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Abstract

:

Changes in river pattern have been documented in the literature. The recognition of islands and vegetated patches, which is indicative of the evolution processes, requires simultaneous information at different points and at different times and field studies are still difficult and scarce. The present work, focusing the attention on a gravel-bed river, explores the possibility to conduct a first-step pattern changes analysis by identifying the evolution of the morphological features and taking information of islands and vegetated patches from satellite images easily available from Google Earth. The study is conducted by combining the information taken from both the satellite images and the field photos and the hydrological data. Here analysis concerns a reach of the Tagliamento River, in Italy, in a decadal timescale characterized by evident stream pattern changes. Results confirm that a combination of different factors determine favorable conditions for the river’s evolution, but the frequency of occurrence of high-magnitude events is the most important factor to consider in a first-step analysis. This is because the frequency of occurrence of high-magnitude events affects, in turn, some of the other influencing factors. In particular, the present study highlights that different morphological features form in time periods characterized by different frequency of occurrence of high-magnitude events. On one hand, this could be related to the fact that high-magnitude events could influence the sediment transport and deposition mechanisms, modifying the ratio coarse-to-fine sediments and the grain-to-grain interactions, with consequences in the sediment flux variation and in the migration of the morphological features. On the other hand, the frequency of occurrence of high-magnitude events could affect the vegetation distribution and growth, contributing to determine a variation of the typology of the vegetation characteristics depending on the tolerances of the vegetation species. A sort of interface between the vegetated-dominated area, where the flow resistance is significant, and the flood-disturbance-dominated area, where the action by flow is significant, is determined with a progressive reduction of the number of active channels and development of the meandering bend.
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1. Introduction


As it is well known, alluvial rivers develop different planform morphologies that extend between braided and meandering [1,2,3]. While a braided stream is formed by multiple threads channels with emerged bars separating the threads from each other, a meandering stream consists of one-thread channel. Especially braided rivers are characterized by a high dynamism [4,5,6,7], with rapid and frequent changes in bed topography, plan-form shape and vegetated patches.



The identification of river’s islands and vegetated patches evolution is important for the evolution of the stream pattern changes and the habitat dynamism [8].



Stream pattern changes have been documented in the literature both in sand-bed rivers [3,9,10,11,12] and in gravel-bed rivers [3,13,14,15]. In this work attention is restricted to gravel-bed rivers with the aim of contributing to clarify conditions that support meandering pattern.



Hooke and Redmond [13], by conducting field investigations in the gravel-bed Bullin River in England, suggested that the stream pattern changes could be due either to river’s intrinsic threshold conditions (termed as autogenic factors) or to anthropogenic actions or to combined effects related to temperature, runoff regime and vegetation pattern (termed as allogenic factors). Métivier and Barrier [3] analyzed a large amount of literature data of meandering and braided gravel-bed rivers and established that the stream pattern changes may be induced either by a change in the aspect ratio or by a change in sediment supply transported as bed-load. Other researchers [16,17,18] exalted the role of vegetation on river’s dynamics: on one hand vegetation controls sediment dynamics (as an example vegetation traps, reinforces and aggrades landforms) driving the geomorphic variations within the river’s active reaches, on the other hand it increases the stability of deposited sediments because of its roots system. Thus, vegetation is not a passive factor in the fluvial processes but an active one and could exert an important role in the stream pattern changes [6,19,20]. Field studies [21,22,23], flume experiments [24,25,26] and aerial images analyses [27,28] have been carried out to explore the mutual feedbacks vegetation/morphodynamics and how the hydrological processes could influence them. Flooding events on one hand could induce the vegetation’s mechanical damage [29,30,31] and on the other hand could facilitate the transport of seeds and sediments and their deposition [32]. In this context, while some researchers, among others [33], suggested that high-magnitude events exert the major role on the vegetation erosion, others [34] highlighted also the important role of low-magnitude events in determining significant vegetation erosion, especially in high energy systems. Furthermore, all studies indicate that the growth of vegetation and the extension of the vegetated areas can vary greatly in time depending on the tolerance of the species to frequent floods [32,35,36,37].



Although several works have been conducted to investigate the river’s dynamism, field studies are still scarce and further real cases documenting the aforementioned processes are needed [38,39]. The difficulty is related to the fact that detailed and simultaneous information at different points and at different times are required.



To overcome such a difficulty, in recent years remote sensing approaches have been also applied and radar technologies and advanced aquatic-terrestrial LIDAR (Light Detection and Ranging) techniques have been used both for measuring high resolution topographic data in a relatively short time [40] and for mapping the morphology of clear-water streams in fluvial environments [41,42]. The application of these technologies presents still today many difficulties and uncertainty because of the reflection in the air-water interface, especially when the water is too shallow (i.e., less than about 20 cm deep) so that a combination of hardware and software is generally applied to detect more accurate information. Thus, this approach requires not only long time and expensive monitoring activities but also hard and long computing time [40,41].



The present study aims to give a contribution in investigating stream pattern changes and explores the possibility to analyze them by identifying the evolving morphological features by detecting information from satellite images easily available from Google Earth. This methodology could be used for a first-step analysis driving a successive, more accurate and specific field monitoring. Here attention is focused on a reach of the Tagliamento River (Italy) which has been also object of previous literature studies [32,33,34,35,43]. The general objective is achieved by two tasks: the first task consists in identifying the variation in time both of the stream pattern and of the vegetated patches and of the frequency of occurrence of flood events; the second task consists in analyzing their interconnections identifying the evolving river’s morphological features. In the following Section 2, the data and the methods used are explained; the results are analyzed in Section 3, discussion is presented in Section 4 and finally conclusions are reported in Section 5.




2. Materials and Methods


2.1. Images and Data Detected


The Tagliamento River, intensively studied and illustrated in the literature [8,19,34,44], flows in northeastern Italy. It is only moderately impacted by anthropogenic intervention, and thus it is considered as the last morphologically intact river in the Alps and represents a model ecosystem for large European rivers [8]. The river bed is composed mainly of gravel-pebbles (with D50 > 50 mm), but large areas with gravel covered by sand and finer sediment can be also found [45]. In the present work, attention is devoted to the reach characterized by a braided dominant morphology, about 2700 m long, located between the Corino village and the Flagogna village (see Figure 1).



The considered river reach was also the object of previous literature studies [32,34,43]. Bertoldi et al. [32] investigated, in a 1-km-long reach, the morphological changes induced by different flow and flood pulses. Surian et al. [34] considered a 14 km long reach and explored, over long timescale, the existence of a threshold discharge above which erosion of vegetated patches occur. Gurnell et al. [43] analyzed, over short timescale (i.e., from single floods to decades), the river’s islands and vegetated patches development processes in a reach few kilometers long, based on the conceptual model proposed by Gurnell et al. [19]. In the present work, the attention is focused on the stream pattern changes and the evolving morphological features in a decadal time scale. Satellite images available from Google Earth in a time period 13 years long (from June 2002 to December 2015), as shown in Figure 2, have been considered for the analysis. Field photos (by courtesy by A. Sukodolov and T. Sukhodolova- IGB Berlin, Germany) have been also used to check the river’s pattern and vegetation characteristics especially during periods of times when no satellite images were available.



By inspecting the sequences of images reported in Figure 2 it can be observed that: (i) passing from June 2002 to July 2002 (i.e., after one month) no evident variations of the braided stream pattern occur; (ii) from June 2002 to June 2003 (i.e., after one year) very little changes of the stream pattern can be observed; (iii) from July 2003 to September 2003 some flowing channels at the upstream end of the study reach become dry but not substantial stream pattern changes can be observed; (iv) from September 2003 to June 2005 (i.e., after almost two years) no significant stream pattern variations occur; (v) passing from June 2005 to May 2011 (i.e., after almost six years) an evident stream pattern change can be observed with the formation of a bend of high curvature; (vi) from May 2011 to February 2012 the stream pattern maintains almost the same; (vii) from February 2012 to December 2015 the stream pattern presents only slightly modifications. Thus, from Figure 2 it appears clear that, for the considered study reach, the changes in stream pattern can be especially observed in June 2003, in June 2005 and in February 2012. For this reason, in the present work attention has been restricted to the time period 2003–2012 and, for simplicity of exposure, in the following often only the aforementioned three images are considered.



Based on the aforementioned considerations, the images have been grouped into two classes: class I which includes the images (from June 2002 to June 2005) detected with time intervals equal or less than three years; class II which includes the images detected with time intervals greater than two years (from June 2005 to December 2015).




2.2. Hydrological Data


As described in the literature [8,46] the Tagliamento River is influenced by Alpine snows and precipitation regime with high peaks especially in spring and in autumn. In the present study the Villuzza gauging station, located at Pinzano gorge, that is around 2 km downstream of the examined river reach and with continuous records in the examined time period, has been considered. Only the recorded water depths are available. In fact, the definition of a stage discharge relationship in the Tagliamento river is rather difficult because of the absence of stable cross-sections. At Pioverno gauging station (basin area 1880 Kmq), in the period 1932–1973, the maximum and the mean discharge were estimated respectively of 81 m3s−1 and of 4050 m3s−1 [34]. Maione and Machne [46] estimated a 10-year flood of 2150 m3s−1.



Based on the aforementioned, the water depths registered the Villuzza gauging station in the time period between January 2002 and September 2012 have been considered for the analysis. From Figure 3a it is clear that frequent peaks ranging from 100 cm to 200 cm and sporadic peaks over 200 cm occur. This trend has suggested to assume for the analysis a low threshold value of the water depths equal to 100 cm. This is in line with previous Bertoldi et al.’ [32] findings highlighting that the water level starts to attack bar surfaces at a stage of around 130 cm and a complete gravel islands inundation occurs at around 200 cm. Figure 3b reports the estimated values of the frequency of occurrence of water depths in the range 100 cm < h < 200 cm and of the frequency of occurrence of water depths higher than 200 cm during the examined time period. For both cases it is clear that during the year 2002 the frequency of occurrence is around of 20%, in the time period 2003–2007, the frequency of occurrence is very low; it suddenly increases in the year 2008 maintaining high values in the time period 2009–2012.



Thus, it could be summarized that, while the time period 2003–2007 is characterized by relatively frequent low-magnitude events with sporadic peaks (as an example the events occurring in August 2003, in November 2003 and in October 2004, as Figure 3a shows), the time period 2008–2012 is characterized by frequent high-magnitude events.




2.3. Methods


The extraction of information from each image was operated by the help of CAD and QGIS software. According to Gurnell [47], in order to minimize the errors in extracting information from the images representing different dates, some control points (such as corner of bridges or of buildings, specific rocks. etc.) clearly distinguishable inside the study area were identified and the images were extracted at the same scale. This was operated also with the help of the AirphotoSE free code for the images’ rectification. The existence of some control points enhances significantly Google Earth positional accuracy [48]. Furthermore, it should be considered that the examined area is around 1 Km2 and for areas smaller than about 2 km2, the distortion of the images determines an error usually of the order of a meter or two [48]. This error is not too far from the error obtained by using other image-based techniques [34,40].



The procedure to take information was divided into three steps. In the first step, for each image the external boundary of the “active” area of the examined river reach was determined and digitized; thus, the boundary of the largest active area was obtained as the external intersection of the digitized active areas obtained at each time. The second step concerned the extraction of information regarding the active channels and the vegetation patches. To this aim, the study reach was divided into subareas by transients spaced of almost equal longitudinal length. Within each subarea both the flowing channels (i.e., the channels with water present at the image date) and the nonflowing channels (i.e., the channels without water at the image date) and the gravel/sediments islands were identified. Then, according to Gurnell et al. [6,44], the vegetated areas were determined by aggregating them into islands whose digitized boundaries were identified either by water or by gravel sediments. In the third step, by considering the obtained gravel/sediments islands, the morphological features were identified and their evolution in time was examined. The vegetated islands were classified according to the patch and to the height (hv) of the plants, by using the information obtained both from the available images and from the available field photos and from literature [8,21,34,47]. In particular, previous literature works indicated the presence of Populus Nigra as the dominant riparian tree species which strongly resist to uprooting [21,34] and of abundant willow species (such as alix eleagnos, S. alba, S. purpurea–see [49]). Both single bushes and large extent of vegetated islands of trees and piles of woody debris were found by analyzing the field photos.





3. Analysis and Results


3.1. Evolution of the Active Area and of the Vegetation Islands


By considering the subareas, identified as described in Section 2.3, the study reach was divided into polygons of almost equal length, as shown in Figure 4. In particular, eight polygons divided by nine transients (T1–T9), spaced of 330 m in average, were identified.



From Figure 4 it can be observed that, during the examined time period, the variations of the external boundaries of the examined channel reach are remarkably little. This means that, despite the high dynamism observed from Figure 2, the active area remains almost constant in time. This is in accordance with previous findings obtained by Zanoni et al. [6] which analyzed the dynamics of a reach of the Tagliamento river 16 km long, which includes the reach considered in the present work, in a time period between years 1944 and 2005.



By combining information taken from the available images, from the available field photos and from the literature [8,34], the vegetated islands were classified into three classes: (i) class A, which includes trees with height 2 m ≤ hv ≤ 20 m; (ii) class B, which includes bushes (herbaceous and low shrubs) with height 80 cm ≤ hv ≤ 2 m and mutual distance less than 5 m; (iii) class C, which includes bushes with mutual distance greater than 5 m (sparse vegetation). Such a classification is also in line with that adopted by Surian et al. [34] distinguishing tall trees with height >10 m from high shrubs and trees with medium height variable in the range 1.5 m–10 m and from herbaceous and low trees with height < 1.5 m. Figure 5 reports, for each polygon, the extension area of each class of the vegetated islands. For simplicity of exposure, in this figure only the images taken in June 2003, in June 2005 and in February 2012 have been considered. Furthermore, by excluding the islands with sparse vegetation, Table 1 reports, for each polygon, the percent area occupied by classes A (trees) and B (dense bushes) with respect to the total active area.



As Table 1 shows, in June 2003 the percent area occupied by the vegetation class A tends to decrease slightly as one passes from polygon 1 to polygon 4 and then it increases until reaching polygon 8 where it assumes a value of 2%; the percent area occupied by the vegetation class B is almost equal (around 4%) in all the polygons with the exception in polygons 1 and 6; in June 2005, the percent area occupied by the vegetation class A is almost the same as that observed in June 2003 and the percent area occupied by vegetation class B generally increases, with exception of polygons 4, 6 and 8 where it slightly decreases; in February 2012, the percent area occupied by the vegetation class A slightly increases with exception of the polygons 5 and 6 where it decreases; the percent area occupied by vegetation class B strongly increases, assuming values ranging from 8% (in the polygon 6) to 46 % (in the polygon 1).



Thus, it can be summarized that, in the time period 2003–2005 (that is characterized by low-magnitude events with some sporadic high peaks), the extension of vegetation islands of class A (trees) slightly increases over the time; the extension of vegetation islands of class B (dense bushes) also increases passing the time with exception of polygons 5 and 6 where an opposite trend has been observed. This behavior is consistent with the fact that, as observed by Corenblit et al. [21], the dominant tree species resist to the sporadic flow peaks. This behavior indicates that these vegetated species could have a crucial role on the stabilization or transport of sediments.



During the time period 2005–2012 (i.e., period with frequent high-magnitude events), the extension of vegetation islands of class A tends to increase slightly in all the polygons (polygons 1, 2, 3, 6, 7, 8) with exception of the central ones (polygons 4, 5) where it decreases. This could be related to the deposition of fine sediments in some polygons (polygons 1, 2, 3, 6, 7, 8) contributing to the vegetation growing and to the soil reinforcement by roots. In this case a vegetation-dominated area forms. In the central polygons (4, 5) the vegetation is eliminated by the frequent high-magnitude events occurring especially during years 2008, 2009 and 2010. This central area is dominated by flooding disturbances.



Thus, the aforementioned behavior confirms that frequent flooding events remove vegetation before colonization can take place while during periods with infrequent flooding events vegetation grows [37].



Figure 6 reports the total area occupied by vegetation of classes A and B along the considered river reach in June 2003, in June 2005 and in February 2012. It can be seen that passing from year 2003 to year 2005 the total area occupied by both classes of vegetation does not change a lot; passing from year 2005 to year 2012 the total area occupied by vegetation strongly increases, especially for the vegetation class B. It should be considered that the increasing trend occurring in Figure 6 between years 2005 and 2012 has been also verified by examining the available field photos.



On one hand, the observed behavior suggests that the high frequency of high-magnitude events contributes to the variation of the typology of the vegetation characteristics; on the other hand, it confirms that the flood events could contribute to the formation of islands where vegetation seeds germinate. As an example, from the available photos it is clear (in the year 2008) the accumulation of woody debris and of uprooted vegetation around bushes or trees which could be transported during the previous high-magnitude events. During the period characterized by low frequency of flood events, the resistance of vegetated patches contributes to stabilize the sediment and plants germination; the ability of these plants to resist to uprooting allows them to survive and colonize alluvial environments.



Figure 7 shows the vegetation cover (for classes A and B) and the active channels identified from the images taken in June 2003, in June 2005 and in February 2012. From this figure, it can be clearly seen the difference both in the vegetation cover and in the stream pattern passing from June 2003 to February 2012. In particular, it can be observed that the extension of the vegetation cover always increases on the right side of the study reach and the sediment deposition especially on the left side. The vegetation cover determines a sort of interface between the vegetated-dominated area, where the flow resistance is more significant, and the floods-disturbances-dominated area, where the action due to flow is more significant. According to previous literature findings [50,51,52], this behavior can induce the progressive abandonment of secondary channels so that the stream has the tendency to evolve towards a single thread channel.




3.2. Morphological Features and Their Dynamics


In order to examine the morphological features along the examined river reach at different times, for each image the axis both of the flowing and nonflowing channels were traced identifying the islands surrounded by these tracers.



As an example, Figure 8 reports the tracers and the islands identified in June 2003 and in June 2005 (i.e., two images of class I) and in May 2011 and in February 2012 (i.e., two images of class II).



By inspecting the images of class I, a sequence of island features, schematized as bars, has been identified. These features migrate downstream. As an example, by considering the reference point R1 of Figure 8, it can be observed that in June 2003 it is located inside polygon 5 at a distance of around 150 m from the transient T6, but in June 2005 it is found at a distance of around 100 m downstream of transient T7. This means that the point R1 moves downstream of around 580 m over two years. On the left side of the examined reach, a low curvature bend (in red in Figure 8) seems to appear over-imposed to the aforementioned features. In June 2005 the curvature of this bend is more accentuated than that in June 2003 and it tends to migrate downstream and gradually to expand laterally. As literature indicates [53,54,55], this behavior is typical at the early evolution stages of a meander.



Thus, it can be summarized that in the time period between June 2003 and June 2005, which is characterized by frequent low-magnitude events with sporadic high peaks, the active part of the study reach is mainly concentrated on the left side where a sequence of migrating bars and a bend of low curvature form. At this stage, the bars represent the dominant morphological feature.



By inspecting the images of class II, a stream pattern very different from that observed between June 2003 and June 2005 can be seen. In particular, in May 2011 a meander bend of high curvature is clearly visible. This suggests that passing from June 2005 to May 2011 a significant lateral migration of the bend occurred. Then, passing from May 2011 to February 2012 such a high-curvature bend furtherly expands laterally with no evident downstream migration. As an example, the reference point R2 is found along the transient T4 both in May 2011 and in February 2012. Thus, in such a time period, the meandering bend becomes the dominant morphological feature. According to the literature [53,54,55] for a high-amplitude meander wave the lateral expansion prevails over the downstream migration.



The aforementioned behavior is also confirmed by Figure 9 where the tracers identified in February 2012 are compared with those obtained in December 2015. This comparison shows that the main channel further tends to expand outwards until in December 2015 the bend is also slightly skewed with the formation of chute channels: the reference point R3 moves both outwards and upstream.



Thus, it can be summarized that while in the time period between June 2003 and June 2005, characterized by frequent low-magnitude events, multiple bars form and the downstream migration is the prevailing movement, in the time period between June 2005 and February 2012, which is characterized by frequent high-magnitude events, the channel tends to assume a single tread pattern with prevalent lateral expansion.





4. Discussion


The present analysis has highlighted that different evolution patterns occur between the time period characterized by frequent low-magnitude events with sporadic peaks (i.e., the time period 2003–2005) and the time period characterized by frequent high-magnitude events (i.e., the time period 2005–2012). In particular, for the examined river reach, in the first case (time period 2003–2005) active multiple threads flowing channels form on the left side, the vegetation cover extends on the right side and the transported sediments are deposited in the central part; in the second case (i.e., during the time period 2005–2012) sediment and woody debris are transported and then deposited after the events facilitating the germination of seeds and the formation of vegetation islands. This is consistent with previous literature works, see as an example [8]. Such a behavior tends to suppress the secondary channels and the main channel tends to assume a single tread pattern.



Thus, the different frequency of occurrence of the high-magnitude events could affect differently the sediment dynamics and the distribution and growth of vegetation, determining a different river’s morphological behavior. This result is in line with previous findings indicating either that the channel pattern changes especially depend on the channel’s sensitivity to flow discharge variations [56] or that the frequency of occurrence of high-magnitude events could strongly affect the degradation processes of the vegetation especially during its germination phase [18]. Thus, the results obtained in this work have demonstrated that, although according to literature [34,43] the hydrological processes are not the only cause of the river’s morphodynamic evolution, they exert a significant role in river’s dynamics. This is because the frequency of occurrence of high-magnitude events affects, in turn, other factors such as the vegetation distribution and growth and the transport and the deposition of sediments.



For the considered case, the fact that the extension of vegetation islands increases always on the right side determines a vegetation-dominated area where the flow resistance assumes high values. This means that in such vegetation-dominated area the sediment fluxes are very low and the sediments are stabilized by the vegetation root systems. On the contrary, the left side is dominated by floods disturbance and is characterized almost by the absence of vegetation, high sediment fluxes and the presence of migrating morphological features (bars). Thus, in accordance with previous works [37,43], the vegetation cover determines a sort of interface between the vegetated-dominated area, where the flow resistance is significant, and the flood-disturbance-dominated area, where the action by flow is significant. During the time period characterized by frequent high-magnitude events, parts of vegetation are cut by floods; after the floods, the transported sediments and the woody debris are deposited on the bed, facilitating the germination of vegetation on one side of the study reach, forcing the suppression of the secondary channels and the consequent formation of a single tread channel pattern and, then, of a high-amplitude bend. This morphological feature is characterized by a lateral expansion which prevails over the downstream migration. The different morphological behavior observed during the time periods characterized by different frequency of high-magnitude events could be also related to the different sediment transport mechanism induced by the events. In fact, during floods both coarse material and fine fractions (sand) could be transported and the interactions between the coarse and the fine fractions could affect the bed-load transport and the associated migrating behavior. According to previous literature works [57,58,59,60], the coarse particles slow or stop each other, but the presence of finer particles trapped in their interstices determines that their mobility becomes higher. Braudrick et al. [61], as an example, indicated that the fine sediments represent a critical element to maintain the rapid bar growth rate and sediment transport controlling the braided rivers. They also suggested that, by limiting the bank erosion rate, the meandering morphology tends to be maintained.



It should be also considered that the transfer of sediments from one zone to another varies with both the size of materials and with the discharge. Furthermore, the coarsest materials move less frequently and shorter distances than the finer ones. This is in accordance with Gurnell et al. [43] which observed that vegetated islands show predominantly sandy surface sediments containing silt, clay and organic material, whereas sparsely-vegetated surfaces of youngest islands show coarser gravel-sand mixtures. After moderate flows the deposition of sediment determines a clear fining of vegetated areas and the presence of shrubs increases the trapping of fine sediments.



Results have shown that during the period 2003–2005 (period characterized by low-frequent high-magnitude events) the vegetation cover does not increase a lot. As a consequence, the banks of the active channels are more erodible leading to the channels’ widening and the formation of islands in the central part of the river reach. Passing the time, the vegetation species more resistant dominate and the developed islands aggrade and extend laterally. The increasing presence of vegetation on the right side of the river reach, during the successive time period, on one hand increases the hydraulic resistance and on the other hand increases soil strength due to the vegetation roots system. The increase of soil stabilization due to the roots system, in turn, makes the banks resistant to the erosion during the period with frequent high-magnitude events, reducing the number of active channels on the floodplain, maintaining an almost constant width and facilitating the formation of the meandering bend. According with Gurnell et al. [39], the growing of vegetation in time leads to sediment trapping and transforms the gravel bars to new floodplain surface. The progressive prevailing of lateral migration and the evolution of the bend determines an increase of the curvature and, consequently, of the bend effect. In fact, as flow enters in the bend, because of the channel’s curvature, an unbalance between the centrifugal force and the transversal pressure gradient force develops and the secondary flow motion (often called as helical flow motion) evolves along the bend itself [62,63,64]. The secondary flow motion, with surface velocity directed towards the outer bank and the near-bed velocity directed towards the inner bank, tends to move the sediment from the outer bank towards the inner bank, thus facilitating the development of the point bar in the apex of the bend. Furthermore, as several studies demonstrate [62,63], the secondary flow contributes to the redistributions of the primary flow and of the maximum velocity gradients’ location along the bend [62,64,65]. In turn, the spatial variations of the primary velocity and of the bed shear stress determines also a spatial variation of the sediment fluxes along the bend. Thus, the interaction between the channel curvature effect and the migration movement could explain the development of the bend at late evolution stage [66].




5. Conclusions


In the present work the stream pattern changes have been analyzed by identifying the evolution of morphological features formed at different time periods. The main results obtained in the present work can be summarized as follows:




	
different morphological features form between time periods characterized by frequent low-magnitude events with sporadic high peaks and time periods characterized by frequent high-magnitude events.



	
during the time period characterized by frequent low-magnitude events with sporadic high peaks, the active channels are mainly concentrated on one side (left part) of the study reach, where a series of downstream migrating bars form. During the time period characterized by frequent high-magnitude events, the channel tends to assume a single tread meandering pattern characterized by a prevailing lateral migration;



	
the difference in the morphological features evolving between the two time periods could be related to the different vegetation distribution and sediment transport mechanisms induced by the floods. The vegetation cover, which always increases on the right part of the study reach, determines a sort of interface between the vegetated-dominated area, where the flow resistance is significant, and the flood-disturbance-dominated area, where the action by flow is significant. Especially during frequent low-magnitude events, interactions between coarse and fine fractions could determine that the coarse particles become more mobile affecting the bed-load transport and the associated migrating features; during the period with frequent high-magnitude events, the ratio of coarse to fine sediments is altered and the gravel material and woody debris are deposited. This furtherly facilitates the formation of vegetation islands in one side and the sediment deposition on the other one, forcing the channel to suppress the secondary channels and assuming a single tread pattern.








In summary, the obtained results have shown that a combination of factors (such as the tolerances of vegetation species, the erosion and deposition of sediment, the transport of sediments and seeds) determine favorable conditions to channel pattern changes but, the frequency of occurrence of high-magnitude events should be especially considered in a fist-step analysis. This is because the frequency of occurrence of high-magnitude events influences, in turn, other important factors: on one hand it contributes to determine a variation of the typology of the vegetation characteristics; on the other hand, it affects the ratio of coarse to fine of sediments, the typology and dynamics of sediments and, consequently, the variation in sediment flux and the morphological features migration mechanisms.



Although the data used are not comprehensive of other detailed local data, the present approach has allowed researchers to conduct a first-step analysis on dynamics of stream patterns changes, which could drive a successive, more accurate and specific field monitoring and measurements especially aimed to explain specific multiscale interaction processes among flow, bed and banks erosion and plan-form evolution. Furthermore, it should be noted that the approach presented is scalable and applicable by using other image sources.



Future studies will be conducted to verify conditions for the changing configuration also at seasonal timescales.
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Figure 1. Localization of the study reach along the Tagliamento River (images obtained from Google Earth, Image ©2016 DigitalGlobe). 
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Figure 2. Available images from Google Earth (images obtained from Google Earth, Image ©2015 DigitalGlobe). 
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Figure 3. (a) recorded data during time period 2002–2012 at Villuzza gauging station; (b) frequency of occurrence of events with water depth 100 cm < h < 200 cm and of events with water depth h > 200 cm. 
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Figure 4. External boundary of all considered images and external limit, polygons and transients. 
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Figure 5. Area extension of the vegetation islands: (a) Class A; (b) Class B; (c) Class C. 
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Figure 6. Total area occupied by vegetation of classes A and B. 
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Figure 7. Digitized vegetation cover and active channels: (a) June 2003; (b) June 2005; (c) February 2012. 
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Figure 8. Morphological features and evolution from June 2003 to February 2012 (images obtained from Google Earth, Image ©2015 DigitalGlobe). 
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Figure 9. Comparisons between the tracers in February 2012 (in black) and December 2015 (in grey) (images obtained from Google Earth, Image ©2015 DigitalGlobe). 
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Table 1. Percent area occupied by vegetation types A (trees) and B (dense bushes).
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	N. polygon
	Class A
	Class B



	
	
	%
	%



	June 2003
	1
	0.008
	0.006



	
	2
	0.001
	0.039



	
	3
	0.001
	0.039



	
	4
	0.000
	0.035



	
	5
	0.006
	0.044



	
	6
	0.010
	0.185



	
	7
	0.014
	0.043



	
	8
	0.020
	0.040



	
	N. polygon
	Class A
	Class B



	
	
	%
	%



	June 2005
	1
	0.009
	0.008



	
	2
	0.001
	0.111



	
	3
	0.000
	0.062



	
	4
	0.000
	0.011



	
	5
	0.006
	0.117



	
	6
	0.009
	0.115



	
	7
	0.014
	0.060



	
	8
	0.025
	0.018



	
	N. polygon
	Class A
	Class B



	
	
	%
	%



	February 2012
	1
	0.024
	0.275



	
	2
	0.006
	0.445



	
	3
	0.001
	0.466



	
	4
	0.000
	0.116



	
	5
	0.000
	0.237



	
	6
	0.023
	0.081



	
	7
	0.020
	0.124



	
	8
	0.032
	0.181
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