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Abstract

:

Capturing and recording fluvio-geomorphological events is essential since these events can be very sudden and hazardous. Climate change is expected to increase flash floods intensity and frequency in the Mediterranean region, thus enhancing such events will also impact the adjacent riparian vegetation. The aim of this study was to capture and record the fluvial-geomorphological changes of the torrent bed and banks and flood debris events with the use of UAV images along a reach of Kallifytos torrent in northern Greece. In addition, a novel approach to detecting changes and assessing the conditions of the riparian vegetation was conducted by using UAV images that were validated with field data based on a visual protocol. Three flights were conducted using the DJI Spark UAV. Based on the images collected from these flights, orthomosaics were developed. The orthomosaics clearly identified changes in the torrent bed and detected debris flow events after major flood events. In addition, the results on the assessment of riparian vegetation conditions were satisfactory. Utilizing UAV images shows great potential to capture, record, and monitor fluvio-geomorphological events and riparian vegetation. Their utilization would help water managers to develop more sustainable management solutions based on actual field data.
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1. Introduction


Fluvio-geomorphological events can be very sudden and episodic [1], indicating that new innovative methods need to be utilized for their more effective recording and monitoring [2]. Of major interest are stream bed and stream bank changes and flood debris events as they can alter the channel flow path and cause major infrastructure failures. In the Mediterranean region, these are primarily caused by flash floods [3]. Flash floods are among the most dangerous natural disasters as they cause rapid torrential waters to flow in torrent and stream channels and cover the surrounding floodplains [4,5]. As flash floods are weather-related events (primarily the results of intense rainfall events), they are expected to be affected by climate change [6]. Specifically, their frequency and magnitude will be increased due to more extreme weather events caused by climate change such as extreme rainfall events [7,8]. One of the most vulnerable regions to climate change is the Mediterranean. In this region, the hydrological regime of intermittent streams and torrents is expected to become more extreme (higher peak flows but also no flow periods) due to the more intense rainfalls falling in shorter periods of time [9]. The frequency of larger flood events is expected to be increased which should also intensify erosion and debris transport capacity [10,11]. Furthermore, these flood events will occur in watersheds with a drier Mediterranean environment (dry crusted soils and less vegetation cover due to greater droughts in magnitude and length), leading to more intense runoff and erosion phenomena [12,13]. Understanding the new hydrologic regime is necessary for the sustainable management of Mediterranean streams and torrents [14,15,16]. Excessive sediment as well as debris loading in streams and torrents have negative impacts on both the natural environment (water pollution, eutrophication, fish and wildlife losses) and the human/urban environment (health risk, failures in infrastructures, increased costs) [17,18]. The impacts of climate change on floods and erosion along with the increase in population and the infrastructure densification will also result in increased risk in regard to economic and human life losses [18,19,20,21].



Riparian areas can act as buffer zones that slow down surface runoff and trap sediments and other pollutants that originate from agricultural and urban activities, decrease stream velocities, and consequently reduce flood magnitudes [1,7,22,23,24]. One of the reasons why they can offer these ecosystem services is because of their location that is adjacent to streams (perennial, intermittent, and ephemeral), lakes, ponds, and estuarine–marine shorelines [25,26,27]. Riparian areas connect the surface and subsurface waterbodies with their adjacent uplands and are the transition zones between the terrestrial and aquatic ecosystem [28,29,30,31]. At the same time, the woody vegetation of the riparian areas, when not properly managed, can become woody debris (branches and tree trunks) during high flow conditions and/or flash floods [32,33]. Flash floods can carry significant amounts of sediments, rocks, and woody vegetation or even entire trees causing serious problems to human infrastructures [34]. The bedload material in gravel-bed channels is typical pebble and cobble interstratified with laminated gravel or coarse sand to boulder size material with significant damage potential [35].



Studying and understanding water erosion is a priority worldwide. [36]. In order to enhance our understanding and monitoring of the erosional process, a number of different methods have been developed and are being used. The most common and widely utilized method is the universal soil loss equation (USLE), a soil erosion model that predicts the rate of soil loss on a field slope, based on rainfall, soil type, slope, crops systems, land cover, and erosion control practices [37,38]. Additional methods to better record and indicate geomorphological changes, include traditional runoff plots [39], telemetric data loggers (data acquisition system) with ultrasonic signal erosion tools [2,40] and remote sensing tools utilizing unmanned aerial vehicles (UAVs) [41,42,43]. UAVs applications have grown rapidly during the last decade which include the scientific field of disaster management such as floods, erosion, earthquakes/landslides, and wildfires [44,45,46,47,48,49,50]. Zwęgliński [51] proved that UAV products (e.g., three-dimensional models and orthophoto maps) are applicable in sudden natural disasters and will become a necessity for all aerial disaster-related needs and damage reconnaissance. Finally, the recording and monitoring of fluvial geomorphology could be further enhanced by properly trained citizen scientists and could capture real-time geo-tagged photographs based on smartphones equipped with cameras and global positioning systems (GPS) [52].



The objective of this study was to assess, with the use of UAV images, the capturing and recoding of fluvio-geomorphological events such as erosion, deposition, and flood debris. The selected study area was located in Drama, a city in Greece, which has been affected during the last decades by a population increase while the urban sprawl consists mainly by grey infrastructure. In addition, the condition of the riparian areas was assessed using a visual protocol derived from UAV images in combination with field measurements. These previous assessments were conducted along a reach of a typical Mediterranean ephemeral stream (e.g., a torrent). The geomorphological condition of the torrent and its riparian zone were generated, by using airborne images and combined with field observation to validate the outputs. Using such images can enhance the accuracy of the measurements and evaluation of the impacts of the fluvio-geomorphological events. Land managers could utilize this new method to improve the recording of these fluvio-geomorphological phenomena. Improving the recording will help identify and select best management practices to mitigate the impact of such events by implementing more sustainable and environmentally-friendly methods such as nature-based solutions and ecosystem-based approaches.




2. Materials and Methods


2.1. Study Torrent Reach


The study reach is located in Drama; a city in northern Greece built on the southern foothills of Falakro Mountain at an elevation of 114 m (Figure 1). The name of the city originates from the Greek word “idor” which means water and refers to the rich water supplies of the area [53,54]. The springs of Agia Barbara, along with its recreational park, the traditional old buildings, and watermills, form a combination of a natural wetland (shallow lakes and streams) and riparian environment within an urbanized area [27,55]. The torrent of Kallifytos (the studied torrent) has a direction from east to west that eventually discharges to the Agia Barbara stream. The torrent has a wide bed in all its length while it crosses and divides the city of Drama from its southern suburbs. In the recent decades, the urban sprawl of the city has decreased its physical environment and width (Figure 2 and Figure 3). The natural torrent channel today disappears as an underground drainage canal that was constructed at the point it enters the urban environment. The top part of the underground canal is covered by roads, buildings, parks, parking, and other facilities [27]. The research in this study focuses on the sub-urban part of the Kallifytos torrent (east of the city) (Lat. 41°8′48.29″ N and Long. 24°10′19.85″ E), a typical ephemeral Greek torrent that has flash flood risk potential after heavy rainfalls. Ephemeral streams (e.g., torrents) are the most common running water bodies in southern Europe [3]. Their flow can change in hours from no flow to a flow with great rapidity and carrying large amounts of water, sediments, and debris [56]. The studied torrent should be monitored due to its proximity to Drama City and its frequent flooding of the road network and bridge. The torrent has transported and deposited large amounts of sediment and debris and altered the channel and bed shape in the past, during and after heavy rainfalls. In the studied reach, the torrent crosses an Irish bridge (length: 45 m and width: 8 m) with 30 culverts of concrete pipes (diameter: 0.80 m and width: 8 m).




2.2. Airborne and Field Measurements


The DJI Spark UAV (Shenzhen, China) was selected to capture the ortho-images. The manually grid flight plan captured frequent intersected images. The DJI Spark is a mini drone (143 × 143 mm) and its weight is only 300 g [57]. It has a GPS/GLONASS, as a satellite positioning system, while its 1/2.3″ CMOS camera captures Full HD 1080p video and 3968 × 2976 pixels of image resolution [58]. Airborne and field measurements were taken during three different dates (Figure 4):




	(i)

	
1st flight—31 January 2020 (black area). This flight focused on the area starting upstream from the bridge and covering the upland bed. This flight lasted 20 min and captured 97 images. Based on the images of this flight, emphasis was given to recording and showcasing the newly formed torrent bed and flow paths. The day before the flight high flows passed through the torrent.




	(ii)

	
2nd flight—7 August 2020 (red area). This flight targeted the area surrounding the bridge. It lasted 10 min and captured 60 images. These images allowed to record flow paths, debris material, torrent bed substrate, and geomorphological and riparian vegetation changes.




	(iii)

	
3rd flight—19 September 2020 (yellow area). This final flight included a wider area of both sides of the banks of the bridge. This flight lasted 25 min and captured 196 images. Based on this flight, the torrent bank floodplain and riparian zone were delineated. In addition, the images of this flight were compared to the images of the 2nd flight to assess geomorphological and riparian vegetation changes.









The orthomosaics, produced by photogrammetry based on the UAV images, allowed us to measure different spatial characteristics. The spatial characteristics such as the perimeter and the area of different geomorphological areas (riparian area, floodplain, channel, torrent banks, and main flow path) were digitized and recorded. In addition, airborne images were helpful to provide additional easy and quick measurements or information such as granulometry of the riverbed material, vegetated areas, and flood debris, as well as truck tracks.



During these flights, the DJI spark hovered at 50 m above the ground. The manually grid flight plans covered the study area and captured the images. Ground control points (GCPs) are a necessity for UAV topographic surveys in order to geo-reference the images [59]. The GCPs can be measured in the field by using a GNSS receiver to store the coordinates or by utilizing direct geo-referencing using a UAV mounted GNSS antenna and no GCPs [60]. The GPS-GNSS JAVAD TRIUMPH-1 receiver (San Jose, USA) was used to include twenty GCPs either as physical spots (e.g., trees, rocks) or human constructions (waste water treatment plant) and artificial marks (e.g., topographic milestones and targets). The GCPs were used to ensure the geospatial accuracy of the imagery rated at 1 cm accuracy. Furthermore, field measurements included cross sections measurements and the use of topographic milestones in order to capture the dimensions of the under-bridge culverts. Finally, another visit on 12 October 2020 was necessary as a supplementary day of field measurements to illustrate the recent conditions in the torrent geomorphology after a heavy rainfall event.




2.3. Software for the Analyis of the UAV Images


The Agisoft Metashape, formerly known as PhotoScan, is a professional commercial tool developed for photogrammetry by Agisoft LLC (St. Petersburg, Russia) [61]. The software is able to combine the digital images in order to generate geo-referenced 3D models, aerial triangulation, polygonal models (plain/textured), DSMs, and orthomosaics [62]. The user has to select the initial images while the following processing is a fully automated workflow and enables a non-specialist to get familiar with it very quickly and easily. At least two different images that have common points are requested in order to reconstruct the studied area [63]. Images can be captured from any position. The images are geo-referenced images due to the onboard GPS coordinates attached to each image but high-accuracy control reference points can be additionally used in the bundle adjustment to further enhance the accuracy of the positioned orthomosaics and 3D models [64]. The utilized hardware was an ACER Aspire 64-bit (New Taipei, Taiwan) which has a 4 GB RAM, Intel Core i3-4000M processor 2.40 GHz, Nvidia GeForce 840M, and an SSD disk. The images were combined to produce the point clouds and finally the three orthomosaics of the studied reach. The first flight generated the orthomosaic (Figure 5) based on 97 images. The second flight was focused on the bridge, so only 46 images were used to produce the orthomosaic of the area (Figure 6a) and the digital elevation model (DEM) (Figure 7a). The third flight captured 196 images and created another orthomosaic (Figure 6b). The produced maps were further analyzed in ESRI ArcGIS 10.4. (Redlands, California, USA).




2.4. Stream Visual Assessment Protocol (SVAP)—Field and Image Assessments


The SVAP is a visual protocol that addresses the environmental status of streams or torrents and its riparian areas [65,66]. It was developed by the Natural Resources Conservation Service United States Department of Agriculture (USDA-NRCS). The protocol, firstly, gathers general information on the site surveyed and follows with the detailed information on the stream or torrent and the riparian characteristics [67]. Specifically, fourteen characteristics are evaluated and these selected characteristics and their values have been adjusted to the Greek and Mediterranean natural environmental conditions [68]. The evaluated characteristics are: (i) channel condition, (ii) hydrologic alteration, (iii) riparian zone condition, (iv) bank stability, (v) water existence, (vi) water appearance, (vii) livestock shed presence, (viii) instream fish cover, (ix) pools, (x) insect/invertebrate habitat, (xi) canopy cover, (xii) manure presence, (xiii) biological wastewater treatment presence, and (xiv) garbage presence [69]. The values of these characteristics can range from 1–10, while the final score for a surveyed site is the average of these 14 characteristics. Based on the values of the 14 characteristics, the SVAP has 4 categories that represent the stream or torrent and riparian area environmental condition. These are: (A) Poor condition with mean values less than 6, (B) Moderate condition with mean values ranging from 6.1 to 7.4, (C) Good condition with mean values ranging from 7.5 to 8.9, and (D) Excellent condition with mean values greater than 9 [70]. In this study, the SVAP rating was performed based on the recorded airborne data, in addition to the field observation of the mentioned characteristics. Thirty equidistant sites were surveyed based on the field measurements starting downstream from the bridge that our study focused on and continuing upstream. The first eight sites surveyed were upstream from the Irish bride while the rest were downstream. Eight of these sites were surveyed based on the airborne images and compared to the visual protocol field measurements to validate the effectiveness of the airborne images to perform such a visual assessment.





3. Results


3.1. 1st Flight—Showcasing the Torrent Bed and Flow Paths


The orthomosaic produced by the images captured on 31 January 2020 is presented in Figure 5. Unfortunately, it was impossible to capture the bridge due to a malfunction of the restriction zones during the drone flight. As a result, the orthomosaic depicts the stream bed from the right side of the bridge (upstream). This orthophoto was inserted in ArcGIS in order to digitize the torrent bed area, but also the main water flow path that was created during the previous days’ high flow event. The orthomosaic highlights the main water flow path (probably the thalweg) inside the main channel. The elevation difference between the main flow path and the surrounding torrent bed ranged from 1 to 22 cm. The entire torrent bed area is surrounded by the purple line, while the boundary of the main water path is within the black lines. This main flow path is where water runs through during low flow events. The black lines join the purple at the top boundary in the left part that is common for both areas. The difference of the width was significant from 3.1 to 14.3 m for the main flow path to the main channel respectively. The perimeter of the streambed area was equal to 385.0 m and the area was 3029.9 m2 (within the purple lines). In addition, the perimeter of the main flow path was 370.8 m, while its area was 1280.0 m2 (within the black lines).




3.2. 2nd Flight—Flow Paths, Flood Debris, Riparian Vegetation, and Torrent Bed Substrate


The DEM was also produced based on the orthomosaic for the August flight (7 August 2020). The DEM (Figure 7a) has its zero level at the bridge top and this is the reason why minus values (-) are also present in the image that represent the torrent bed. The flow paths are visible due to the height variance. Three main flow paths that start from the right part under the bridge culverts and continue at the left section mainly at the top of the image. This is a result of the debris and sediment deposition at the central part of the bridge at the right section which forces the main body of water to the right bank (top of the image). Furthermore, we were able to produce a map (Figure 7b) that categorizes the different illustrations mainly based on the vegetation and creates the following categories: (1) no data (black), (2) vegetation (purple), and (3) sediment/rock (green). This map highlights the vegetation in front of the bridge culverts adjusted at the right section of the bridge. The riparian vegetation consists mainly by low vegetation and trees: Morus ssp., Ailanthus altissima, Avena sativa, Melissa officinalis, Populus nigra, Salix alba, Onopordum acanthium, and Arctium ssp. among others. The dead vegetation material represents the debris that act as barrier and have a negative impact, enhancing the potential and creating floods (Figure 8). Debris material are mainly tree brunches but also large rocks. Their dimensions can be measured by the recorded airborne images or by normal field monitoring (Figure 9). A granulometric analysis was also performed on the orthomosaics via ArcGIS. The airborne measurements were verified by using past field measurements. Specifically, field measurements, by using a tape measure, were collected along five cross sections downstream from the bridge. For the bed material, the pebbles and cobbles were measured in the two dimensions (largest and smallest). The majority of the material ranged from 1 to 20 cm (84.5%) and 1 to 10 cm (85.1%), concerning length and width, respectively. The results between field and airborne measurements were very similar in their dimensions in both cases which ranged from 1–67 cm. This highlights that UAV images can be utilized as an innovative, quick, and easy-to-use method to perform granulometry on these types of torrents.




3.3. 3rd Flight—Torrent Banks, Floodplain and Riparian Zone Delineation


The 3rd airborne monitoring was conducted during September 2020 to illustrate possible change in the torrent bed due to the removal of the bed material and debris by excavators and trucks that belong to the municipality of Drama. The generated orthomosaic is depicted in Figure 10 based on this 3rd flight while Figure 6b is the same flight focused at the bridge for comparison purposes. The digitization in ArcGIS resulted in the boundaries of the riparian vegetation area (green lines), floodplain boundaries (red lines), and torrent bank boundaries (blue lines). We differentiated the last two based on the bank elevation that ranged from 0.8 to 2.70 m, but also the presence and absence of vegetation. The width of the riparian area ranged from 46.6 to 96.7 m. The floodplain and bed area did not cover the same area, although in some locations, the boundaries were the same, and as a result, the width ranges were identical from 5.6 to 58.8 m. The riparian perimeter was equal to 531.6 m and its area was 17091.5 m2. The floodplain perimeter was calculated as 456.4 m, while its area as 4444.8 m2. Finally, the stream bed perimeter equals to 441.1 m and the area is measured as 3936.1 m2.




3.4. 2nd and 3rd Flights—Geomorphological and Riparian Vegetation Changes


The flight in August 2020 produced the orthomosaic focused on the bridge (Figure 6a). The measurements were taken to record the changes due the flood phenomena during this period, which resulted in large amounts of sediment and debris transported and deposited. In addition, a part of the orthomosaic captured in September 2020 was compared to the previous in regards to bed changes (Figure 6b). The truck tracks were clearly recorded in the 3rd flight which recorded the additional bed material (from the flood events recorded in the August flight) at the right section of the bridge. The rest of the torrent bed, especially at the left section of the bridge, remained relatively the same in both flights. Another substantial difference were the changes in the riparian vegetation on the banks. The difference was because of the hot summer before the 7 August 2020 flight, while before the 19 September 2020 flight, the shrub vegetation was substantially denser in the left section.




3.5. 1st and 3rd Flights—SVAP Field and UAV Results—Torrent Conditions


The results based on SVAP field measurements are not very encouraging for the environmental condition of the torrent and its riparian area (Table 1). Out of the 30 surveyed sites, 1/3 are in poor condition. In addition, only one is in good condition and none in excellent. The site in good condition was the furthest away from the starting point, which was the Irish bridge. Overall, most sites are in moderate conditions. Figure 2 depicts in different color (poor is red, moderate is yellow, and good is green) the environmental condition of the surveyed sites based on SVAP field measurements. The environmental conditions of the torrent and its riparian area need to be improved. Based on individual characteristics, the canopy cover has low values, indicating that the riparian vegetation is limited and is not providing the entire potential spectrum of its ecosystem services. The lack of canopy cover is also impacting stream bank stability, which also has low values in many sites, indicating that erosional and depositional processes are prevalent in this studied torrent. In contrast, the absence of the canopy cover enabled us to generate the specific environmental assessment also via airborne monitoring. The images captured by the UAV were in high resolution and covered the necessary spatial extent in order to record all 14 characteristics. The values of the SVAP characteristics between the airborne images and the field measurements in the eight compared cross-sections differed 1–2 out of a scale 1–10. These results are very encouraging. More specifically, the water-related characteristics with both ways did not receive values, something that was expected. Kallifytos torrent hydrologic regime is ephemeral as water flow is observed only after heavy rainfall events. The UAV images allowed the identification of most of the other characteristics because of the limited canopy cover that existed in the area. Channel condition, hydrologic alteration, riparian zone condition, bank stability, water existence, water appearance, pools, livestock shed presence, biological wastewater treatment presence, and garbage presence were easily obtained due to the conditions of the pilot area and resolution of the images. To recognize the manure presence on the banks and bed with UAV images was impossible. Instead, we concentrated on identifying the narrow livestock paths in the riparian zone which started from the nearby livestock units and ended in on near the torrent channel. Stream fish cover was difficult to identify although the images allowed to see certain characteristics such as vegetation overhang, bank undercutting, etc. Insect/invertebrate habitat is also a difficult characteristic to be recorded in the images, but flying insects can be spotted during flights and some of the habitat characteristics can be spotted similarly to fish cover. Finally, detecting biological wastewater treatment is possible, since the drone can cover large areas and lengths of the torrent addressed.





4. Discussion


A large percentage of the global river network is composed of temporary waterways, especially in semi-arid and arid regions [71]. Temporary streams (torrents) dominate the hydrographic network of Greece, while their watershed area covers approximately 42.5% of the total area of Greece [72]. The no flow periods of temporary streams like Kallifytos torrent are expected to increase due to climate change impacts and increased water demands [73,74]. In addition, climate change scenarios expect higher surface runoff volumes and peaks that would lead to increased fluvio-geomorphological events and sediment and debris loadings transportation capacity in torrents [8,75]. Furthermore, UAVs’ products and photogrammetric tools have already proven their potential use in many scientific fields, including the geomorphological monitoring of rivers, streams, and torrents [76,77,78,79].



The specific study focused on the reach of the Kallifytos torrent in northern Greece, a typical Mediterranean ephemeral stream that carries large amounts of sediment and debris after high precipitation events and this results in severe flood phenomena. This torrent has a moderate to poor quality based on the SVAP index results. Only one site was in good conditions (based on the field measurements) and none in excellent. This should be a concern since its riparian areas are not able to offer their ecosystem services to their full extent. In many cases, especially when the conditions were bad, minimal ecosystem services are provided. Some of the ecosystem services offered by riparian areas that are in excellent conditions include increased infiltration capacity and aquifer recharge, increased stream bank stability, reduced surface erosion and sediment transport and loading in water bodies, decreased flood magnitudes, and enhanced flood waters storage [10,80]. This is why it was not surprising that the SVAP recorded many unstable stream banks and low vegetation cover. Stream channels with minimal or degraded riparian vegetation are more active geomorphologically, leading to many changes that were recorded by the drone’s flights. Overall, the assessment of the visual protocol via airborne measurements, produced good results when compared to the field measurements. This is an innovation of the study that can be applied widely in such a type of torrent (with limited vegetation cover) in a fast and user-friendly way. Further testing of the applicability of the visual protocol by utilizing UAV images is being conducted by the authors in order to adapt it to different types of Greek streams (ephemeral, intermittent, and perennial).



The produced orthomosaics, based on the images collected from the three flights, were inserted in ArcGIS in order to digitize the boundaries of the different geomorphological areas of the specific reach of the torrent. This allowed to easily capture and measure morphometric data such as perimeter and area. The focus was on the riparian area, the floodplain, and the channel of the torrent, but also the main flow paths. Substantial changes in riparian vegetation were recorded due to the hot summer before the 7 August 2020 flight, while before the 19 September 2020 flight, the shrub vegetation was substantially denser in the left section. This is probably due to the flood events that increase the soil moisture and water table levels, thus providing immediate water sources for the riparian vegetation. Overall, the orthomosaics can help water managers to better record geomorphological changes in the future if more frequent flights are taken.



The orthomosaics enable us to compare the dimensions among different geomorphological characteristics of the torrent. The floodplain is the area of land adjacent to a stream, river, torrent, thus frequently covering a greater area than the streambed, as in the case [81,82]. The main flow path (thalweg) is characterized by the lowest points along the entire streambed [83] and while its morphology can vary even during the year, it is always less or identical to the area covered by the streambed [84]. Additionally, riparian areas as buffer zones include the adjacent terrestrial areas that are influenced by the aquatic ecosystem. The extent of a riparian area into the terrestrial environment is highly correlated to the water and can be identified by the morphology, geology, and vegetation [85]. While the riparian area can be associated and be similar to the floodplain [86], in some cases, it may differ in dimensions. In our case, the floodplain area is less than the riparian area because of the channel morphology and the riparian vegetation width that is affected by the groundwater to a greater extent than the flooded areas. The floodplain area was 74% less than the riparian area and 11.4% greater than the streambed. Subsequently, the streambed area represented 23% of the riparian area. Additionally, the main flow path was 42.2% of the streambed area based on the specific orthomosaics in the described three different flight days.



Granulometry via UAVs photogrammetry is a promising alternative in comparison to field gravel dimensions measurements by using a type measure and sampling gravels in squared sections located in floodplains [87,88]. In addition, UAV-based products can be better than other remote sensing approaches for grain size quantification because of the great accuracy and resolution of the images [89]. Although, granules are three-dimensional objects for which at least three parameters (length, width, and height) are required for a complete description [90], still the orthomosaics could not provide the height data, so only the two dimensions (length and width) were enough to compare the field data with the airborne results. The dimensions can be measured very quickly via this methodology and can cover a greater area in contrast to field-based measurements that are more time-consuming. Furthermore, the orthomosaics were able to identify the vegetation debris that blocked the culverts under the Irish bridge. This was done by the produced DEM of the area and the further segregation of the vegetation cover from the sediment/rock material. The DEM can be helpful in many ways and different approaches in regard to environmental sciences [91,92,93]. For the needs of this study, the importance lies in determining the torrent flow paths and the locations where the debris created barriers. This would help water managers make proper management plans to stop these materials from reaching the central part of the bridge, as it was recorded by the drone flights.



In addition, orthomosaics showcased the changes on the torrent bed because of human intervention. The removal of bed material and debris by excavators and trucks is a common practice in Greece to “clean” the torrent bed from this additional material that is carried and deposited by flash flood events. This “cleaning” method has many negative effects in the fluvial environment due to human alteration of the torrent bed, the changes in the geomorphology or even the hydraulic conditions, the degradation of the riparian vegetation, the destruction of habitats environment, and the fatality of micro-invertebrates or other animals that exist in the torrent bed during these works. Furthermore, the specific case study showcases that only the bed material removal was achieved, while the debris remain and continued to block the culverts (the most serious problem) of the Irish bridge, resulting to the repeated same flood phenomena (Figure 11). The solutions to such problems should include more environmentally friendly methods such as ecosystem-based approaches and nature-based solutions to reduce flows and sediment transport capacity [94]. Unfortunately, in most urban cases, the riparian areas are completely cemented and the natural riparian vegetation is devoid, which does not provide a long-term sustainable solution [27].




5. Conclusions


The utilization of new technologies can enhance the recording and monitoring of fluvio-geomorphological and riparian changes, thus leading to more effective management plans. Based on UAV images, the flow paths, torrent bed and banks, floodplains, and riparian vegetation were delineated. In addition, the condition of the riparian vegetation, the recording of debris material, and the identification of seasonal riparian vegetation changes were accomplished. Implementing the SVAP based on UAV images appears to produce good results in comparison to the field measurements, and is a promising tool to rate the riparian conditions. The recorded previously mentioned parameters can help water managers develop science-based plans for the sustainable management of torrents. This is necessary since it is expected that their hydrologic regime will become more extreme due to climate with more frequent and higher magnitude flash floods and longer periods of drought with no flow. Compared to field measurements, UAV images can be more time efficient, although some field measurements will still be required for validation purposes. Still, the usefulness of this method will depend on obtaining the necessary flight permissions, the proximity to the area, the absence of nearby buildings or other obstacles, and the lack of canopy cover that impact the quality of the captured images.
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Figure 1. The study area in Drama (yellow triangle) located in Greece (Source: Esri, DigitalGlobe, GeoEye, EarthStar Geographics. CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS Users Community). 
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Figure 2. Satellite images illustrating the difference of the urban areas and the alteration of Kallifytos torrent due to urban sprawl. The images are from 1945–1960 (above) and 2015–2016 (below). The natural torrent bed (in the past) and the underground drainage channel (now) are depicted inside the black area (Source: KTIMATOLOGIO SA). Additionally, field measurements depict in different color the environmental status of the torrent (red is poor, yellow is moderate, and green is good) based on an optical protocol. 
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Figure 3. Google images illustrating the alteration of Kallifytos torrent due to the increase of urban infrastructure and intervention in the torrent and entire area. The images are from 2004 (top photo) and 2020 (bottom photo) (Source: Google Earth). 
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Figure 4. The areas covered by the three unmanned aerial vehicles (UAV) flights. The 1st flight in 31 January 2020 is in the black area, the 2nd flight is in the red area, and the 3rd flight is in the yellow one (Source: Google Earth). In addition, the 20 ground control points (GCPs) are depicted in yellow diamonds and the 8 surveyed sites for the optical protocol in red circles. 
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Figure 5. The orthomosaic of the study area based on the flight on 31 January 2020. The torrent bed boundary is within the purple line and the main water flow path boundary (thalweg) is within the black line. 
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Figure 6. The orthomosaic of the study area based on the flight of (a) 7 August 2020 and (b) 19 September 2020. 
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Figure 7. (a) The digital elevation model (DEM) of the study area developed based on the flight of 7 August 2020, the legend illustrates the elevation; (b) The elevation distributed in three categories in order to showcase the vegetated areas: (1) no data (black), (2) vegetation (purple), and (3) sediment/rock (green). 
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Figure 8. (a) The debris (tree brunches and other material) are depicted in the right section of the bridge; (b) A rare clean culvert under the bridge. 
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Figure 9. The bed material transported by the water flow during the torrential phenomena (a) performing granulometric field measurements; (b) The bed material captured by the drone flight. 
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Figure 10. The orthomosaic of the study area based on the flight of 19 September 2020. The torrent bank areas (blue lines), the floodplain area (red lines), and the riparian vegetation area (green lines) were digitized to showcase their difference. 
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Figure 11. (a) Showing the flood phenomena at the right section of the bridge/torrent; (b) Upstream from the bridge the truck tracks are clearly evident. Images captured 13 October 2020. 
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Table 1. The 14 characteristics used in Stream Visual Assessment Protocol (SVAP) index, for the overall rating of the quality of the site based on the filed measurements.
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	C.S. 1
	i
	ii
	iii
	iv
	v
	vi
	vii
	viii
	ix
	x
	xi
	xii
	xiii
	xiv
	M
	C





	1
	2
	9
	5
	2
	-
	-
	5
	-
	-
	9
	1
	1
	1
	3
	3.8
	Poor



	2
	1
	9
	9
	4
	-
	-
	5
	-
	-
	9
	1
	3
	1
	9
	5.1
	Poor



	3
	6
	9
	9
	6
	-
	-
	4
	-
	-
	9
	2
	4
	1
	9
	5.9
	Poor



	4
	9
	10
	10
	9
	-
	-
	9
	-
	-
	9
	1
	2
	1
	10
	7.0
	Moderate



	5
	7
	9
	10
	7
	-
	-
	9
	-
	-
	9
	1
	3
	1
	9
	6.5
	Moderate



	6
	9
	9
	10
	9
	-
	-
	9
	-
	-
	9
	2
	3
	1
	10
	7.1
	Moderate



	7
	9
	9
	10
	10
	-
	-
	9
	-
	-
	9
	2
	7
	1
	9
	7.5
	Moderate



	8
	9
	10
	9
	6
	-
	-
	9
	-
	-
	9
	1
	9
	1
	9
	7.2
	Moderate



	9
	9
	10
	10
	7
	-
	-
	9
	-
	-
	9
	1
	9
	1
	10
	7.5
	Moderate



	10
	4
	9
	9
	10
	-
	-
	10
	-
	-
	9
	1
	9
	1
	8
	7.0
	Moderate



	11
	9
	9
	10
	8
	-
	-
	9
	-
	-
	10
	1
	10
	1
	7
	7.4
	Moderate



	12
	7
	10
	10
	9
	-
	-
	10
	-
	-
	10
	2
	4
	1
	10
	7.3
	Moderate



	13
	10
	10
	9
	8
	-
	-
	9
	-
	-
	10
	1
	9
	1
	7
	7.4
	Moderate



	14
	10
	9
	10
	9
	-
	-
	9
	-
	-
	9
	5
	5
	1
	6
	7.3
	Moderate



	15
	10
	9
	10
	7
	2
	10
	9
	1
	1
	10
	1
	10
	1
	10
	6.5
	Moderate



	16
	5
	9
	9
	8
	2
	8
	10
	1
	2
	10
	2
	10
	1
	7
	6.0
	Poor



	17
	9
	9
	5
	5
	4
	6
	9
	2
	4
	7
	2
	8
	1
	3
	5.3
	Poor



	18
	4
	9
	8
	7
	-
	-
	9
	-
	-
	7
	2
	6
	1
	3
	5.6
	Poor



	19
	5
	9
	4
	7
	-
	-
	9
	-
	-
	8
	1
	10
	1
	8
	6.2
	Moderate



	20
	5
	9
	5
	7
	-
	-
	9
	-
	-
	10
	1
	10
	1
	8
	6.6
	Moderate



	21
	5
	10
	5
	7
	-
	-
	10
	-
	-
	9
	1
	8
	1
	8
	6.9
	Moderate



	22
	5
	10
	8
	10
	-
	-
	9
	-
	-
	8
	0
	5
	1
	7
	6.3
	Moderate



	23
	5
	10
	8
	8
	-
	-
	10
	-
	-
	7
	5
	10
	1
	10
	6.8
	Moderate



	24
	5
	2
	8
	8
	1
	2
	9
	9
	2
	10
	5
	10
	1
	7
	5.5
	Poor



	25
	5
	9
	8
	5
	-
	-
	10
	0
	0
	8
	5
	9
	1
	8
	5.0
	Poor



	26
	10
	9
	9
	5
	-
	-
	9
	0
	0
	8
	5
	4
	1
	3
	4.5
	Poor



	27
	10
	9
	10
	9
	8
	1
	9
	4
	7
	10
	5
	9
	1
	1
	6.6
	Moderate



	28
	10
	9
	10
	5
	7
	1
	9
	10
	5
	10
	8
	9
	1
	5
	7.1
	Moderate



	29
	10
	9
	9
	5
	2
	1
	9
	4
	1
	7
	2
	10
	1
	8
	5.6
	Poor



	30
	10
	9
	10
	8
	3
	9
	10
	2
	5
	10
	9
	10
	1
	10
	7.6
	Good







1 C.S.: Cross section number, (i) channel condition, (ii) hydrologic alteration, (iii) riparian zone condition, (iv) bank stability, (v) water existence, (vi) water appearance, (vii) livestock shed presence, (viii) instream fish cover, (ix) pools, (x) insect/ invertebrate habitat, (xi) canopy cover, (xii) manure presence, (xiii) biological wastewater treatment existence, (xiv) garbage presence, M mean value, C: condition.
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