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Abstract

:

The Covurlui Plateau, a subunit of the Moldavian Plateau located in eastern Romania, possesses a high natural agricultural potential, significantly impacted by soil erosion, particularly gully erosion. The only inventory in the Moldavian Plateau that comprises approximately 9000 gullies extracted from topographical maps was conducted during the 90s. Nowadays, with the advent of advanced techniques and geodata, such as GIS software, aerial photograms, high-resolution satellite images, and high-resolution digital elevation models, we aim to achieve an (1) up-to-date comprehensive inventory of gully head-cuts and (2) a very detailed mapping of the spatial distribution of gullied lands. Firstly, the gully head-cuts were inventoried for the entire region using platforms such as Google, Esri, and Bing, through the QuickMapService plugin within QGIS 3.16 software, with the assistance of Landsat and Sentinel satellite images. Secondly, the automatic mapping of gullies was carried out using a 5 m high-resolution Digital Elevation Model and the Topographic Openness module offered by SAGA GIS software through QGIS software. As a result, we identified 5868 gully head-cuts for the Covurlui Plateau, with an average density of 2.57 gully head-cuts per square kilometer. Additionally, the identified gullies occupy over 3570 hectares, representing 1.57% of the total area. Overall, the topographic openness index proves to be an efficient tool for the semi-automatic extraction of gullies from high-resolution digital elevation models.
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1. Introduction


One of the primary challenges confronting the agricultural sector in the Moldavian Plateau is the issue of soil loss due to gully erosion. This phenomenon has significant implications for the sustainability and productivity of the region’s agricultural land, posing a major concern for stakeholders in the sector, and represents a major threat to life, property, and infrastructure [1,2,3]. Gully erosion is considered one of the leading causes of sediment yield resulting from water erosion and unsustainable land management [4] and is commonly associated with both on-site and off-site impacts [2,5,6], such as terrain fragmentation, reduced trafficability [5] negative impacts on the hydrological functioning of catchments [7] and decreasing water quality and availability [6].



Over the past two decades, multiple investigations have been carried out to develop methodologies for the automatic or semi-automatic identification and mapping of gullies. These studies have been conducted worldwide, and they have primarily relied on remote sensing data, high-resolution digital terrain models, and machine learning statistical models. To extract gullies and identify regions susceptible to gullying, satellite imagery such as Landsat and Sentinel and indexes to determine vegetation and soil characteristics have been utilized [8,9,10]. In addition, Google Earth images have been utilized to identify and extract gullies through Object-Based Image Analysis [11], watershed delineation, and terrain skeleton information [12]. Furthermore, geomorphometric derivates, including terrain roughness, terrain curvature [13], normalized slope, normalized elevation [14], and bidirectional shading [15], have been utilized in methodologies to identify gullies and extract gully shoulders. Machine learning techniques have also been utilized in various methodologies to identify and extract gullies, including Support Vector Machine [16,17], Neural Network [17,18], Maximum likelihood classification, Minimum Distance [16], Tree Decision Hierarchical Classification [19], and Random Forest [17]. In recent years, the emergence of techniques for creating high-resolution digital terrain models has led researchers to employ Lidar-derived digital elevation models for gully identification and extraction [20,21,22]. The development of an efficient methodology for the semi-automatic extraction of gullies from a given area is very important. Manual digitization of gullies is a time-consuming process, whereas the use of a semi-automatic extraction would facilitate the analysis of a larger area with greater accuracy and efficiency. With the semi-automatic extraction, the location and the extent of gullies can be identified, facilitating easier monitoring over time. The semi-automatic extraction will help by assessing the proximity of gullies to human infrastructure, and the extracted data would be vital in identifying areas where natural resources are likely to be affected. The temporal patterns of gully formation and evolution could be better understood by using this type of methodology and could enable the implementation of appropriate management strategies for the affected areas. Topographic openness is a topographic attribute that serves as an alternative to relief shading [23]. It can be calculated using digital elevation models (DEMs) and quantifies the area that is visible to the sky when looking from a given point on the terrain. According to Florinsky [24], topographic openness is a two-field specific variable comprising the morphology of the terrain and a set of sightlines between a given point of the topographic surface and the surrounding points. Daxer [25] states that this attribute is independent of any light source being an effective tool for visualizing prominent surface concavities and convexities. Moreover, compared to most geomorphometric parameters, it is less affected by the high-resolution Digital Terrain Models’ noisiness [26].



Topographic openness has two visual perspectives: positive openness and negative openness. Positive openness is calculated using the mean value of zenith angles, and negative openness is calculated using the mean value of nadir angles. The nadir is the point on the terrain that is most sheltered from the elements and is surrounded by terrain features that obstruct the view of the sky. The zenith and nadir angles are calculated using the radius specified, depending on the topographic features that will be highlighted. A small radial limit will be useful for mapping ridges and gullies [25]. Compared to relief shading, which uses a light source and the position of azimuth, topographic openness effectively identifies microtopographic features, sunken paths, and hollows without a light source and excludes general topographic information. Topographic openness can be calculated for each pixel in the LiDAR DEM and then thresholded to identify pixels with a high value of openness. Positive openness consisting of high values for convex forms can be considered candidate gully pixels and can be further analyzed to determine if they represent actual gullies [27]. On the contrary, negative openness emphasizes topographic features that are below the surface topography, such as burial mounds and tumuli [28].



Since the mid-20th century, a number of studies have been conducted to investigate the inventory and distribution of gullies and gully head-cuts in various regions worldwide. According to Vanmaercke et al. [5], only eight research studies on the inventory and distributions of gullies and gully head-cuts have been conducted at the regional, national, and sub-continental scale, with seven of them focused on Europe and one on Africa. These studies have been conducted in the following European regions and countries: Slovakia [29], Poland [30], the southeastern part of Poland [31], the northwestern part of France [32], the Middle Volga region [33], and Hungary [34].



In Romania, the inventory comprising over 9000 gullies conducted by Rădoane [35,36] is considered the most significant and detailed research of this type in the Moldavian Plateau from eastern Romania [37]. Other gully inventories conducted in Romania include those by Mihaiu et al. [38] and Mircea [39] for the Buzău Subcarpathians [40] and Jurchescu [41] for the Getic Subcarpathians and the Getic Plateau, respectively. Most of these studies have relied on the use of topographic maps and aerial photographs and, more recently, on remote sensing data.



Against this background, our aim is to establish a methodology in order to achieve an (1) up-to-date, complete inventory of gully head-cuts and (2) a very detailed map of the spatial distribution of degraded lands by gully incisions based on advanced GIS techniques. Where possible, based on different time series input data, establishing the rhythm of the linear gully head retreat is another important issue taken into account




2. Study Area


The Covurlui Plateau constitutes the southernmost subunit of the Moldavian Plateau within eastern Romanian (Figure 1). Spanning an area of 2208 km2, the plateau is bordered by the Prut Valley to the east, the Romanian Plain to the south, southwest, and west, the Bârlad Plateau to the northwest, and the Elan Hills to the northeast.



The lithology of the Covurlui Plateau is characterized by an alternation of sands with mudstones, loess-like deposits, and Quaternary gravels [42]. These deposits belong to the Pontian, Dacian, and Romanian layers, specific to the Middle and Upper Pliocene period (Figure 2). During the Pontian period, the region experienced a pronounced marine regression [43], which facilitated the deposition of a series of mudstone and compact sand with a thickness of 50–70 m, over which Dacian deposits occur with the presence of red silts in a 2–10 m thick layer. Above the Dacian, a series of Romanian deposits consisting of a succession of yellow sands with mudstones, gravels, and sands having 30–50 m in thickness occur, being finally covered by a consistent layer of a maximum of 60 m of loess. As a result of the neotectonic uplift during the Romanian orogenetic phase that affected the whole Moldavian Plateau, the layers are slightly dipping from northwest to southeast. Thus, the oldest Pontian-Dacian and Romanian series are found on the slopes within the northern third of the region, while the younger Quaternary loess typifies the extensive interfluvial ridges, especially in the central and southern parts of the region [44,45].



In relation to the general monocline structure, the altitude gradually descends from a maximum of 308 m in the northern part of the region to a minimum of 2 m in the southeastern extremity. Consequently, from a geomorphological perspective, the northern half of the Covurlui Plateau exhibits a more developed hydrographic network which led to a higher degree of terrain fragmentation compared to the southern half, where extensive unfragmented flat surfaces prevail due to an underdeveloped hydrographic network. Correlated to this fact, the northern half of the plateau displays higher terrain slope values, ranging from 10 to 20%, in contrast to the southern half, which possesses lower slope values, usually fewer than 5%.



In the Moldavian Plateau, the average amount of annual precipitation varies between 450 and 700 mm/m2/year. Over the entirety of the Covurlui Plateau, the amount of average annual precipitation varies between 450 mm in the central and southern low-altitude sectors and 500 mm in the northern, higher altitudes sectors. Although the overall amount of average annual precipitation is low, the distribution of precipitation varies greatly from day to day and is unevenly distributed. An average drought period lasts for sixteen consecutive days, and there is an average of eight annual precipitation-free periods in the city of Galați, in the southern part of the Covurlui Plateau. In contrast to these situations, there are also days with extreme precipitation events of great intensity, where one-third or half of the monthly precipitation amount can be recorded in a few hours. The very large quantities of precipitation mainly come from torrential rains, which are one of the triggering factors for soil erosion in the Moldavian Plateau [47].



Consistent deforestation actions deployed during the 19th and early 20th centuries, as a result of the Treaty of Adrianopole, in 1829, and certain Agrarian Reforms, led to the conversion of forested lands into arable lands. Furthermore, the subsequent implementation of improper agricultural practices exacerbated widespread land degradation, particularly through soil erosion. In response, the Romanian government began implementing, starting in the 1960s, a series of measures aimed at mitigating accelerated erosion throughout the country, particularly within the Moldavian Plateau.



Nowadays, the Covurlui Plateau is one of the important agricultural areas in Romania [48]. According to the Land Cover dataset provided by the Copernicus Land Monitoring Service, over 83% of the total area of the region is occupied by agricultural fields, 57% being arable land [49] (Figure 3).



Under this specific natural pattern, coupled with an intense and continuous improper human impact, land degradation has become, in the last two centuries, one of the most important environmental threats [39]. Due to its wide spread, intensity, and impact it has, especially on agricultural land, gully erosion is the most important degradation process in the region [35,50].



Based on field observations and detailed measurements carried out over a period of over 40 years, Ionita et al. [51,52] established that the permanent gully systems within Moldavian Plateau consist of two main gully types, namely: (1) small, discontinuous, valley-sides gullies, which typify the northern part of the region and (2) large, continuous, valley bottoms gullies, which prevail in the southern area including the north half of Covurlui Plateau (Figure 4). Based on fourteen continuous gullies, they stated a mean linear gully head retrain of 7.7 m/yearover 60 years that was accompanied by a mean areal gully growth of 213 m2/yr. Furthermore, the main controlling factors are depicted by (1) annual precipitation depth explaining 57% of linear gully retreat and 53% of areal gully growth rate and (2) contributing area with 33% and 43%, respectively.




3. Materials and Methods


In order to achieve the objectives of the research, two distinct methodologies were employed.



The first methodology was used to identify gully head-cuts, filter rills, and identify gully head-cuts that have retreated in the last decade. To accomplish this task, a variety of data sources were used, including Google Satellite imagery, Bing Satellite imagery, Esri Satellite imagery, aerial photos from 2005, 2012, and 2016, and Google Earth historical imagery (Figure 5). These data sources were analyzed using various software, including QGIS 3.16 with the Quick Map Services plugin, the National Agency for Cadastre and Land Registration (NACLR) geoportal (https://geoportal.ancpi.ro/accessed on 30 October 2022), and Google Earth Pro time series. These materials were used to create an inventory of gullies and rills. To filter the results and create a database of gully head-cuts, a 5-m resolution Digital Terrain Model provided by NACLR was used to analyze the depth and distinguish gullies from rills. After the inventory was filtered, Google Earth historical imagery was employed to create a database of gully head-cuts, identify gully head-cuts that have retreated in the last 10 years (between 2012 and 2022), and quantify the retreat distance for each of them. In addition, supplementary validation for the largest gullies was performed on the most recent set of satellite images, such as Sentinel 2 or even Landsat. Despite the coarse spatial resolution (10 m for Sentinel 2 and 30 m for Landsat), the presence of a relevant number of large gullies could be validated via these spatial datasets.



The second methodology that stands on a LiDAR-derived Digital Terrain Model (DTM) of 1 m resolution, representing a small test area within the northern region of the Covurlui Plateau, was used for the semi-automatic extraction of gully affected areas for the entire region (Figure 6).



First of all, the Topographic Openness component of the Terrain Analysis–Lighting and Visibility Module of SAGA GIS was used to create a Positive Openness grid. This was accomplished by setting a radial limit of 100 m and delineating a total of 8 aspect sectors (North, North-East, East, South-East, South, South-West, West, and North-West) using the Line Tracing method. Furthermore, the limit of the threshold necessary for gully extraction was identified at a value of 1.43, and the raster was subsequently exported from SDAT raster format to TIFF raster format. The limit of the threshold value was identified using the ability of the positive openness raster to extract gullies that are at least 1.5 m deep and filter out the rills that obviously have smaller depth values. The resulting TIFF raster was classified using QGIS’s “Reclassify by Layer” tool inside the Raster analysis toolset by taking into account the previously identified thresholds for gully identification. The classified raster was converted into shapefile polygons using the QGIS Polygonize (raster to vector) GDAL tool. The resulting polygons were filtered according to their individual area size to eliminate the redundant polygons resulting from pixel noise derived from the high-resolution DTM. For validation purposes, the polygons generated for the test area through the semi-automatic extraction process were compared to the polygons created by means of manual digitization.



Finally, based on the results previously obtained in the test area, for the entire Covurlui Plateau, the 5 m resolution DTM delivered by the National Agency for Cadastre of Romania was used for the semi-automatic extraction of the areal distribution of gullies.




4. Results


4.1. Results on Gully Head-Cuts Inventory


The outcomes obtained by application of the first methodology consist of an inventory of 5868 gully head-cuts within the Covurlui Plateau (Figure 7). The areas with the highest densities of gully head-cuts were generally located in the northern half of the plateau, registering the absolute maximum value of 41 gully head-cuts per square kilometer (Figure 8). Overall, the average density for the entire Covurlui Plateau was estimated at 2.57 gully head-cuts per square kilometer.



Based on Google Earth historical imagery in conjunction with the inventory of gully head-cuts, we selected 119 gully head-cuts that clearly indicate evolution over the past 10 years. Within limits given by the methodology and the quality of the input data, the retreat rates were subsequently calculated for these gully head-cuts.



The highest retreat rates were observed at two gully head-cuts with values ranging between 10.3 m/year and 12.72 m/year, respectively (Figure 9). Of the total number of gully head-cuts that retreated over the past 10 years, 38 (representing 32% of total) retreated less than 1 m per year, 66 (55%) retreated between 1 and 3 m per year, 9 (8%) retreated between 3 and 5 m per year, 3 (3%) retreated between 5 and 7 m per year, one gully head-cut retreated between 7 and 10 m per year, while two gully head-cuts retreated more than 10 m per year.



An analysis of the land use pattern extracted from the Corine Land Cover 2018 dataset revealed that the active gully head-cuts were found especially on agricultural land (86%) and less on forest areas. Related to the main categories of agricultural areas, the majority of active gully head-cuts have developed on arable and arable primarily utilized for agricultural purposes categories (44%) and pastures (36%), respectively. Secondarily, only 8% of active gully head-cuts overlapped on vineyards (3%), complex cultivation patterns (2%), and orchards (1%).




4.2. Results on Extraction of Areal Gully Distribution


The second methodology yielded highly accurate results. The proposed methodology accurately extracted 95% of areas affected by gullying. Using the positive openness from the topographic openness module, only gullies with a minimum depth of 1.5 m were extracted. Practically, the difference between the steep slopes generated by the gully incision and the lower slopes of the surrounding undisturbed lands facilitated an accurate identification of the gully banks.



The total area occupied by gullies in the Covurlui Plateau was determined to be 3570 ha, representing 1.57% of the total area (Figure 10). By overlapping the obtained spatial data consisting of the up-to-date areal gully distribution with the 2018 Corine Land Cover dataset, we found that 37.7% of the gullied areas in the Covurlui Plateau are forested while 5.3% of them were located under shrub. The remaining affected areas were located under pastures (23%), arable land (18.5%), complex cultivation patterns (4.8%), and vineyards (4.7%).





5. Discussion


This method used to semi-automatically extract gullies in the Covurlui Plateau is a novelty for the Moldavian Plateau and Romania as well. The topographic Openness method was used as an alternative to the shading method for identifying and classifying negative landforms. The use of high-resolution numerical models in large-scale gully inventory in Romania has not been achieved yet. The only important inventory so far is the one conducted by Radoane [35,36], which was made using topographic maps. Although an inventory of gullies in the Moldavian Plateau was conducted in the 1990s, it was based on topographic maps, aerial imagery, and field validation of a significantly small number of gullies. This study is a novelty because it was carried out using a digital elevation model with a spatial resolution of 5 m, which allows for the detailed analysis of the depths of negative landforms. This enables filtering out rills with depths of less than 1.5 m. Additionally, gullies in forested areas were mapped, which would be impossible with just the use of topographic maps and aerial imagery. The process is semi-automated, avoiding the subjective and time-consuming nature of manual digitization, and it has provided a significantly improved and updated overview of gully erosion in the Covurlui Plateau area. The topographic openness method helped us identify and extract gullies, especially in degraded areas of cuesta fronts, something that would have been impossible only by using slope values, shading, plan or profile curvature, roughness, or edge detection.



Slope gullies were best identified with this method (Figure 11, and valley bottom gullies were correctly identified up to areas with discontinuities resulting from silting. The gully head-cuts, which usually are the most active parts, were identified with very high accuracy, the semi-automatically obtained polygons being identical to the manually digitized polygons (Figure 12). Stabilized gullies, whose edges have been leveled by erosion and entered the valley stage, were not extracted with this method, which is an important advantage if we want very accurate results.



Due to the predominant sandy-clay lithology and loess-like deposits in the Covurlui Plateau, the gullies in this area have very large widths and depths, also presenting very steep slopes between the edges and the bottom. Given these spatial characteristics of the gullies in the Covurlui Plateau, the 5-m resolution digital elevation model could be used in order to maintain accurate results. However, in areas with small gullies, the usage of the current methodology to numerical models with a 5-m resolution will give unsatisfactory results. For the best results, the geomorphometric characteristics of the gullies in a certain area should be analyzed so that the level of detail of the numerical models used can be determined. This extraction method is semi-automatic because the results obtained with the Topographic Openness module must be filtered through the threshold method to eliminate redundant polygons and through centerlines, respectively shapefiles with roads, to filter ditches, irrigation channels, and excavations that could be identified as gullies through this method.



After manually digitizing the gullies by using the digital terrain model derived from LiDAR point clouds for the test area in the northern part of the Covurlui Plateau, it was found that the gully-affected areas have a total cumulative area of 1,017,970 square meters. By applying the proposed methodology for gully extraction, it was determined that the gully-affected areas have a total area of 819,955 square meters. Therefore, by applying this methodology, 81% of the gully-affected area from the test zone was extracted. The surfaces that were not extracted using the proposed methodology include those of landslides or crumbling banks that affected the edges of the gullies, as well as those that do not have a depth greater than 1.5 m, which is the threshold that was used to differentiate gullies from rills. Additionally, the manual digitization of gully edges was not performed fully accurately due to limitations imposed by the resolution of the model and the hillshade raster. Based on these results, it can be stated that the proposed methodology has both limitations and advantages. The limitations include the inability to include gully crumbling banks and landslides within the gully boundaries and the inability to include gully head-cuts with depths less than 1.5 m within the gully boundaries. The advantages include the fact that this method extracts only negative landforms with depths greater than 1.5 m, excluding rills from the gully category, and the identification of gullies that could not have been mapped through manual digitization.



In order to compare the manually digitized polygons with those generated via semi-automatic means, through the “positive openness” side of the “topographic openness” function, four sample zones from the test area were used (Figure 13). For two of these areas, the ability of this methodology to extract side-valley gullies was tested; another one was used to test its ability to extract valley-bottom gullies and filter out rills; and the last one was used to test its ability to extract gullies with slopes affected by bank slumping or landslides.



Inside the first area, the proposed methodology identified 88% of the total gully surfaces; the edges were correctly identified, especially in the area of the gully head-cuts. The only cases where the method did not correctly identify a gully head-cut were in areas where the gully has a low slope angle and the depth is lower than 1.5 m. In the second case, also applied to side-valley gullies, the methodological approach managed to identify 92% of existing gullies. The edges were also correctly extracted, and the only issues were related to gullies which are no deeper than 1.5 m. In the third area (including valley-bottom gullies and side-valley gullies), a total of 87% of the total gully area was extracted. Similar to the other areas, the specific gully parts that are not deeper than 1.5 m were not extracted, despite being part of an existing gully. Otherwise, the valley-bottom gullies were identified correctly, except for the head-cuts shallower than 1.5 m. Lastly, in the fourth area, the methodology applied extracted 70% of the gully areas, provided that the gully banks are more frequently subjected to slumping and landslides. The affected areas were not totally correctly mapped due to the fact that the nadir point could not identify the newly formed bank after the occurrence of slumping and landslide processes, only identifying the bottom of the gully, which remained untouched. The body of the gully and the head-cuts were unaffected by slumping, and landslides were correctly extracted.



The majority of modern research from the international literature regarding the semi-automated extraction of gullies is based on using a mixture of satellite imagery and machine learning. Although most of this category of research provides significantly relevant and important results in the field, the greatest disadvantage is given by the incapacity to verify if the generated forms of linear erosion can be classified as “gullies”. Despite being viewed as gullies from satellite imagery in the optical spectrum, in fact, they can be classified as rills with low depth values or small river valleys. In the current study, the methodological approach has identified only gullies in the Covurlui Plateau, while river valleys and rills with depth values lower than 1.5 m were not extracted.



In Covurlui Plateau, out of all the gully head-cuts that were identified, 70% are located on non-forested agricultural fields, and 30% are in forested areas. Taking into consideration the fact that the total surface of the agricultural lands is 1909 km2, while the cumulated surface of the forests amounts to 197 km2, the density value of gully head-cuts per km2, is 2.1 on the non-forested areas, while the forested lands reveal a value of 8.8 gully head-cuts per km2. The number of gully head-cuts that have retreated on the non-forested areas amount to a total of 106 (87% of the total head-cuts), while the head-cuts that have retreated on forested areas are 16, in total (therefore 13%). Therefore, the proportions have changed significantly, excluding the hypothesis that the number of active gullies depends on the overall area proportions of the different land-use categories.



Following the identification of gully head-cuts that have retreated in the last decade, an analysis was conducted to examine the impact of the catchment area, slope angle, slope length, and NDVI values on the retreat distance values of the gully head-cuts. In many studies on the susceptibility to gully erosion, they were identified as important controlling factors in the initiation and development of gully erosion [53,54,55,56]. However, research conducted by Ioniță et al. [40] on the influence of catchment area on gully head-cut retreat values in the Moldavian Plateau over a period of 60 years revealed that this factor does not appear to have a significant impact. Similarly, based on our data, a scatter-plot analysis of the values of catchment area and the values of retreat distances demonstrates that there is no correlation between these two variables in the Covurlui Plateau, as evidenced by the close proximity of the R-value to zero, indicating a very weak or non-existent statistical correlation (Figure 11). Moreover, three other scatter plots show very weak correlations between the slope angle, slope length and NDVI values, and the retreat distance of the active gully head-cuts (Figure 14, Figure 15, Figure 16 and Figure 17). In addition, p-value coefficients were calculated, revealing values of 0.468 for catchment area correlation, 0.428 for NDVI correlation, 0.08 for slope length correlation, and 0.075 for slope value correlation. These values emphasize the lack of correlation between gully head-cut retreat values and each aforementioned parameter.



As a possible cause, Ioniță et al. [40] indicate that the freeze-thaw phenomenon could be taken into consideration as the most important preparatory factor for gully head-cut retreat in the southern part of the Moldavian Plateau.




6. Conclusions


A gully inventory achievement is important from both theoretical and practical points of view. It provides information on the location, size, and characteristics of gullies, which are a type of landform created by erosion. This information can be used to understand the gullies’ evolution, as well as to predict how they may change in the future. In addition, a gully inventory can be used to identify areas that are particularly susceptible to erosion, which can inform management and conservation efforts. For society, gully inventory is important because gullying can cause a variety of negative impacts, including soil erosion and floodplain sedimentation that could generate important damage to the natural environment and human society.



The gully head-cut inventory is very useful for seeing the degree of fragmentation by gully erosion of a certain area and identifying the most active part of a gully. The inventory helps to determine the location, size, and characteristics of gully head-cuts and to monitor changes in their extent over time. This information can be used to calculate the rates of gully head-cut retreat, which is an indicator of the severity of gully erosion. Additionally, the gully head-cut inventory can provide important data for planning and implementing effective erosion control and rehabilitation measures, which can help to reduce the impacts of gully erosion on the environment and society.



The use of the Topographic Openness index, specifically the positive openness, represents an effective method for identifying and extracting areas impacted by gully erosion based on high-resolution digital elevation models. The identification and extraction are semi-automatic because it involves manual adjustment of parameters such as radius and threshold, as well as manual filtering of the extracted polygons. The positive openness index proves to be useful in detecting gullies and extracting the affected areas without the need for manual digitization, which can be a time-consuming process. These results are very useful in the calculation of the total area affected by gully erosion and the analysis of the evolution of individual gullies. The integration of high-resolution digital elevation models, generated using structure from motion techniques, satellite imagery, aerial imagery, and terrain measurements, in conjunction with the results obtained from this research, provides a robust step forward in research regarding gullying.







Author Contributions


Conceptualization, I.-C.C. and L.N.; methodology, I.-C.C., L.N. and L.B.-i.; software, I.-C.C., A.E. and L.B.-i.; validation, I.-C.C. and L.N.; formal analysis, I.-C.C., L.N., A.E. and L.B.-i.; investigation, I.-C.C. and L.N.; resources, I.-C.C. and L.N.; data curation, I.-C.C., L.N., A.E. and L.B.-i.; writing—original draft preparation, I.-C.C.; writing—review and editing, I.-C.C. and L.N.; visualization, I.-C.C., L.N. and A.E.; supervision, L.N.; project administration, I.-C.C. and L.N.; funding acquisition, I.-C.C. and L.N. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Department of Geography, Faculty of Geography and Geology, “Alexandru Ioan Cuza” University of Iasi (Internal Research Program no. 1/2022).




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


Acknowledgment is given by I.C. to the infrastructure support from the Operational Program Competitiveness 2014–2020, Axis 1, under POC/448/1/1 Research infrastructure projects for public R&D institutions/Sections F 2018, through the Research Center with Integrated Techniques for Atmospheric Aerosol Investigations in Romania (RECENT AIR) project, under grant agreement MySMIS no. 127324. This research was funded by a grant of the “Alexandru Ioan Cuza” University of Iasi, within the Research Grants program, Grant UAIC, code GI-UAIC-2021-02.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ionita, I.; Fullen, M.A.; Zgłobicki, W.; Poesen, J. Gully erosion as a natural and human-induced hazard. Nat. Hazards 2015, 79, 1–5. [Google Scholar] [CrossRef]

	



Poesen, J.; Nachtergaele, J.; Verstraeten, G.; Valentin, C. Gully erosion and environmental change: Importance and research needs. Catena 2003, 50, 91–133. [Google Scholar] [CrossRef]

	



Makanzu Imwangana, F.; Dewitte, O.; Ntombi, M.; Moeyersons, J. Topographic and road control of mega-gullies in Kinshasa (DR Congo). Geomorphology 2014, 217, 131–139. [Google Scholar] [CrossRef]

	



Castillo, C.; Gómez, J.A. A century of gully erosion research: Urgency, complexity and study approaches. Earth-Sci. Rev. 2016, 160, 300–319. [Google Scholar] [CrossRef]

	



Vanmaercke, M.; Panagos, P.; Vanwalleghem, T.; Hayas, A.; Foerster, S.; Borrelli, P.; Rossi, M.; Torri, D.; Casali, J.; Borselli, L.; et al. Measuring, modelling and managing gully erosion at large scales: A state of the art. Earth-Sci. Rev. 2021, 218, 103637. [Google Scholar] [CrossRef]

	



Valentin, C.; Poesen, J.; Li, Y. Gully erosion: Impacts, factors and control. Catena 2005, 63, 132–153. [Google Scholar] [CrossRef]

	



Vanmaercke, M.; Poesen, J.; Van Mele, B.; Demuzere, M.; Bruynseels, A.; Golosov, V.; Bezerra, J.F.R.; Bolysov, S.; Dvinskih, A.; Frankl, A.; et al. How fast do gully headcuts retreat? Earth-Sci. Rev. 2016, 154, 336–355. [Google Scholar] [CrossRef]

	



Taruvinga, K. Gully Mapping Using Remote Sensing: Case Study in Kwazulu-Natal, South Africa. Master’s Thesis, University of Waterloo, Waterloo, ON, USA, 2009. Available online: https://uwspace.uwaterloo.ca/handle/10012/4216 (accessed on 25 November 2022).

	



Orti, M.V.; Winiwarter, L.; Corral-Pazos-De-Provens, E.; Williams, J.G.; Bubenzer, O.; Hofle, B. Use of TanDEM-X and Sentinel Products to Derive Gully Activity Maps in Kunene Region (Namibia) Based on Automatic Iterative Random Forest Approach. IEEE J. Sel. Top. Appl. Earth Obs. Remote Sens. 2021, 14, 607–623. [Google Scholar] [CrossRef]

	



Muhoyi, H.; Muhoyi, E. Potential of GIS and remote sensing in mapping land degradation: Catchment of the Manyame River, Zimbabwe. Water Pract. Technol. 2023, 18, 455–469. [Google Scholar] [CrossRef]

	



Wang, B.; Zhang, Z.; Wang, X.; Zhao, X.; Yi, L.; Hu, S. Object-Based Mapping of Gullies Using Optical Images: A Case Study in the Black Soil Region, Northeast of China. Remote Sens. 2020, 12, 487. [Google Scholar] [CrossRef]

	



Liu, K.; Ding, H.; Tang, G.; Song, C.; Liu, Y.; Jiang, L.; Zhao, B.; Gao, Y.; Ma, R. Large-scale mapping of gully-affected areas: An approach integrating Google Earth images and terrain skeleton information. Geomorphology 2018, 314, 13–26. [Google Scholar] [CrossRef]

	



Korzeniowska, K.; Korup, O. Mapping Gullies Using Terrain Surface Roughness. In Proceedings of the 19th AGILE International Conference on Geographic498Information Science (AGILE 2016), Helsinki, Finland, 14–17 June 2016; pp. 14–17. [Google Scholar]

	



Castillo, C.; Taguas, E.V.; Zarco-Tejada, P.; James, M.R.; Gómez, J.A. The normalized topographic method: An automated procedure for gully mapping using GIS. Earth Surf. Process. Landf. 2014, 39, 2002–2015. [Google Scholar] [CrossRef]

	



Na, J.; Yang, X.; Dai, W.; Li, M.; Xiong, L.; Zhu, R.; Tang, G. Bidirectional DEM relief shading method for extraction of gully shoulder line in loess tableland area. Phys. Geogr. 2018, 39, 368–386. [Google Scholar] [CrossRef]

	



Bouaziz, M.; Wijaya, A.; Gloaguen, R. Remote gully erosion mapping using aster data and geomorphologic analysis in the Main Ethiopian Rift. Geo-Spat. Inf. Sci. 2011, 14, 246–254. [Google Scholar] [CrossRef]

	



Shahabi, H.; Jarihani, B.; Tavakkoli Piralilou, S.; Chittleborough, D.; Avand, M.; Ghorbanzadeh, O. A Semi-Automated Object-Based Gully Networks Detection Using Different Machine Learning Models: A Case Study of Bowen Catchment, Queensland, Australia. Sensors 2019, 19, 4893. [Google Scholar] [CrossRef]

	



Gafurov, A.M.; Yermolayev, O.P. Automatic Gully Detection: Neural Networks and Computer Vision. Remote Sens. 2020, 12, 1743. [Google Scholar] [CrossRef]

	



Tedesco, A.; Antunes, A.F.B.; Ribeiro, S.R.A. Gully Erosion Mapping with High Resolution Imagery and ALS Data by Using Tree Decision, Hierarchical Classification and OBIA. In Proceedings of the GEOBIA 2016: Solutions and Synergies, Enschede, The Netherlands, 14–16 September 2016. [Google Scholar]

	



Höfle, B.; Griesbaum, L.; Forbriger, M. GIS-Based Detection of Gullies in Terrestrial LiDAR Data of the Cerro Llamoca Peatland (Peru). Remote Sens. 2013, 5, 5851. [Google Scholar] [CrossRef]

	



Daley, J.; Stout, J.; Curwen, G.; Brooks, A.; Spencer, J. Development and Application of Automated Tools for High Resolution Gully Mapping and Classification from Lidar Data [Report]. Reef and Rainforest Research Centre Limited. 2021. Available online: https://research-repository.griffith.edu.au/handle/10072/404293 (accessed on 25 November 2022).

	



Siłuch, M.; Kociuba, W.; Gawrysiak, L.; Bartmiński, P. Assessment and Quantitative Evaluation of Loess Area Geomorphodiversity Using Multiresolution DTMs (Roztocze Region, SE Poland). Resources 2023, 12, 7. [Google Scholar] [CrossRef]

	



Yokoyama, R.; Sirasawa, M.; Pike, R.J. Visualizing topography by openness: A new application of image processing to digital elevation models. Photogramm. Eng. Remote Sens. 2002, 68, 257–265. [Google Scholar]

	



Florinsky, I.V. An illustrated introduction to general geomorphometry. Prog. Phys. Geogr. Earth Environ. 2017, 41, 723–752. [Google Scholar] [CrossRef]

	



Daxer, C. Topographic Openness Maps and Red Relief Image Maps in QGIS; Institute of Geology, University of Innsbruck: Innsbruck, Austria, 2020. [Google Scholar] [CrossRef]

	



Cavalli, M.; Trevisani, S.; Goldin, B.; Mion, E.; Crema, S.; Valentinotti, R. Semi-automatic derivation of channel network from a high-resolution DTM: The example of an Italian alpine region. Eur. J. Remote Sens. 2013, 46, 152–174. [Google Scholar] [CrossRef]

	



Doneus, M. Openness as Visualization Technique for Interpretative Mapping of Airborne Lidar Derived Digital Terrain Models. Remote Sens. 2013, 5, 6427–6442. [Google Scholar] [CrossRef]

	



Niculiță, M. Geomorphometric Methods for Burial Mound Recognition and Extraction from High-Resolution LiDAR DEMs. Sensors 2020, 20, 1192. [Google Scholar] [CrossRef]

	



Bučko, Š.; Mazúrová, V. Gully Erosion in Slovakia. Water Erosion in Slovakia; SAS Publishing: Bratislava, Slovakia, 1958; pp. 68–101. [Google Scholar]

	



Jozefaciuk, C.; Jozefaciuk, A. Struktura przestrzenna erozji wąwozowej w Polsce. Pam. Puł 1983, 79. [Google Scholar]

	



Gawrysiak, L.; Harasimiuk, M. Spatial diversity of gully density of the Lublin Upland and Roztocze Hills (SE Poland). Annales Universitatis Mariae Curie-Sklodowska. Ann. Univ. Mariae Curie-Sklodowska Sect. B 2012, 67, 27–43, Scopus. [Google Scholar] [CrossRef]

	



De Foucault, B.; Colbeaux, J.P.; Bonnet, T.; Bracq, P.; Courtecuisse, R.; Debuyser, M.; Louche, B. Les creuses de la region Nord/Pas-de-Calais: Premiers resultats d’etudes multi-criteres. Ann. Soc. Geol. Nord 1997, 5, 385–394. [Google Scholar]

	



Golosov, V.; Yermolaev, O.; Rysin, I.; Vanmaercke, M.; Medvedeva, R.; Zaytseva, M. Mapping and spatial-temporal assessment of gully density in the Middle Volga region, Russia. Earth Surf. Process. Landf. 2018, 43, 2818–2834. [Google Scholar] [CrossRef]

	



Kertesz, A.; Krecek, J. Landscape degradation in the world and in Hungary. Hung. Geogr. Bull. 2019, 68, 201–221. [Google Scholar] [CrossRef]

	



Radoane, M.; Ichim, I.; Radoane, N. Gully distribution and development in Moldavia, Romania. Catena 1995, 24, 127–146. [Google Scholar] [CrossRef]

	



Rădoane, M.; Rădoane, N.; Ichim, I.; Surdeanu, V. Ravene. Forme, Procese şi Evoluţie; Cluj University Press: Cluj-Napoca, Romania, 1999. [Google Scholar]

	



Rădoane, M.; Rădoane, N. Gully Erosion. In Landform Dynamics and Evolution in Romania; Radoane, M., Vespremeanu-Stroe, A., Eds.; Springer Geography: Cham, Switzerland, 2017. [Google Scholar] [CrossRef]

	



Mihaiu, G.; Taloiescu, I.; Negut, N. Influența lucrărilor transversale asupra evoluției ravenelor formate pe alternanțe de orizonturi permeabile și impermeabile. Bul Inf. ASAS 1979, 8, 103–105. [Google Scholar]

	



Mircea, S. Study Concerning Gully Erosion Evolution in Natural and Managed Watersheds in Buzau Region. Ph.D. Thesis, University of Agricultural Sciences and Veterinary Medicine, Bucharest, Romania, 1999. [Google Scholar]

	



Otlacan-Nedelcu, L. The Usefulness of a New Model for the Gully Control Structures Effect Prediction. Sustaining the global farm. In Proceedings of the 10th International Soil Conservation Organization Meeting, Purdue University, West Lafayette, IN, USA, 24–29 May 2001; pp. 1000–1007. [Google Scholar]

	



Jurchescu, M. Bazinul Morfohidrografic al Oltet¸ Ului. Studiu de Geomorfologie Aplicată (The Oltet¸ Drainage Basin. Study of Applied Geomorphology). Ph.D. Thesis, University of Bucharest, Bucharest, Romanian, 2012. [Google Scholar]

	



Ionesi, L. Geologia Unităților de Platformă și a Orogenului Nord-Dobrogean; Editura Tehnică: București, Romanian, 1994. [Google Scholar]

	



Macarovici, N. Le Development des Depots Sarmatien en Moldavie (Roumanie). In Chronostratigraphie und Neostratotypen: Miozan der Zentralen Paratethys, Band IV, M5; Chica, I., Senes, J., Brestenska, E., Eds.; Schweizerbart Science Publishers: Stuttgart, Germany, 1974. [Google Scholar]

	



Munteanu, M.T. Geology of the Southern Part of the Covurlui Plateau. Ph.D. Thesis, Alexandru Ioan Cuza University, Iași, Romania, 2006. [Google Scholar]

	



Niculiță, M. Assessment of Landslide Activity from Moldavian Plateau during the Holocene and the Anthropocene: Fundamental Element for Landslides Hazard Assessment in the Context of Climate Changes (LAHAMP); Editura Tehnopress: Iași, Romania, 2020; p. 281. ISBN 978-606-687-433-5. [Google Scholar]

	



Geological Institute of Romania. Geological Map of Romania 1:200000; Geological Institute of Romania: Bucharest, Romania, 1968. [Google Scholar]

	



Bacauanu, V.; Barbu, N.; Pantazica, M.; Ungureanu, A.L.; Chiriac, D. Moldavian Plateau. Nature, Man, Society; Scientific and Encyclopedic Publishing House: Bucharest, Romania, 1980. [Google Scholar]

	



Ioniță, I. Formarea și Evoluția Ravenelor din Podișul Bârladului; Editura Corson: Iași, Romania, 2000. [Google Scholar]

	



European Union. Copernicus Land Monitoring Service 2018; European Environment Agency (EEA): Copenhagen, Denmark, 2018.

	



Ionita, I. Gully development in the Moldavian Plateau of Romania. Catena 2006, 68, 133–140. [Google Scholar] [CrossRef]

	



Ionita, I.; Niacsu, L.; Poesen, J.; Fullen, M.A. Controls on the development of continuous gullies: A 60 years monitoring study in the Moldavian Plateau of Romania. Earth Surf. Process Landf. 2021, 46, 2746–2763. [Google Scholar] [CrossRef]

	



Ionita, I.; Niacsu, L.; Poesen, J.; Fullen, M.A. Medium-term development of discontinuous gullies. Geomorphology 2022, 398, 108024. [Google Scholar] [CrossRef]

	



Meliho, M.; Khattabi, A.; Mhammdi, N. A GIS-based approach for gully erosion susceptibility modelling using bivariate statistics methods in the Ourika watershed, Morocco. Environ. Earth Sci. 2018, 77, 655. [Google Scholar] [CrossRef]

	



Debanshi, S.; Pal, S. Assessing gully erosion susceptibility in Mayurakshi river basin of eastern India. Environ. Dev. Sustain. 2020, 22, 883–914. [Google Scholar] [CrossRef]

	



Yang, S.; Guan, Y.; Zhao, C.; Zhang, C.; Bai, J.; Chen, K. Determining the influence of catchment area on intensity of gully erosion using high-resolution aerial imagery: A 40-year case study from the Loess Plateau, northern China. Geoderma 2019, 347, 90–102. [Google Scholar] [CrossRef]

	



Ghorbanzadeh, O.; Shahabi, H.; Mirchooli, F.; Valizadeh Kamran, K.; Lim, S.; Aryal, J.; Jarihani, B.; Blaschke, T. Gully erosion susceptibility mapping (GESM) using machine learning methods optimized by the multi collinearity analysis and K-fold cross-validation. Geomat. Nat. Hazards Risk 2020, 11, 1653–1678. [Google Scholar] [CrossRef]








[image: Land 12 01199 g001 550] 





Figure 1. Location of the study area. 
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Figure 2. Geological map of the Covurlui Plateau (Geological Institute of Romania [46]). 
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Figure 3. Land use map of the Covurlui Plateau [49]. 
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Figure 4. Upper Sipote gully from Horincea Catchment, Covurlui Plateau, developed since the end of the 19th century (3 May 2019). 
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Figure 5. Methodological framework used to achieve the gully head-cuts inventory. 
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Figure 6. Methodological framework used for the semi-automatic mapping of gullied lands. 
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Figure 7. Map of gully head-cuts distribution in the Covurlui Plateau. 
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Figure 8. Map of the gully head-cuts density in the Covurlui Plateau. 






Figure 8. Map of the gully head-cuts density in the Covurlui Plateau.



[image: Land 12 01199 g008]







[image: Land 12 01199 g009 550] 





Figure 9. Map of the gully head-cuts retreat in the Covurlui Plateau. 
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Figure 10. Map of areal gully distribution in the Covurlui Plateau. 
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Figure 11. Topographic profile of gullies that were extracted using the topographic openness index and positive openness indicating: (a) hillshading of the area and semi-automatically extracted polygons of (b) left and (c) right gully bank. 
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Figure 12. Gullies extracted using manual digitization (left), and semi-automatically extracted gullies using Topographic Openness (right). 
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Figure 13. The four sample zones from the test area that were used for comparison between semi-automatically extracted gullies and manually extracted gullies (first area—upper left, the second area—upper right, the third area—bottom left, the fourth area—bottom right). 
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Figure 14. Plot of Catchment area to gully head-cut retreated distance per year. 
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Figure 15. Plot of Slope angle values to gully head-cut retreated distance per year. 






Figure 15. Plot of Slope angle values to gully head-cut retreated distance per year.



[image: Land 12 01199 g015]







[image: Land 12 01199 g016 550] 





Figure 16. Plot of Slope length values to gully head-cut retreated distance per year. 
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Figure 17. Plot of NDVI values to gully head-cut retreated distance per year. 






Figure 17. Plot of NDVI values to gully head-cut retreated distance per year.



[image: Land 12 01199 g017]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
£l

B

ol

Gully headeuts

Covurlui Plateau

308
2






media/file4.png
45°40'0"N

1
27°40'0"E

024 8 12 16
B Km

27°40'0"E

1
28°0'0"E

qh2

28°0'0"E

46°0'0"N

45°40'0"N
T

iU S5 0000FC L[

Geology Legend
Stage/Age and Lithology

|:| Pontian+Dacian (p + dc)
- Mudstones with
compact sands intercalations
and red silts

Quaternary (Holocene) (qh2)
- Gravels, sands and loessial deposits

Quaternary (Holocene) (qh) - Sands

Quaternary (Pleistocene) (qp11)
- Gravels (Balabanesti strata),
sands, mudstones

Quaternary (Pleistocene) (qp2—qp3)
- Gravels, sands and loessial deposits

Quaternary (Pleistocene) (qp23)
- Gravels, sands

Quaternary (Pleistocene) (qp)

- Mudstones and sands

Romanian (r)
- Yellow compact sands,
sands and alluvial gravels

Romanian+Quaternary (r + qp11)
- Sands, mudstone and gravels

Rivers






media/file30.png
60

-1.9458x + 26.767

y:

R?=0.0499

(%) @|8ue ado|s

Gully headcut retreated distance (m)






media/file18.png
45954’

45936’

Covurlui
Plateau
limit

Retreat rates
of gully
head-cuts

e <1 meters/year
© 1-3m/yr

o 3-5Sml/yr

o 5-7 m/yr

e 7-10 m/yr

e 10-12.72 m/yr

DEM
meters

308
2

0 5 10 15

27939’






media/file21.jpg





media/file26.png
T46°6'14"

0 50 100 150 m’
— e —

27°53'30"

a6°qa2"

27°5}'36"

£ T v a
% _| [] Semi-automatically [] Semi-automatically y
% extracted gullies s extracted gullies
54 .
/3 Manually extracted gullies v fd s [] Manually extracted gullies
z7°sL'|z" 27°52'30" 4 27°5) 36" ~ 27°5)'54"

7 9 37557547

a4

20"

46°1

0 100 200 300 n\|

I

[] Semi-automatically
extracted gullies

(| Manually extracted gullies

27°5‘ 54"

[32"

36°%

0 100 200 300 m

[] Semi-automatically

extracted gullies

[] Manually extracted gullies

z7°5L'4z"

27°347”






media/file27.jpg
Camant e ()

o s
o 20 o °
R o o

LT —p——






media/file3.jpg
TTE

ooy

e

Geology Legend
StagelAge and Lithology

‘compact sands inercalatons

andredsils

Quatemary (Holocene) (ah2)
~Gravel, sands and osssal deposits

Quatemary (Holocene) (ah - Sands

Quatemary (Plestocenc) (api1)
~Gravels (Balabinest siota),
sands, mudstones

PO——
= - Gravels, sands and loessial deposits.

[ Qustrmary listoens) an2
" ot sands

[ ustemany (i)
" adstones and sancs

[IT1T] Romaian )

~Yellow compact sands,
Sands and aluvil gravels

[ Romanin: Quicrary -+ aptt)
~ Sands, madsone and gravels

e






media/file22.png





media/file19.jpg
[rr——
Semisutomataly
pped gl

s

w

oor

onsr






media/file7.jpg





media/file28.png
Catchment area (m?)

1,600000

1,400000

N y =19800x + 32146

1,200000 R?=0.0226
1,000000

800000

o
600000 o
NS
400000 o
o
O <
200000 oo o IR
0 SISO BOA00®w O o 0 DY
0 1 2 3 4 5 6 7

Gully headcut retreated distance (m/yr)






media/file10.png
Google Satellite
images

Esri Satellite images Bing Satellite images

Orthophotos

2005, 2012, 2018

y

Gully and rill head-cut 5 meters resolution
inventory Digital Elevation Model

Filtering the
inventory by depth

Filtered gully head-cut Google Earth historical
inventory imagery

Identifying the quily head-cuts
that retreated in the Iast 10 years

/\

Gully head-cuts that retreated in the
last 10 years

- -_

Retreat distances of gully head-cuts

!

rates

Gully head-cuts retreat

QGIS 316

Hannover

.'; National Agency

| S g,’ for Cadastre and

ANCPI Land Registration
oS ENE MMM of Romania

lllllllllllllllllllllll

Google Earth






media/file33.jpg
Gty hesdet rtrestd distane ()






media/file32.png
Slope length (m)

1800

1600

1400

1200

1000

800

600

400

200

Gully headcut retreated distances (m)

y =53.802x + 289.32
R? =0.0468






media/file14.png
l- &s&.of
ok

W

b
.
: oole  *
e o LI , &
s o o ; e
“ure a8

. - . o Whage et L

3 o o oK L

27436'

27936’
Gully headcuts
Covurlui Plateau

limit
meters

308

DEM
0

N
>

-
u
-

0497






media/file11.jpg





media/file6.png
2745’

4670’

45145'
<

459430’

A

2870’

28p0’

049%

SYpSY

11X3354

Land use (Corine Land Cover 2018)
B Discontinuous urban fabric

] Industrial or commercial units

- Road and rail networks
and associated land

:] Port areas

B Dump sites

] Construction sites

[ ] Green urban areas

[ ] Sport and leisure facilities

[ ] Non-irrigated arable land

[ ] Vineyards

[ ] Fruit trees and berry plantations

[ ] Pastures

[ ] Complex cultivation patterns

[ ] Land principally occupied
by agriculture, with significant
areas of natural vegetation

[ ] Broad-leaved forest

[ ] Mixed forest

[ ] Natural grasslands

[ ] Transitional woodland-shrub
[ ] Inland marshes

] Water courses

[ ] Water bodies






media/file15.jpg
-
DEM

1015
1520
025
230
04






nav.xhtml


  land-12-01199


  
    		
      land-12-01199
    


  




  





media/file16.png
4670’

27936’

450\30'

Covurlui Plateau
limit

Gully headcuts

density (per km?)

0
1-5
5-10
10-15
15-20
20-25
25-30

B 3041

DEM
meters

308
2

0 5 10

2870’






media/file2.png
27939’ 28p0"
R %,
&7 //J i
D QY2
S 2
(\.\ ! ) 2
>
A i \
W 2
- Z
w ’ P
¥ 4 1 >
OCEAN \
\" (=)
S S
N w < )
& E =W S 5
S ) =l a2l 1
- ? v =
= Tar
Bujo
< N Z
/ s,
2 3] =
2 S ; %5, =
[ —
LEGEND e
[ Romania LEGEND
border
0 Cowurlui || Urban arcas -
l‘_"affa" GALATI - Municipality & -
mi Beresti - city :
Covurlui Plateau
Altitudes :I limit &
(meters) % Test area with LIDAR g
a
o H&- derived DTM -
- &
B 5om Altitudes f \ =
, o
B 100m B 2 meters s
I 200 m L] 100m <
E 43 m D 200 m )
600 m B 250 m A
= = r
B | 500 m ] 308 meters %,
I 1000 m . ,,’//:
B 1500 m 0 5 10 15 km %
B 2000 m Py,
B 2544 m ‘IL 4n
25 27439 280’






media/file20.png
27936’

DEM

Highlighted areas
Semi-automatically
mapped gullies
Covurlui Plateau
limit

meters
308
2

45930’

2870’






media/file23.jpg





media/file5.jpg





media/file24.png
46°6'0"

27°51'18"

27°51'18"

B Manually

digitized
cullies

0 100 200

300 400 500m

«0.9:.9%

46°6'0"

1
27°52'12"

7°52'12"

-
= =
// Vs k —

g
| &

2,

[ Semi-automatically
extracted gullies
with Topographic
Openness

I

0 100 200 300 400 500m

#0.9:9¢

= 1
27°51'18" 27°52"12"





media/file29.jpg
et rtrestad dtane (m)






media/file1.jpg





media/file31.jpg
800 o 20 : - °
-
0 AR 233 °
0800 %8 0g 8 ~

W ——% o

o

o, 5o

R 8L LS

Guly hesdeut reretod disances (m)






media/file25.jpg





media/file12.png
1 meter resolution
Digital Elevation

Topographic
Openness Module

Radial imit = 100 Directions = all Number of sectors Method = line tracing Difference from Nadir

=8 -yes

Raster value
5 meters resolution Positive Openness threshold search for
Digital Elevation gully extraction
Model of the Covurlui
Plateau

Same methodology | ———<
Raster classification

using the gully
extraction threshold

v

Conversion of
classified raster

Automatically
mapped gullies from
the Covurlui Plateau

Creation of a graph fo
identify the area
values of redundant
polygons

Identifying the area
values of redundant
polygons

Filtering the polygons
using the area of
redundant polygons

V h ADMINISTRATIA NA'l'lClNM.A
APELE ROMANE
National Administration
"Romanian Waters"
-',’ National Agency
',’ for Cadastre and G I S 3 16
,5 NCPI Land Registration Hannover
:‘.".".'::‘:'1'2:“'..- of Romania

Automatically . Manually digitized
mapped gully Comparing the results -
polygons (polygon shapefile)

p———n gullies «—






media/file9.jpg
i
i

vy | Fesv— | )

utyanranesss | | Smotersrsolton
ey Dgtl Elvaton odel

Fuermg e
vty by e

Fresaguyrescit | | Goope Extn haorca
ey






media/file0.png





media/file8.png
/— - - ™
— RO

L -

R ettt

(3 Upper Sipote
gully

DEM
(meters)

308
E

D Covurlui

Plateau

15 20 km






media/file34.png
NDVI values

o
o)

o
&

o
’S

O
w

o
N

o
[

y = -0.0037x + 0.2844

Gully headcut retreated distance (m)

R2 = 0.0055
<o
<o 8 o o <o
X0 o %o
o O XD N
QO go o <o

D3> 6 0 0

o

1 2 3 4 5 7 8






media/file17.jpg
B a &

s

Coural
Plaeau
T

Retreat raes
of ully
head-cuts

Tmetersyear
<y
Ssmar

STmr

a5he”

T-10mayr
10272 myr
DEM






