation. The vertical blue, green and red lines identify the longitudinal profile surveys realized during the pre-event, post-event and the current conditions. The horizontal gray dashed line shows the bankfull discharge (2.30 m3 s−1). 
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Figure 3. Graphical description of the variables analyzed in the step–pool sequence, i.e., the step–step drop (Z), step–pool height (H), pool–pool spacing (Lp), step–step spacing (Ls), and mean slope (S). 
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Figure 4. Visual planimetric changes of the active channel and talweg in the (A) pre-event, (B) post-event and (C) current periods. The yellow dot identifies the area where the grain size analysis was realized. 
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Figure 5. Visual planimetric changes of the talweg for the pre-event, post-event and current conditions. The aerial photo refers to the post-event condition. In the right part, a focus on the new avulsion created during the Vaia storm is shown. 
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Figure 6. Distribution of (A) step–step spacing (Ls), (B) pool–pool spacing (Lp), (C) step–pool height (H), and (D) step–step drop (Z) values in the pre-event, post-event, and current conditions. 
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Figure 7. Relationship between S and mean steepness (H/Ls) for each step–pool sequence observed pre-event, post-event, and in the current conditions. Black line is the function H/Ls = 1.5 S, which describes the maximized flow resistance. 
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Figure 8. Grain size distributions of Rio Cordon surficial material measured pre-event, post-event, and in the current conditions. 
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Figure 9. Examples of planimetric changes experienced by the Rio Cordon in the (A) middle and (B) upstream part of the lower Cordon. 
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Table 1. Date and typologies of data used for the analysis.
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	Data
	Pre-Event
	Post-Event
	Current Conditions





	Remote sensing device
	LiDAR
	LiDAR
	UAV



	Aerial photos
	2015
	2019
	2020



	Digital Elevation Model
	2006
	2019
	2020



	Grain Size Distribution
	2014
	2018
	2020



	Longitudinal profile
	2015
	2018
	2020
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Table 2. Planimetric evolution of the study reach.
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Talweg Lenght

	
Mean channel Width

	
Active Channel Area




	
(m)

	
(m)

	
(m2)






	
Pre-event

	
350.8

	
10.3

	
3238.5




	
Post-event

	
352.5

	
18.6

	
5425.1




	
Current conditions

	
346.8

	
20.0

	
5993.8
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Table 3. Mean values of step–step spacing (Ls), pool–pool spacing (Lp), step–pool height (H), step–step drop (Z), and slope of each sequence (SPS) identified pre-event, post-event, and in the current conditions.
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Mean Ls

	
Mean Lp

	
Mean H

	
Mean Z

	
S




	
(m)

	
(m)

	
(m)

	
(m)

	
(m m−1)






	
Pre-event

	
SPS1

	
5.93

	
5.56

	
1.03

	
0.92

	
0.16




	
SPS2

	
3.04

	
2.96

	
0.54

	
0.39

	
0.12




	
SPS3

	
4.26

	
4.36

	
0.64

	
0.61

	
0.14




	
SPS4

	
5.05

	
4.98

	
0.70

	
0.60

	
0.12




	
SPS5

	
3.98

	
4.07

	
0.85

	
0.71

	
0.19




	
SPS6

	
4.26

	
4.24

	
0.71

	
0.55

	
0.12




	
Post-event

	
SPS1

	
7.69

	
6.61

	
1.12

	
1.10

	
0.14




	
SPS2

	
6.48

	
7.08

	
0.86

	
0.85

	
0.10




	
SPS3

	
5.98

	
5.94

	
0.88

	
0.84

	
0.16




	
SPS4

	
7.06

	
7.10

	
1.04

	
1.02

	
0.14




	
Current conditions

	
SPS1

	
4.06

	
3.36

	
0.86

	
0.64

	
0.17




	
SPS2

	
5.67

	
5.63

	
0.80

	
0.64

	
0.12




	
SPS3

	
5.72

	
6.57

	
1.04

	
0.66

	
0.12




	
SPS4

	
1.52

	
1.59

	
0.57

	
0.37

	
0.24




	
SPS5

	
2.51

	
2.23

	
0.75

	
0.46

	
0.19




	
SPS6

	
5.75

	
6.40

	
1.12

	
0.82

	
0.16




	
SPS7

	
4.04

	
4.83

	
0.41

	
0.29

	
0.07




	
SPS8

	
3.28

	
3.23

	
0.49

	
0.49

	
0.14
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