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Abstract

:

Understanding the contributions of stream bank and bed erosion will allow us to implement the most effective management practices. The objective of this study was to assess different methods to measure bank and bed erosion at different scales, specifically the watershed, reach and plot. Innovative and traditional methods were utilized. At the watershed scale, indices based on free satellite images were used. For the reach scale, indices were used, but the images with higher accuracy were purchased and captured by unmanned aerial vehicles (UAVs). At the plot scale, erosion pins, cross-sections and laser scanning were applied. The watershed scale analysis showcased “hot spots”. These “hot spots” were reaches vulnerable to erosion and deposition. The indices of the purchased images were applied to these “hot spots” and allowed us to narrow the length of the reaches where UAV flights took place. These flight images located where erosion and deposition occurred. Finally, at the plot scale, laser scanning provided more detailed and accurate data at a greater scale compared to the traditional methods. The implementation of these methods allows us to find the areas vulnerable to erosion and deposition. These are the areas where nature-based solutions should be implemented to effectively mitigate erosion problems.
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1. Introduction


Stream bank and bed erosion and deposition (Figure 1) are complex phenomena that can negatively affect societies and communities worldwide [1]. Fluvial erosion is the detachment of material from the stream/riverbed and its banks. Both erosion and deposition are natural processes, but anthropogenic activities and climate change have substantially accelerated their rates. Thus, stream bank and bed erosion and deposition monitoring and assessment are a priority worldwide because of the many negative impacts that they cause, but they can be difficult to achieve because of the episodic nature and the many factors that influence them [2]. These factors can be spatial, such as bank aspect, height and slope, or temporal, such as seasonal and yearly precipitation and streamflow events. Riparian land use also has a major influence. Typically, banks with natural vegetation have significantly less erosion than banks with agricultural activities [3].



Riparian areas are semi-aquatic ecosystems located in the transition area where the two adjacent ecosystems, the terrestrial and the aquatic, meet and integrate [4]. The aquatic system can be a river and stream and, along with the adjacent riparian area, can influence and impact of the fluvio-geomorphic processes including erosion and deposition. Accelerated and extensive stream bank erosion and deposition can have detrimental effects on aquatic, terrestrial and semi-aquatic ecosystems [3]. Human alterations in land use and the developed infrastructure have increased the water concentration time of rainfall reaching streams. This is the result of the decreased water storage capacity of the landscape and increased surface runoff. Overall, the total amount of rainfall water reaching the channels has substantially increased, leading to higher annual and peak discharges. This leads to accelerated stream scouring potential and sediment transport capacity, leading to extensive channel incision [5,6]. A good understanding of stream bank erosion processes is necessary to manage streams, rivers and their riparian areas sustainably. Although many studies on stream bank and bed erosion have been conducted during recent decades, many facets of its processes are still not well explained because of their high temporal and spatial complexity [7,8,9,10].



Various methods and tools have been used to study and monitor stream bank erosion [11]. Traditional examples are the placement of erosion pins or Gerlach traps to monitor the geomorphologic changes by taking periodical field measurements [12]. Field monitoring stations, such as sensors of ultrasonic technology, can be used to estimate the distance changes between soil surface and the sensor [13]. In addition, photo-electronic erosion pins and the thermal consonance timing principle have been employed to increase the frequency and accuracy of erosion or deposition measurements [14]. Cross-section surveys and terrestrial laser scanners are other field methodologies that study soil erosion and deposition [15]. Field application erosion methods typically demand hard-working laborious tasks, are spatially limited and are time-consuming in contrast to remote sensing applications [16].



Remote sensing has been lately widely utilized for mapping, monitoring and predicting soil erosion [17]. An example of remote sensing monitoring is the utilization of satellite images [18] in combination with spatial datasets in geographical information systems (GIS) to implement the Universal Soil Loss Equation (USLE) model [19]. Other characteristic examples of models utilized for erosion include the following: (a) the Water Erosion Prediction Project (WEPP) model, which is a process-based continuous simulation model, (b) the Gavrilovic Equation [11], (c) the Soil and Water Assessment Tool (SWAT), which is based on the empirical Modified Universal Soil Loss Equation (MUSLE) [20], etc. Satellite images provide a wide range of possibilities for soil erosion monitoring in a fast way, especially in areas where a field survey is difficult or impossible due to the topography, dense vegetation or other local factors [21]. Vegetation and water indices based on satellite-derived images are very helpful for studies focused on soil erosion monitoring, since both the land cover and the soil moisture affect the soil erosion rate [22]. Lately, the combination of aerial photographs and images from unmanned aerial vehicles (UAVs) have been widely utilized in geomorphologic studies to monitor soil erosion or deposition areas [23]. UAV-based photogrammetry is considered the most advanced measurement approach in photogrammetry, resulting in high-accuracy and -resolution products captured by the remote-control aircraft [24]. In addition, UAVs, apart from the usually attached camera, can carry other sensors for mapping, such as a light detection and ranging system (LiDAR) [25]. The flight can be manual, semi-automated or assisted and fully automated [26]. Higher spatial accuracy can be achieved either by using ground control points (GCPs) or by (global navigation satellite system) GNSS-tagged imagery [27]. GCPs are collected by using a rover and base station with a real-time kinematic (RTK) surveying system or by using a UAV with on-board an RTK positioning system [28]. Future monitoring belongs to UAVs since their increasing capabilities are enabling many new applications in photogrammetry. UAVs’ performance has enhanced accuracy at larger scales and they are quicker compared to other methods [29].



Laser scanner instruments are based on the triangulation principle and are able to achieve high measuring accuracy (less than 1 mm) [30]. The laser scanner fits on a regular surveying tripod, while the survey data can be stored on its disk or a laptop. The scanned (X, Y and Z) data are stored on a local or global reference grid, while an expert software is used to process and develop the georeferenced point clouds or even orthomosaics [31]. There are several companies offering various 3D laser scanners to the market but their cost remains higher in contrast to other measuring techniques [32,33]. Terrestrial laser scanning (TLS) has proven to be an efficient and reliable method for collecting point clouds for a wide range of applications in architecture, engineering and construction [34]. Furthermore, TLS has been applied in earth sciences for many disciplines such as forest management, geology, seismology, natural hazards, geomorphology and glaciology, among others [35]. The use of TLS for measuring stream morphology is still in its early stages of research due to the complex environmental factor affecting the results (vegetation and other artifacts that are a considerable “noise”) [36]. Heritage and Milan [37] successfully used TLS to measure the grain roughness heights of exposed bars and riverbed surfaces. Picco et al. [38] utilized TLS to study the short-term morphological dynamics and the processes of erosion and sediment deposition along a small gravel-bed braided river by comparing point clouds before and after a stream flow episode. Mayer et al. [39] compared three techniques for measuring stream bank erosion: erosion pins, total station and terrestrial laser scanning at nine site locations of the Indian Mill Creek watershed of Michigan, USA. They did not detect significant differences between measurement techniques but found a strong correlation between the last two techniques. Finally, TLS has been previously applied to collect high-resolution stream bank topography data and to estimate the volume of stream bank retreat [40].



This specific research presents the application of different methodologies to assess and estimate stream bank erosion and deposition at different spatial levels, from the watershed to the reach scale and finally to the plot scale. The many methods utilized and the technological advances require the assessment and comparison of the utility and ability to implement different methods for erosion and deposition. The study area was a typical Mediterranean watershed, the Aggitis watershed, in northern Greece. At the watershed scale, vegetation and water indices were developed based on freely available satellite imagery. At the reach scale, again, vegetation and water indices were utilized, but in this case, they were developed based on purchased satellite imagery of substantial higher resolution of targeted areas of the watershed. In addition, UAV-captured imagery was utilized to detect fluvio-geomorphologic changes in different cross-sections of selected reaches. The plot-scaled assessment included (a) the placement of erosion pins in selected stream banks with different land uses and soils, (b) taking cross-sections at the same locations and c) 3D laser scanning at specific vulnerable selected cross-sections. The ultimate goal of this research was to develop a framework of erosion and deposition measuring methods at different scales. The proposed framework will allow us to identify areas with the most geomorphologic activity (vulnerable areas of erosion and deposition). These areas should be targeted for erosion and deposition mitigation where nature-based solution implementation can help achieve the sustainable environmental management of the entire watershed.




2. Materials and Methods


2.1. The Study Area


The Aggitis River watershed is located in the Regional Unit of Eastern Macedonia in northern Greece (Figure 2). It belongs to the GR11 water division of Eastern Macedonia and the greater water basin GR11 of the Strymonas River. It covers an area of 2700 km2 and it belongs to three regional units: (a) the Regional Unit of Serres (621 km2 or 23%), (b) the Regional Unit of Drama (1647 km2 or 61%) and (c) the Regional Unit of Kavala (432 km2 or 16%) [41]. The watershed is surrounded by the mountain ranges of Menoikio to the west, Falakro to the north, the Lekani mountains to the east, Simvolo to the south and Paggaio to the southwest [42].



There are 21 different land uses that occupy the entire area. The four main land uses were selected to install erosion plots (forests/riparian zones, sclerophyllous vegetation, natural grassland/pastures and agricultural land) [43]. The watershed is characterized by the typical Mediterranean climatic conditions, land uses, soils, stream flows (ephemeral, intermittent and perennial), anthropogenic pressures and a channelized irrigation network for agricultural purposes [44]. In addition, several fluvio-geomorphological events have been recorded in the past. With limited studies on stream bank erosion and deposition in Greece and the Mediterranean, this study can be used as a benchmark for similar watersheds of the region. The Aggitis River length is 14.66 km and the water discharge volume is estimated as 495 m3. The average annual precipitation varies from about 500 to 600 mm in lowlands, 600 to 1000 mm in the interior and exceeds 1000 mm in the highlands. The average annual relative humidity ranges from 65% to 70%. The average annual cloud cover is about 4.5 degrees, with the number of clear days ranging from 100 to 120.



The Aggitis basin is a tectonic depression created by faults in the wider area during the Alpine Orogeny. Based on the geologic map, of particular importance are the large extent and thickness of the marbles located in the mountainous zone which have been affected by karst phenomena and tectonism (faults recorded in many places). Gneisses, schists and amphibolites are included within the marbles. The hilly and semi-mountainous areas are composed exclusively of tertiary sediments which, in their surface parts, consist of cohesive cobblestones and sandstones while at depths up to 250 m consist of marl. The lowland part consists of quaternary sediments, characterized by alternating layers of clay, gravel, sand and silt. In the deeper layers, clay materials and limestone silt prevail and are interrupted by lignite layers (depth reaches 370 m).



The marbles of the mountainous zone and the quaternary deposits of the plains are of great interest from a hydrogeological point of view. The marbles host huge amounts of groundwater. The underground water of these aquifers is discharged through a significant number of karst springs in the quaternary deposits. The aquifer of the Ochiro Basin is located in the mountainous zone north of the basin named as the Ochiro (Kato Nevrokopi) plateau and it is the source of the Aggitis River (Maara Cave or Aggitis Cave).



The peat area of Tenagi Filippon (55 km2) with interspersed inorganic materials (mainly clay) of Holocene age is unique. This is a vulnerable hot spot as this area (formerly marsh and lake) is drained by a central agricultural ditch. Other hot spots are along the Aggitis River course and the mountainous torrents. Concerning the city of Drama, flooding was very frequent in the past, especially in the former torrent of the “19th of May”. The area was urbanized and the specific torrent was covered by the street. The Kallifytos torrent is also an underground stream, but on the east side, entering the city, it has natural vegetation. It is considered dangerous, with many flooding phenomena along its course and with a large sediment transport capacity. Projects have recently been approved for its management with construction works. The below-mentioned are examples of flood events:




	-

	
Floods of 13–14 October 2002. Damage to 15.2 km2 of crops in the plain of Drama.




	-

	
Floods of 18 November 2007. Great material damage in the local communities (Antifilippi, Eleftheroupolis, etc.)




	-

	
Floods of 10–11 February 2010. The fire service was called on dozens of occasions to clear water from flooded houses and warehouses.




	-

	
Floods of 10 March 2015. Major flooding phenomena in the Tenagi–Philippoi marsh plain, 80 square km of arable land under water.




	-

	
Floods of 13 December 2021. Flooding, landslides, infrastructure failures, road closures and transported materials (trees, rubble and other materials) in the Kallifytos torrent.









This study focused on the Aggitis watershed for the watershed-scaled assessment and afterwards examined specific reaches (e.g., Kallifytos torrents and Mavrolefki stream) and plots on selected stream banks and beds that had different land uses and soil types. Since stream bank erosion and deposition have high temporal variation [2], all monitoring methods were applied for at least one year to capture seasonal variability.




2.2. The Watershed-Scaled Assessment


2.2.1. The Free Satellite Images


Initially, free satellite images (Sentinel-2) were downloaded from the USGS EROS Archive (https://earthexplorer.usgs.gov last accessed on 12 February 2022). The Sentinel-2 satellite system has been developed and is being operated by the European Space Agency [45]. Sentinel-2 is an Earth observation mission from the Copernicus Programme that systematically acquires optical imagery at high spatial resolution (10 m to 60 m) over land and coastal areas [46]. The mission currently has a constellation of two satellites, Sentinel-2A and Sentinel-2B [47]. The images are multi-spectral with 13 bands in the visible, near-infrared, and short-wave infrared part of the spectrum [48]. Free satellite images covering different time periods (from winter to late autumn images) were downloaded to detect erosion-vulnerable areas. The images were acquired for dates when the vegetation cover was less developed, at the same enabling us to capture floods events (e.g., 18 February 2019). Another important parameter for the selection of the specific images was to have less than 5% of cloud cover. Overall, a total of nine images were selected, three for each year of interest, 2019, 2020 and 2021. The specific dates of the images are as follows:




	
18 February 2019;



	
14 August 2019;



	
16 October 2019;



	
10 May 2020;



	
5 September 2020;



	
22 October 2020;



	
10 May 2021;



	
3 August 2021;



	
25 October 2021.








The selected images were processed in the ArcGIS software. The boundaries of the study area were delineated and used as a mask to crop the needed section of the satellite images. The next step was to produce the two indices: (a) the Normalized Difference Vegetation Index (NDVI) and (b) the Normalized Difference Water Index (NDWI). This was performed in the “Spatial Analysis Toolbox–Map Algebra–Raster Calculator” utilizing the corresponding spectral bands. The indices were classified into six groups/classes based on previous researchers’ works (see Table 1) [49,50,51]:




2.2.2. The Vegetation Index


The Normalized Difference Vegetation Index (NDVI) is a frequently utilized proxy for vegetation cover in environmental and climatic change studies [52]. Equation (1) is used to calculate the NDVI as follows [53]:


NDVI = (NIR − Red)/(NIR + Red),



(1)







The NDVI is a dimensionless index that describes the difference between visible and near-infrared reflectance of vegetation cover [54]. The index receives values from −1 to +1. The higher the value (close to +1), the more it reflects high near-infrared (NIR) light, which means dense, greener and healthier vegetation cover, while clouds and snow are characterized by negative values. Typical vegetation values range from 0.2 to 1. Healthy plants, which are in very good condition, are reflected by values greater than 0.6 [55]. The values close to zero correspond to the absence of vegetation. The vegetation cover but also the road network and vehicles are clearly identified in the developed image, while the implementation of more enhanced calibration techniques could also separate the water surface. This index can be also used for soil erosion and drought monitoring [56,57].




2.2.3. The Water Index


The Normalized Difference Water Index (NDWI) is related to the water concentration levels on and in the soil or the existence of water bodies including flooded areas. Equation (2) is used to calculate it as follows:


NDWI = (Green − NIR)/(Green + NIR),



(2)







The NDWI was developed in 1996 [58] and is frequently utilized in remote sensing analysis of satellite images to map and detect surface water bodies. One of the key utilities of NDWI is the analysis before and post flood–storm events [59]. In addition, it can be used to predict erosion rates since it estimates the soil moisture [60]. Areas with higher values of the index indicate areas that may significantly influence the process of soil erosion and thus impact sediment concentration and deposition [61,62]. Similar to the NDVI, the values of the NDWI index vary from −1 to +1. Positive values (greater than 0.2) usually represent areas with high soil water concentrations, flooded areas or water bodies [63].





2.3. The Reach-Scaled Assessment


2.3.1. The Purchased Satellite Images


High-resolution satellite images were acquired in order to further assess the areas that were found to be vulnerable to soil erosion or deposition based on the results of the watershed-scale study (targeted areas). This enabled us to develop the vegetation indices at a different scale (reach scale) and study the areas in greater detail with substantially higher accuracy. The selected area of 25 km2 in the Aggitis watershed was the confluence of the three main channels (Aggitis River, Tenagi Filippon Ditch and Agia Varvara Stream) in the Aggitis Dam in Symvoli Village, based on the watershed-scale analysis. A thorough study of the available satellite images, emphasizing the area after major events (dry/wet periods), was conducted in order to select those providing full coverage with no cloud cover. The final selection included 2 images captured by the Gaofen Satellite and 2 images captured by the WorldView-2 (WV2). The satellite images captured different extreme weather events (specifically after flood events). Gaofen is a series of Chinese high-resolution Earth imaging satellites launched as part of the China High-Resolution Earth Observation System (CHEOS) program [64]. The specific images have 80 cm resolution and were captured on 29 October 2016 and 21 March 2017. WorldView-2 is an imaging and environment-monitoring satellite from Maxar of the United States which was launched on 8 October 2009 that continues to remain operational [65]. The WV2 collects images that have a 50 cm resolution and the dates of the purchased images were 30 April 2019 and 11 June 2019. These images were used to develop the NDVI and NDWI for the selected areas based on the watershed analysis for the specific dates. The water boundaries of the natural channelized stream were delineated and any geomorphological changes (erosion/deposition along riverbanks and riverbed) were recorded in the ArcGIS 10.4 software.




2.3.2. The UAV-Based Orthomosaics from the UAV Flights


The UAV Flights


The flights were performed by using a powerful tetra-copter: the DJI Phantom 4 RTK. Using the DJI Phantom 4 RTK can be advantageous as it is user-friendly, low-cost (free and/or low-cost tools/software) and quick, as images can be captured in 10 min or less (depending on the area) and the results can be produced in a few hours (depending on the hardware capabilities). Their use also provides safety, since the user can hover the UAV remotely from a distance from the riverbanks and channel. The UAV is capable of capturing the stream bed and banks of a reach as its battery life is 30 min [66]. The UAV hovered at 50 m or 100 m height from the ground. The height was based on the conditions and dimensions of each stream reach that would allow us to capture the widths of its channel and its riparian zone in greater detail. The UAV can be coupled with the D-RTK 2 mobile high-precision GNSS receiver that supports all major global satellite navigation systems, providing real-time differential corrections. This allows us to generate centimeter-level positioning data for improved relative accuracy. In addition, the GCPs included natural points (e.g., trees and rocks), human constructions and artificial marks (e.g., black/white targets in A4 size) that were used to calibrate the produced orthomosaics. The coordinates were taken by the GPS-GNSS Ruide Pulsar R6p device and the GPS-GNSS receiver of the UAV. The georeferencing was performed in the World Geodetic Reference System coordinate reference system (WGS84). The literature offers a wide range of choices for the number and spatial distribution of the GCPs used for photogrammetric applications [67].




The Photogrammetric Software


The Pix4Denterprize 4.5.6. is a powerful software capable of combining and merging the images based on common points; this methodology is commonly used for photogrammetric applications. Pix4D includes a set of tools, such as Pix4Dcapture, which is a mobile application that defines and executes the flight plan, and Pix4Dmapper that can be utilized to edit the captured data and create photogrammetric products [68]. The Pix4Dcapture tool is a mobile application that enables autonomous flight missions (grid, double-grid, polygon, circular, and free flight) and provides the estimated flight time, which is calculated based on the predefined mission parameters [69]. The Pix4Dmapper tool generates the point cloud, the mesh model, the texture, the orthomosaics, the 3D model (if images are captured from different ankles) and the digital surface model (DSM). One of the Pix4D’s advantages is that it produces a feature report and a processing log which provides the detailed results [70]. Pix4D Mapper is a commercial software with the advantages that it is very easy to apply, even for beginners [71]. The developed orthomosaics and DSMs enable us to locate hot spots along the stream banks, even under water, either showcasing erosion or deposition areas.






2.4. The Plot-Scaled Assessment


2.4.1. The Stream Bank Erosion Pins


One of the best methods to capture the temporal (seasonally and yearly) and spatial (top and bottom bank) variability in stream bank erosion/deposition is erosion pins [72]. The main reason is because of the ability to frequently measure them and the high accuracy of the measurements. Erosion pins are narrow metal rods installed horizontally that are commonly used to measure the retreat or advancement of the streambanks over time [73]. They are suitable for a wide range of fluvial environments, inexpensive, and simple to maintain and measure. However, erosion pins can have difficulty accounting for larger scale (stream or reach scale) and very detailed spatial variability in streambanks. Totally, 400 erosion pins were placed in 40 selected positions throughout the stream network of Aggitis watershed (10 erosion pins per plot). The positions of the erosion plots were distributed equally among the four (4) main riparian land uses along the three main channels. The exact locations of the erosion pins were established by using the GPS-GNSS. Each plot had two spatially distinct erosion pin zones (five erosion pins in each one). The bottom zone was placed at 1/3 of the bank height (bottom bank) and the top zone at 2/3 of the bank height (top bank) (Figure 3). Vertical distances between the pins in the plots were 1 m. The erosion pins were 730 mm long, 7 mm in diameter, made of steel and inserted perpendicularly into the bank face.



Hooke [74] recommends that at least one-third of the pin remains buried in the stream bank face to reduce the risk of loss during a major erosion event. Pins also should not exceed 800 mm in length because when greater than that length, they can increase bank stability by reinforcing the soil, particularly increasing cantilever stability. The 7 mm diameter is small enough to cause minimum disturbance to the stream bank but large enough not to bend in high discharge events. The placement of erosion pins started on 13 November 2021 and finished on 5 December 2021. After the placement of the pins, five repeated measurements were made over a period of 2 years systematically and/or after major weather events (dry or wet days). The specific dates were as follows:




	
25 April 2022;



	
18 June 2022;



	
8 October 2022;



	
28 February 2023;



	
15 June 2023.









2.4.2. The Stream Cross-Sections


Bench-marked cross-sections (Figure 4) were used to monitor the contemporary changes in the same plots where the erosion pins were placed [75]. The positions of the cross-sections were as follows: (a) one meter before the first pins, (b) in the middle of the erosion pin plot and (c) one meter after the last pins. The measurement days were identical to the erosion pin measurement days mentioned above. The variables measured in each cross-section were as follows:




	
Length of each stream bank.



	
Length of the stream bed.



	
Slopes along each stream bank (left and right). More than one measurement was taken when slopes differed substantially along the bank.



	
Slopes along the stream bed. More than one measurement was taken when slopes differed substantially along the bank.



	
Cross-sections were compared among dates to detect changes in the morphological characteristics of the stream over time.








For the measurements of the above variables, the following equipment was used:




	
A GPS-GNSS receiver to find the locations of the plots;



	
A measuring tape for the channel’s length (bank and bed);



	
An inclinometer for the slope of streambanks and streambed;



	
Height poles for the bank height/depth.








2.4.3. 3D Laser Scanning of Stream Cross-Sections



3D laser scanning is a method of collecting spatial measurement data from a distance. It is based on LIDAR (light detection and ranging) or laser radar technology: determining the position of an object by sending and receiving a laser beam [76]. The 3D laser scanners use a mirror mechanism that deflects the laser beam to scan the entire space or object with the desired density (resolution) and at a very high collection speed (recording up to millions of points per second) [77]. With this method, a dense cloud of measuring points (3D point cloud) is quickly produced that documents with great completeness, precision and reliability the geometry of the space or the object captured [78]. 3D mapping was carried out on 18 February 2022 (1st date) and 24 April 2023 (2nd date) using the Faro Focus3D X 130 laser scanner in order to assess any geomorphological changes on the stream banks and bed of three different sites of interest. Only the Kallifytos site (X: 41.146953, Y: 24.171873) data are presented as the most representative channel type of the study area (see Figure 5).



3D scanning was conducted from an appropriate number of scanning positions to completely cover the area of the channel to be mapped, with an average resolution of 1 cm. Alongside the scan, high-resolution panoramic images were taken from each location via the scanner’s built-in camera. Eighteen (18) scan sites were used on the 1st date, while 17 sites were used on the 2nd one.



To process and analyze the captured data, the Faro Scene, Autodesk ReCap 2023.1.1 and Gexcel Reconstructor 4.4.1 software were utilized for the following:




	
Processing of the georeferenced measurements (control points).



	
Generating the point cloud for each scan position.



	
Preprocessing of the point clouds (cleaning, filtering, quality control, target identification, etc.).



	
Aligning the clouds from successive scan positions. This was performed with the cloud-to-cloud methodology using the least squares and iterative closest point (ICP) algorithms.



	
Georeferencing based on georeferencing measurements.



	
RGB color rendering from panoramic images.



	
Creating a single-colored 3D georeferenced point cloud.








The produced deliverables were color 3D point clouds for the Kallifyto site per date and various visual 2D and 3D visualizations (in the form of digital images) of the 3D point clouds. This enabled us to visualize the stream bank and bed of the captured areas and to understand and interpret the geometric changes in their slopes between the two measurement dates.






3. Results


3.1. The Watershed-Scaled Assessment


3.1.1. The NDVI


The distribution of the NDVI classes differed for each satellite image (Figure 6). The NDVI for class #6 was present only during spring and summer, specifically on 14 August 2019, 10 May 2020, 5 September 2020, 10 May 2021 and 3 August 2021, with a maximum coverage of 8%. The NDVI for class #1 was only visible on the 08.02.2019 satellite image (4%), with classes #2 and #3 dominating with a coverage of 38% and 42%, respectively. In the autumn months, specifically, 16 October 2019, 22 October 2020 and 25 October 2021, the NDVI classes #3 and #4 (both approximately 33%) had the highest percentage followed also by classes #2 and #5. On all of the other satellite images, the NDVI class #5 had the highest coverage percentage and was dominant.




3.1.2. The NDWI


The NDWI class #2 was dominant in all satellite images, with percentages ranging from 50% to 72%, followed by the NDWI class #1 (19–45%) (Figure 7). The specific classes correspond either to terrestrial vegetation (mostly sparse sclerophyllous vegetation and pastures) but also to bare soil, which indicates a high degree of soil erosion mostly on higher altitude and intense slopes of the surrounded mountainous areas. The classes #5 and #6 were very limited and adjacent to existing water resources that enabled us to narrow this study focus to the “hot spots” of soil erosion: areas near floodplains of torrents/streams/rivers.




3.1.3. Soil, Land Uses and Slope Characteristics


Three characteristics, soil types, land uses and slopes percentages, were calculated based on the developed NDVI and NDWI maps (for each satellite image). Specifically, the percentage of the indices’ classes for these characteristics could highlight which reaches would be more vulnerable to erosion or deposition (higher percentages of a certain class).



The NDWI class #6 was dominated by “Calcaric Fluvisols”, “Calcaric Leptosols” and “Dystric Leptosols”. This class represents flat areas with vulnerable soils to erosion and deposition affected by the stream network in the pilot area of the Aggitis River watershed. Furthermore, if we include the NDWI class #5, the areas were dominated by “Calcaric Fluvisols”, “Eutric Histosols” and “Vertic Cambisols”. On the other hand, the “Dystric Cambisol” was the soil that dominated the areas of the NDWI class #1. Concerning the NDVI, classes #1 and #2 (which may indicate soil erosion) had the highest percentages for “Vertic Cambisols”, “Calcaric Fluvisols”, “Chromic Luvisols”, “Calcaric Leptosols” and “Eutric Histosols” soils, although this was highly different in each satellite image. There were occasions when class #6 of the NDVI was not recorded at all.



The urban areas (specifically industrial or commercial units), non-irrigated arable land and complex cultivation patterns have the highest share in land cover for the NDVI class #1. Furthermore, the land uses, permanently irrigated land, natural grasslands, sparsely vegetated areas and water courses, also had a significant contribution. It must be highlighted that similar land uses were recorded for potential erosion and deposition in the NDWI. Specifically, complex cultivation patterns and industrial or commercial units had high NDWI #6 percentages, followed by water courses, permanently irrigated land and non-irrigated arable land but also broad-leaved forests that had high NDWI #5 percentages.



The slope (%) had five discrete categories based on the natural breaks of its values: (i) areas with slope angles less than 12% (gentle slopes), (ii) areas with slope angles between 12% and 29%, (iii) areas with slope angles between 29% and 48%, (iv) areas with slope angles between 48% and 72%, and (v) areas with slope angles greater than 72% (steep slopes). Gentle slopes stood out for their extent and moderate exposure to erosion, especially based on the NDWI (classes #1 and #2). In contrast, steep slopes dominated areas characterized by no or sparse vegetation which form stream network valleys.





3.2. The Reach-Scaled Assessment Results


3.2.1. The Purchased Satellite Images


An automatic classification of the indices’ values in ArcGIS enabled us to delineate the boundaries of the water surface. The area captured by the purchased satellite images was the main water course near the confluence of the Aggitis River in the plain of the Regional Unit of Drama. According to the watershed-scale analysis, this area along these perennial streams is one of the most vulnerable to soil erosion and deposition. Many changes have been recorded throughout time on the stream banks and the main channel geomorphology (especially in the confluences where the tributaries meet). Figure 8 includes the boundaries as polylines in four different locations for different dates.




3.2.2. The UAV Images


Based on the previously purchased satellite image analysis, the Mavrolefki reach of the hydrologic network of the study area is one of the most vulnerable. This reach collects the water from Drama city but also from Kalabaki and Doxato towns. This reach is located along the southeast side of the village Mavrolefki (Y: 41.053137, X: 24.104371 in WGS84) where there was a temporary earth-filled dam (or embankment dam) established during the summer to store water from agricultural purposes (Figure 9). During the UAV flight (23 October 2021), this dam was destroyed, and the flowing water even covered the nearby gravel road for agricultural vehicles. The Mavrolefki reach (part of Tenaghi stream) has intense meanders that are covered with water during high rainfall events. The entire stream has many “hot spots” of erosion and deposition, including islands in the main channel bed (Figure 9). In addition, there were other locations along the same reach with litter present (plastic bottles, tree trunks or tires) as well as locations where the color of the water was cloudy, probably due to agricultural practices (see Figure 10).



The second targeted location of the same reach (Figure 10a,b) is at the main road network (Y: 41.047003, X: 24.094152 in WGS84), specifically at a bridge. The specific stream reach has also intense meanders that are covered with water during high rainfall events. The DSM was very helpful to distinguish the main channel curves of current water flow. There are parts of the stream banks that were vulnerable to soil erosion and others that are characterized by soil deposition. Another important point that needs to be mentioned is that the land use of the adjusted area is grazed pastures which enhances soil erosion.



Another location of the same stream is at its confluence with other streams (Y: 41.045076, X: 24.090637 in WGS84) that is mainly characterized by frequent sediment deposition (Figure 10c,d). The specific reach reveals both soil erosion (on the north side) but also sediment deposition (on the south side) and small island formation at the junction of the two stream networks. The UAV flight was performed during a rainfall event that covered the east side of the watershed of Aggitis and supplied with water the area of Tenagi Philippon (Kavala region) in contrast to the Drama region which was not affected by the rainfall event and its stream was not supplied with water. This fact led to a color difference due to the high sediment concentration in the streams from Kavala.





3.3. The Plot-Scaled Assessment Results


3.3.1. The Stream Bank Erosion Pins


The monitored banks (Figure 11) show differences according to the land-use types. The positive values indicate erosion, while negative values refer to deposition. In natural grazed grasslands, there are fluctuations in the erosion of the banks after intense rainfall events. These differences in erosion and deposition appear more on the pins at 2/3 of the bank height (Figure 11a,b). In the riparian forested areas (Figure 11c,d), the erosion of the bank is very low and in most of the measured pins does not exceed 10 cm. Overall, we can state that the observed changes were not substantial. In the agricultural areas, there was extreme erosion measured, in some cases exceeding 40 cm on the monitored banks (Figure 11e,f). It is important to mention that in several cases, erosion pins were completely lost. This happened on the first (25 April 2022), second (18 June 2022) and fifth measurement (15 June 2023). Also, for this land use, we observed that at 1/3 of the bank height, there was more erosion than at 2/3 of the bank height. At locations characterized by sclerophyllous vegetation, there were also strong geomorphologic changes, with both erosion and deposition recorded (Figure 11g,h). Specifically, the erosion rate was lower at 1/3 of the height, approximately 5 cm, than at 2/3 of the bank height, ranging from 10 to 15 cm.




3.3.2. The Stream Cross-Sections (Plot Scale)


Erosion and deposition events were recorded on the sampled surfaces with the changes in the dimensions of the cross-sections (Figure 12). In general, the changes were small, but several large differences were observed between the measurements that reached 1–2 m. Such differences were recorded more in agricultural areas, while for the other land uses such as grazed natural grassland and sclerophyllous vegetation, the changes in the cross-sections were smaller, with a difference ranging from 0.30 to 0.80 m. Finally, it is important to mention that in riparian forested areas, the changes in the cross-sections were minimal, with values ranging from 0.10 to 0.20 m. An example is the Kallifytos torrent, where the material which was transported and deposited was mainly located in the area upstream of the Irish Bridge (before the east entrance to the city of Drama). The material deposited is frequently removed by the local authorities using heavy bulldozers that can compact the stream bed material (Figure 12a).




3.3.3. The 3D Laser Scanning Streams’ Cross-Sections (Plot Scale)


The Kallifytos torrent is a typical intermittent Greek torrent that has flash flood risk potential particularly after heavy rainfalls [75]. The torrent was selected (erosion pins, cross-sections and laser scanning) because it has a diverse fluvio-geomorphologic profile, with rapid changes in the channel and bed shape due to the large amounts of water, sediments and debris transported [79]. The Kallifytos torrent passes through chutes under the city of Drama before discharging into the Agia Barbara stream, which is a tributary of the Aggitis River.



The comparative 3D sections from the Kallifytos reach based on the 3D field scanning allowed us to estimate the fluvio-geomorphological changes between the two surveying dates (Figure 13). The point clouds (Figure 13a: first survey and Figure 13c: second survey) along with the mesh models (Figure 13b: first survey and Figure 13d: second survey) were developed. Furthermore, five selected cross-sections were drawn to estimate the material loss or gained between the two survey dates.



There are clearly visible geomorphological changes in the stream bed. During the first survey, there was deposited material in the center of the stream bed which was distinguished by the lighter blue color. The second survey captured the manmade sand excavations and the removal of deposited material carried out by municipality bulldozers (rectangular formations depicted in darker blue color). There were also differences in the stream banks which are depicted more clearly in the selected 2D cross-sections of the same captured location (Figure 14). In the cross-sections, the first survey is shown in red and the second in green, while both the X and Y axis scales are in meters. Specifically, height differences ranging from 0.00 to 1.26 m of removed material (section B) were detected. The removed material was estimated to be equal to 412.01 m3 for the stream bed, 2.55 m3 for the north stream bank and 2.21 m3 for the south stream bank (Figure 14). Similarly, the gained material was estimated to be equal to 2.82 m3 for the stream bed, 0.58 m3 for the north stream bank and 0.70 m3 for the south stream bank (Figure 13).






4. Discussion


Erosion and deposition are two of the main fluvio-geomorphologic processes that at both the watershed and/or stream channel scale need to be measured and understood in order to achieve sustainable watershed management, especially under the auspices of the Water Framework Directive and the EU Green Deal. In this study, different measuring methods were utilized at the watershed, reach and plot scale to assess erosion and deposition (Figure 15). These methods included remote sensing, UAV monitoring, terrestrial 3D scanning and traditional commonly used field monitoring tools (pins and cross-sections).



The technological and methodological advancements in the field of Earth observation has contributed to the widespread increase in the use of satellite remote sensing approaches that have enhanced the monitoring of the Earth’s surface and its changes [80,81]. Today, there is a readily available large collection of imagery in Google Earth, including satellite, aerial, and even 3D and street view images. Furthermore, free available satellite imagery (e.g., Landsat and Copernicus) is of high importance for remote sensing in geomorphology [82,83]. Free SENTINEL-2 satellite images have been used in various studies to develop indices, as they are competent at highlighting differences in vegetation and water content. The NDVI enables the monitoring of ecosystem and fluvio-geomorphological changes based on the large-scale land monitoring/mapping of floodplains [84]. In addition, as a globally used index of vegetation’s health and moisture presence, it is used for the assessment of watershed soil erosion and sediment yield in the floodplains [85]. The NDWI, the other index utilized, can characterize soil and vegetation moisture content before and after flooding events. In addition, it is used to monitor the channel migration [86]. Channel bank and bed erosion occurs mainly in the floodplains; thus, the NDWI was used to detect the water presence lines that can lead to short-term stream bank erosion [87,88]. Its effectiveness decreases with intermittent or ephemeral streams typical in Mediterranean ecosystems [89]. Both indices enabled us to map the most vulnerable areas to erosion and deposition along the stream network and their floodplains. The results of the NDVI and NDWI showcased the most critical areas prone to erosion. Those which belong to NDVI #1 and NDVI 2 classes represented 7–40%. On the other hand, the affected areas by water (areas adjusted to the water courses and floodplains, NDWI classes #5 and #6) represented only up to 1% of the total studied area. It must be noted that these areas are highly important for the dynamic procedures of stream bank erosion and sediment transportation and should be focal points for stream conservation [12]. In general, erosion occurs when the force of the river’s flow removes sediment from the stream bed and banks, widening and deepening the river channels. It is typically caused by the high velocity and turbulent flow of water [90]. The confluence of rivers are such dynamic locations of a hydrologic network where soil erosion or deposition have high rates [91]. The convergence of flow often leads to erosion (downcutting) of the stream bed. Tributaries also alter the hydraulic geometry of the receiving streams (due to stream water turbulence) including width, depth, and bar size and occurrence. Typically, they can alter the particle size distribution, either coarsening or fining the channel bed material. The morphological effects of confluences tend to be most pronounced in lower-gradient portions of rivers. These areas are “hot spots” and allow us to determine potential targeted areas so we can move management from the watershed to the reach scale. Additionally, we used ancillary information (soils, land cover and slope) to determine whether we can find any connection between these characteristics and vulnerability to erosion and deposition (watershed-scale approach).



These vulnerable reaches were further investigated by the comparisons of purchased satellite images that had substantially better resolution. These images were taken before and after flood events in order to capture deposition and erosion phenomena. Low spatial resolutions images are appropriate to be applied at perennial and large dimension temporary streams and for the identification of individual large and medium-sized gullies but do not allow for gully growth analysis with sequential imagery that requires higher resolution [92,93]. Medium and low-resolution images are effective for erosion risk mapping if they present data shortly before and after the first erosion event [94]. High-resolution satellites have enhanced the ability to detect and monitor individual small-scale geomorphologic features [95]. Studies have applied high-resolution products for monitoring erosion by mapping ephemeral streams, as well as smaller (even temporary) gullies and rills that are not covered by dense vegetation (dry and semi-dry environments) [96,97,98,99]. There is a place to utilize both free and commercial satellite products, as nowadays there are more options for economical topographical mapping [100]. The selection of higher to low spatial resolution satellite products depends on the ground sampling distance needed based on the research objective [101]. In addition, the size of the study area and the available funds must be considered. High-resolution imagery should be used for study areas of 20–100 km2 study, while low resolution for areas > 100 km2 [102]. This is the reason we proposed to firstly use the free low-resolution satellite imagery in the watershed-scale phase (in our case study Aggitis basin is 2700 km2) and secondly, to use higher-resolution products (if available) on the selected “hot spots”. The results of this study show the utility of both and how they can be complimentary to each other. The free satellite images can indicate where there is a need (hot spots) to purchase the high-resolution satellite images. This allows for the cost-effective use of funds, and the more targeted approaches for the placements of conservation practices (e.g., nature-based solutions) can be implemented with higher-resolution purchased images.



Furthermore, UAV-based orthomosaics were developed in some of these vulnerable selected reaches. UAVs have been applied worldwide as a monitoring methodology to improve the monitoring of fluvio-geomorphologic changes [103,104]. The advantages of UAV-based photogrammetry are the ability to reconstruct the stream bank topography in very high detail and very quickly [105]. The results produced by the UAV’s flights enabled us to monitor the fluvio-geomorphologic changes again at the reach scale but also at a smaller scale and with enhanced resolution. Orthomosaics developed by UAV images taken at different times provide detailed stream channel features to detect changes between periods [75].



Site assessments and in-situ measurements (erosion pins, stream cross-sections and 3D laser scanning) have been used to evaluate and monitor the stream bank erosion or deposition at the plot scale. The analysis of the results from the field measurements of this study showcased high erosion on some stream banks, especially after extreme rainfall phenomena. In several plots, bank erosion exceeded the 50 cm, while in a few, deposition was also recorded. Deposition was recorded mainly in sclerophyllous vegetation (both bank heights) but also in agricultural areas (1/3 of bank height). Stream bank erosion was high in most of the natural grasslands/pastures and agricultural areas. Agricultural and livestock activities are highly associated with erosion phenomena since they weaken bank stability though different activities [106]. Finally, it should be noted that on stream banks covered with riparian vegetation, the erosion was limited or non-existent. Many studies have shown that maintaining or re-establishing the riparian vegetation is optimal to reduce erosion and a highly recommended nature-based solution [107]. Land cover types, and their changes, have different hydrological and geomorphological effects on controlling bank stability or enhancing soil erosion [108]. Forests are considered to stabilize slopes and banks, while human intervention on stream banks and riparian zones may reduce stability [109,110]. For agricultural lands, the implementation of conservation practices can have a significant impact on soil erosion reduction, especially in the Mediterranean dry region which suffers from tillage agriculture erosion impacts [111]. The produced point clouds of the plot-scaled laser scanning approach were of high resolution and estimated soil volume changes (erosion or deposition) before and after events. Specifically, soil deposition was recorded after an extreme flood event, while soil removal (erosion) was detected after excavations were performed by bulldozers. The amount of stream bed and bank material was also easily estimated in these specific cross-sections through the point-cloud comparison when riparian or stream bed vegetation was limited or absent [112]. Overall, the results of laser scanning and traditional field plot measurements were similar. The advantage of laser scanning was the higher accuracy and also the larger scale it can implemented on in comparison with traditional methods.



The studied targeted reaches of Mavrolefki stream showed that erosion can lead to the formation of sandbars and islands within the stream channels. Deposition occurs when sediment carried by the stream flow decreases, and thus settles and accumulates in the bed. This is also evident in the main course of theAggitis River and its tributary streams with intermittent flow. On the other hand, Kallifytos showed more episodic flow characteristics, typical of Euro-Mediterranean torrents (ephemeral and intermittent flows) [113]. For most of the year, these torrents have no flow, but a few times during the year, they can have very high flows and transport large amounts of sediment.



The results of this study are similar to others that utilized such methodologies, although our study was the first detailed research incorporating all of these methods [23]. UAV-based surveys have been also conducted by the authors before, in selected reaches of the region, for the first time with successful results [75]. Flooding is a common phenomenon in the Aggitis basin after extreme rainfall events or snowmelt causing serious damage in the area [114]. There is high connectivity between extreme flood events and stream bank and bed erosion and deposition in the channels and floodplains [115]. Anthropogenic activities and climate change are accelerating soil erosion, fluvial activity and extreme flood events [116]. Along the Aggitis River and its tributaries, alluvial aggradation was accelerated by 6000 BP due to climate change between 6500 and 5000 BP [117]. Such events were also recorded during the Ottoman period, linked to the intensification of farming in the Aggitis river plain along with the increase in grazing and logging in the surrounding mountainous areas [118]. This study also revealed that extensive erosion occurs by anthropogenic activities in channels when the major land cover in the riparian areas and the watershed is agricultural or grazed grasslands.



The different studied stream bank and bed monitoring techniques presented advantages and disadvantages that have been presented previously. Their selection and application is highly dependent on the scale and accuracy required, the site-specific conditions and the experience of the researcher. Traditional field monitoring approaches can be laborious, time-consuming and resource-demanding, especially when examining lengthy reaches of rivers or streams [119]. Erosion pins can be used in vegetated banks but with coarse spatial and temporal resolution. UAV mapping or laser scanning have higher resolution for larger reaches but can have problems when the stream banks have dense vegetation. A UAV survey requires low vegetation, as tree canopy may cover the ground, while terrestrial laser scanning can be applied in a forested environment when employing the vegetation filter to extract the tree trunks, but it is difficult, or even impossible, when riparian vegetation is low or mixed. As a consequence, the final choice of the appropriate technique depends on the goals of the project and the desired resolution, the stream bank or bed conditions, and the available resources, tools and finances [39].




5. Conclusions


Stream bank and bed erosion and deposition are natural process, but anthropogenic pressures and climate have and will continue to accelerate stream bank and bed deposition but also other types of erosion. A framework with a cadre of different methodologies to monitor and understand erosion is a necessity, especially in climate change-vulnerable regions such as the Mediterranean. This is what this study tried to achieve by showcasing different methods that can be used at different scales and with different accuracy. In addition, all of these methods could be used together since they are complimentary to one another. Remote sensing products such as free satellite imagery and Google images can be the first step in order to identify stream bank changes over short periods of time (e.g., after a flood event) or over many years. UAVs can be utilized as a second step to provide higher accuracy and analysis at a larger scale (reach scale) of specific locations. Field measurements at the plot scale, such as erosion pins and cross-sections, can be used at a very narrow scale (specific bank), focusing on intense rainfall events or anthropogenic alterations (excavations) that change stream bed and bank morphology and provide validation data for the satellite and UAV images. Finally, through 3D terrestrial scanning, the determination of accelerated bank erosion or deposition is more accurate and enables the land managers to identify vulnerable areas to erosion and deposition. Once these areas are identified, nature-based solution should be implemented by land managers in order to stabilize stream banks, reduce erosion or deposition rates and consequently mitigate non-point source pollutants. Nature-based solutions are preferred because they try to emulate nature, thus reducing the acceleration of erosion and deposition. This proposed framework has high utility since it will allow managers to target the areas that produce the greatest erosion and deposition, and thus utilize funds more cost-effectively and promote sustainable management. In addition, because of the better erosion mitigating results, this framework is more likely to achieve the approval of the policy makers and general public, thus helping obtain the needed funding.
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Figure 1. (a) Typical erosion (in yellow) and deposition (in brown) areas along a stream reach. (b) The cross-section A to B, from image (a), showing the erosion (in yellow) and deposition (in brown) areas. The dark blue indicates the area with the fastest stream flow. 
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Figure 2. The Aggitis basin (red divide line) with the main stream network (blue lines) and the many monitoring locations with erosion plots and cross-sections of areas of different land use and soil types. 
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Figure 3. Examples of stream bank erosion pins in Kallifytos torrent: (a) the two different height zones of erosion pin placements; (b) erosion pins marked with red paint for better identification; (c) placement of the erosion pins; (d) measuring erosion/deposition of the erosion pins. 
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Figure 4. Examples of cross-sections in Kallifytos torrent: (a) UAV image captured an erosion cross-section; the different colors indicate the location of the three cross-sections; (b) field image of a narrow cross-section; (c) field image of a wide cross-section; (d) field image of a wide cross-section after torrential phenomena. 
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Figure 5. An example of 3D scanning capturing (a) the RGB image and (b) the 3D point cloud from the Kallifytos torrent. 
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Figure 6. The percentages of the NDVI six classes for each satellite image. 
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Figure 7. The percentages of the NDWI six classes for each satellite image. 
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Figure 8. The stream water boundaries are seen as polylines in four different locations on four different satellite dates. The background satellite image is the same for all dates. 
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Figure 9. (a) The orthomosaic and (b) the DSM for the Mavrolefki reach near the Mavrolefki village. 
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Figure 10. Examples (in red circles) of soil erosion, deposition and littering in different sections of the Mavrolefki reach detected by using UAV images: (a) sediment deposits as small islands and stream bank erosion, (b) stream bank erosion and plastic tires in the stream, (c) littering accumulation and cloudy water and (d) sediment deposits as small islands in the confluence of two streams. Different color due to a rainfall event that occurred mainly in one of these two watersheds. Water color is much clearer in the top than in the bottom. 
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Figure 11. Bar diagrams of erosion and deposition for the four land uses (positive values = erosion and negative values = deposition). (a) Erosion and deposition rates at 1/3 of stream bank height in natural grazed grasslands, (b) erosion and deposition rates at 2/3 of stream bank height in natural grazed grasslands, (c) erosion and deposition rates at 1/3 of stream bank height in riparian forested areas, (d) erosion and deposition rates at 2/3 of stream bank height in riparian forested areas, (e) erosion and deposition rates at 1/3 of stream bank height in agricultural areas, (f) erosion and deposition rates at 2/3 of stream bank height in agricultural areas, (g) erosion and deposition rates at 1/3 of stream bank height with sclerophyllous vegetation and (h) erosion and deposition rates at 2/3 of stream bank height with sclerophyllous vegetation. 
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Figure 12. A typical cross-section of each land use in six different areas: (a) agricultural area; (b) natural grasslands; (c) sclerophyllous vegetation; (d) riparian forests. 
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Figure 13. The 3D outputs based on the 3D laser scanning application in Kallifytos torrent reach: (a) the point cloud (1st survey); (b) the mesh model (1st survey); (c) the point cloud (2nd survey); (d) the mesh model (2nd survey). 
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Figure 14. The selected five 2D cross-sections based on 3D laser scanning application in Kallifytos torrent reach. The red lines indicate the 1st survey and the green lines indicate the 2nd survey. 
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Figure 15. The flowchart of different stream bank and bed erosion and deposition methods. The methods are for different scales: some are for identifying erosion and deposition hot spots and others are for measuring exact rates. 
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Table 1. The classification of NDVI and NDWI values into the 6 classes.
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	No #
	NDVI
	Description
	NDWI
	Description





	1
	−1.0 to 0.0
	No vegetation
	−1.0 to −0.5
	Very high drought or terrestrial vegetation



	2
	0.0 to 0.2
	Unhealthy vegetation
	−0.5 to −0.2
	High drought or terrestrial vegetation



	3
	0.2 to 0.4
	Poorly healthy vegetation
	−0.2 to 0.0
	Moderate drought



	4
	0.4 to 0.6
	Moderately healthy vegetation
	0.0 to 0.2
	Poor water content/

low drought



	5
	0.6 to 0.8
	Healthy vegetation
	0.2 to 0.5
	Moderate water content



	6
	0.8 to 1.0
	Very healthy vegetation
	0.5 to 1.0
	High water content
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