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Abstract

:

Gully erosion may cause considerable soil losses and produce large volumes of sediment. The aim of this study was to perform a preliminary assessment on the presence of ephemeral gullies in Greece by sampling representative cultivated fields in 100 sites randomly distributed throughout the country. The almost 30-ha sampling surfaces were examined with visual interpretation of multi-temporal imagery from the online Google Earth for the period 2002–2019. In parallel, rill and sheet erosion signs, land uses, and presence of terraces and other anti-erosion features, were recorded within every sample. One hundred fifty-three ephemeral gullies were identified in total, inside 22 examined agricultural surfaces. The mean length of the gullies was 55.6 m, with an average slope degree of 9.7%. Vineyards showed the largest proportion of gullies followed by olive groves and arable land, while pastures exhibited limited presence of gullies. Spatial clusters of high gully severity were observed in the north and east of the country. In 77% of the surfaces with gullies, there were no terraces, although most of these surfaces were situated in slopes higher than 8%. It was the first time to use visual interpretation with Google Earth image time-series on a country scale producing a gully erosion inventory. Soil conservation practices such as contour farming and terraces could mitigate the risk of gully erosion in agricultural areas.
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1. Introduction


Gully erosion is a key process of land degradation and desertification posing a significant threat to ecosystem services [1]. Gullies are defined as erosional channels deeper than 0.5 m, caused by concentrated water flow during and immediately after a heavy rainfall event [2]. Gullies have dynamic character, affected by topography, soil properties, vegetation cover, climate, and land management. Topography and soil properties are practically constant in time, whereas vegetation cover and land management may vary with time. Erosion-prone conditions include erodible soils, soft subsurface, or instable slopes; though, anthropogenic influences are usually the main driver of gully erosion potential [3]. Understanding the dynamics of this phenomenon in agricultural lands (especially, with regard to climate or land use changes) is important for land managers in order to assess the potential of gully initiation in a specific area of interest [4].



Verstraeten and Poesen (1999) [5] argue that gully erosion contributes significantly to soil degradation in different landscapes by: (1) causing considerable soil losses as they allow massive movement of soil particles by overland flow; (2) producing large sediment volumes (as an immediate result of massive soil loss); and (3) expanding connectivity in the landscape, thus increasing the potential of sediment transfer to watercourses, with respective acceleration of known offsite erosion effects [4]. Gullies are evidence of past intense soil erosion processes causing landscape changes, but also indicators of the impact of environmental change, caused by the geomorphological characteristics of the landscape, land use changes and extreme climatic events [6].



Gullies can be formed in any land use and if they are well-established, they are called ‘permanent gullies’ or ‘classic gullies’ [4,7]. They can also be formed in agricultural lands and be removed by tillage operations (farmers can easily refill them), so they are called ‘ephemeral gullies’ [8]. Usually, ephemeral gullies are less than 0.5 m deep, their formation starts with small erosional channels and then accelerates (or aggravates) with subsequent runoff events [9].



As the soil losses due to gullies are extremely high [10], there is a high interest to investigate gullies as part of environmental change, soil erosion risk, land degradation, and record of the past [11]. Scientists recognize that soil losses due to ephemeral gullies may be significantly greater than those losses attributable to sheet and rill erosion [12]. Many ephemeral gullies that develop within croplands are tillage induced, as farmers tend to redistribute the soil during plowing [13]. In case of an eventual reactivation of the gully during overland flow events, water runoff removes this additional soil material, thus reducing topsoil thickness over the entire tilled portion of the landscape [14]. Once the gullies develop, they form erosional channels, grow larger, facilitate water runoff, and accelerate water erosion rates in a feedback loop [10].



The most known conceptual model specifically developed for ephemeral gully erosion estimation is the ephemeral gully erosion model (EGEM) [15]. Several attempts have contributed to gully erosion detection and mapping using remote sensing and geographic information systems (GIS). For example, Rundquist (2002) [16] determined a ranking schema of fields for potential development of ephemeral gullies by using multi-temporal remote-sensing maps of fractional vegetation cover extracted from 16-day composites of normalized difference vegetation index (NDVI) layers, together with precipitation figures and topographic data. Hessel and Van Asch (2003) [17] studied the rolling hills region of the Chinese Loess Plateau, an area with one of the highest erosion rates on earth using the Limburg soil erosion model (LISEM) [18]. Although LISEM is a mechanistic model originally developed for storm events, the authors adapted it with regard to the positioning of existing gully heads, thus enabling it to assess the amount of material produced by permanent gullies (but only) during runoff events.



More recently, Nwakwasi (2018) [19] predicted gully erosion rates and identified the major factors contributing to gully erosion development in Southeastern Nigeria, using the negative binomial regression model. It was revealed that heavy rainfalls, extractive industries, and excess farming activities were the most influencing factors for gully initiation and formation. Zabihi et al. (2018) [20] used three bivariate statistical predictive models of susceptibility of a site to gully erosion from elevation, slope aspect, slope degree, slope length, topographical wetness index (TWI), plan curvature, profile curvature, land use, lithology, distance from river, drainage density, and distance from a road. All the models achieved prediction by about 80%. Finally, Domazetović et al. (2019) [21] developed a GIS using multicriteria analysis (namely, the GAMA model), allowing at the same time, automation and simplification of multicriteria grouping, weighting, coefficient assignment, and aggregation, towards a generic gully susceptibility modelling. The model has been tested in Pag Island, Croatia, with promising results.



Taking 2010 as a reference year, Panagos et al. (2015) [22] have put Greece among the five European countries with the highest risk for erosion (4.13 t ha−1 yr−1), higher than the pan European mean (2.46 t ha−1 yr−1). However, quantitative erosion studies in Greece have focused mainly to the sheet erosion form, neglecting so far, the magnitude and distribution of rill and gully formations throughout the country [23,24,25]. Few studies have also reported coastal erosion problems [26,27], while pan-European assessments addressed the wind erosion problem [28]. According to an outdated (before 1986) rough estimation by A. Vousaros, in Greece, there were over 800 active torrents transporting more than 30 Million m3 of solid material [29].



Greece was included in a Mediterranean-wide study on determination of channel initiation thresholds for gully erosion according to the geomorphic and power-law equations [30]. The field study sites were located in Lesvos Island and targeted to permanent gullies found in rangelands; grazing is one of the most common contributors to soil erosion in Greece, especially in the islands. The thresholds for Lesvos follow a significantly lower regression slope and a significantly higher intercept than the threshold determined for the other two concurrent Mediterranean studies (Alentejo, Portugal and Sierra de Gata, Spain); this fact indicates less sensitivity in Lesvos than the other sites. It is noted, however, that many of the gullies detected in the Lesvos study were initiated by landslides, as identified from their typical morphology [30].



On the contrary to the lack of enough scientific research on the gully erosion problem in Greece, there is adequate evidence on the significance of gully erosion in the country, including articles in local newspapers and magazines of environmental or societal concern, several items of gray literature, and some reference in legal documents. Most of these items are related either to coastal erosion or permanent gullies. The legal references are associated to private or public works, where evidence of gully formulations is listed among reporting parameters prior to acceptance.



The main goal of this study was to assess ephemeral gully erosion potential in the agricultural lands of Greece. For this purpose, the agricultural land was sampled throughout the country, focusing on ephemeral gullies. The sampled surfaces were examined with visual interpretation of multi-temporal imagery available on Google Earth.



Use of Google Earth has been limited in gully erosion studies up until now. Gilad et al. (2012) [31] mapped gullies within only natural lands contributing sediment to the Great Barrier Reef in Australia and Boardman (2016) [32] studied gully erosion at the agricultural field level in Western Rother valley in the southern part of England. In practice, only the latter focuses on agricultural lands, while it was limited at a small geographic scale (60 km2). In the current study, we propose a methodology for gully erosion estimation in agricultural lands on a country scale.




2. Materials and Methods


One hundred surfaces were selected throughout the agricultural lands of Greece using a random number generator of x,y coordinates within the country’s outline. Then, circular surfaces of 300 m radius were traced and the contained surfaces (each having an extent of 28.3 ha) were examined for signs of ephemeral gullies. It was considered that a 600-m diameter circle was adequate for detecting and identifying an entire gully or part of it.



Provided that the agricultural lands in Greece cover an extent of 5,170,968 ha (source: CORINE Land Cover, 2018), the total sampled agricultural surfaces account for about 0.055%, with all agricultural land use categories included in the sample (Figure 1). According to the CORINE nomenclature, agricultural lands correspond to the 2nd class of the 1st level classification. Random sampling has also been employed by Gilad et al. (2012) [31], which though was dedicated exclusively to natural lands; moreover, it was calibrated with geostatistical analysis of drainage network data in order to exclude areas where gully formation potential was lower.



According to Marzolff et al. (2011) [33], short-term data collection for gullies are not representative of longer-term gully development and demonstrate the necessity for medium- to long-term monitoring. In this research, the detection and recognition of the ephemeral gullies was based on visual interpretation of diachronic Google Earth (GE) imagery, ranging from 2002 to 2019 for most of the samples. The frequency of available GE image scenes was higher in the later years and mostly after 2010. GE comprises a time-series repository of archived, very high-resolution satellite imagery (usually around 0.5 m, such as WorldView, Pleiades, GeoEye, etc.) in visible mode (RGB), available online. The selected samples contained from 4 up to 61 images, acquired on different dates, averaging at about 15 images per sample. GE provides the necessary spatial detail and temporal sequence, to assess gullies’ presence and evolution; for example, to indicate channel initiation, to measure gully length, or to distinguish ephemeral from permanent gullies.



As users of GE know, the time series covering a specific site is never complete, with many images missing due mainly to cloudy days. However, this fact would not affect seriously the high possibility of capturing existing ephemeral gullies, because the latter remain for a long period before they disappear by the farmers’ soil tillage operations. This is especially true for the field preparation period, which might be quite long before seeding. In addition, the average number of images per sample (15 images) and the variety in season of image acquisition further empowers the possibility to capture ephemeral gullies before they disappear. Certainly, the possibility of some missed ephemeral gullies due to discontinuity of monitoring renders the true number of ephemeral gullies higher than the detected ones.



The ephemeral gullies were identified only as features within agricultural fields; gullies found between agricultural fields and natural lands or clearly inside natural land patches were not recorded. The identification capacity depended on the clarity of each image, thus rendering the scale of interpretation to vary between 50 and 100 m in terms of an ‘eye altitude’. Eye altitude is the estimated altitude at which the observer is supposed to ‘fly’ over the imaged area. The visual interpretation criteria for indicating possible ephemeral gullies within agricultural fields were like those followed by Boardman (2016) [32]; specifically:




	
Curved or straight linear segments inside agricultural fields, darker or lighter from their surroundings.



	
Presence of natural vegetation along with linear features, either meeting or not the drainage network.








Every identified ephemeral gully was digitized as a continuous linear feature in a GIS. Ephemeral gullies along the same flow path but interrupted even for a few meters, were digitized as separate features. In order to avoid misinterpretation, we paid attention to traces in the fields created by agricultural machinery, which are usually straight and parallel. On the contrary, gullies are usually curved and at random directions.



Together with the gullies, signs of rill and sheet erosion were also examined and recorded qualitatively, in four distinct grades: no sign, slight, moderate, and strong signs. Bodoque et al. (2011) [34] recognized the necessity of studying gully and sheet erosion types within the same context, due to their linkage in geomorphological terms. Finally, we also recorded other important features of interest, such as terraces and hedges, with erosion control characteristics.



In 20 cases, the original sampling surfaces were found to be out of agricultural land uses according to Google Earth (which is ideal for the recognition and identification of most land uses), although they were selected inside agricultural land use polygons according to the CORINE Land Cover. In all these cases, the sampling surfaces were shifted towards the closest agricultural area.



Using visual interpretation of the GE image time-series, we recorded and computed the following parameters per sampled surface (Figure 2):




	
Number of ephemeral gullies



	
Exact flow path of ephemeral gullies



	
Length of every ephemeral gully (in meters)



	
Averaged elevation (in meters)



	
Averaged slope degree (in %)



	
Signs and grade of rills



	
Signs and grade of sheet erosion



	
All land use categories (with visual interpretation on Google Earth)



	
The number of the GE images covering the sampled surface









3. Results


The results start with a section with descriptive statistics of the gully inventory (no. of signs, length, elevation, slope, etc.) followed by the geographical distribution. The third section uses advanced indexes (I Moran’s, Getis-Ord Gi, and Anselin Local Moran’s) to verify the possible biases in sampling and the representativeness of the inventory. The fourth section provides an analysis in relation to land use, topography, and conservation practices followed by possible gully erosion correlations to drainage network.



3.1. Descriptive Statistics


Twenty-two samples out of the 100 examined throughout the country, were detected with clearly formulated ephemeral gullies. The number of gullies identified within every sample varied from 1 to 35, with an average of 6.9 gullies per sample location, or 0.25 gullies per hectare. In total, we identified and mapped 153 distinct ephemeral gullies. The longest gully was found to be 379 m and the shortest 3.5 m, with an average gully length of 55. 6 m. The total length of gullies within every sample varied from 30.6 to 1174 m, while the average total length per sample was 386 m, or 13.6 m per hectare.



The elevation at which the gullies were found ranged from 14 to 568 m, with an average of 201.3 m; while the elevation of the entire sampled agricultural surfaces ranged from 5 to 962 m, with an average of 205.7 m. The slope degree of the sampled surfaces with gullies ranged from 1.8% to 28.7%, with an average of 9.7%; while the slope degree of all the sampled agricultural surfaces ranged from 0.2% to 35.7%, with an average of 9.4%.



Rill signs were identified in 130 cases in total. In most of them (108 samples), rills were classified as slight, in 20 samples as moderate, and in 2 samples as strong. In five samples out of 22 with gullies, there were no signs of rills. Inversely, in 27 cases, rills were found in samples without gullies. Sheet erosion signs were identified in 81 cases in total. In most of them (61 samples), sheet erosion was classified as strong, in 13 samples as moderate, and in 7 samples as slight. In eight samples out of 22 with gullies, there were no signs of sheet erosion. Inversely, in 23 cases, sheet erosion was identified in samples without gullies (Table 1).




3.2. Geographic Distribution


In geographic terms, most of the random samples where gullies were found, were situated in the north part of the country (Central Macedonia, East Macedonia, and Thrace) and the east part of the country (Thessaly, Attica, Viotia, East Peloponnese, and East Crete), except the small islands of the Aegean. Moderate gully lengths (<100 m) were recorded in south Greece, whereas higher values in north Greece. We recorded the extreme gully length value (335 m long) close to Almyros town in Thessaly, central part of Greece (Figure 3).



In 66 samples, erosion was present either as gullies, rills, or sheet erosion sings. In 7 samples, gullies were found together with rills and no sheet erosion, in 4 samples gullies were found together with sheet erosion and no rills, and in 10 samples the three forms of erosion were present altogether. The latter category can be found in different sides of the country (Figure 4).




3.3. Geostatistical Analysis


The sampling scheme was verified to be unbiased by computing the spatial autocorrelation of the gully length variable. The I Moran’s index was used, resulting into −0.0114962, which indicates a random distribution of the samples [35]. This means that the observations were enough far apart, so as not to affect representativeness of the sampling scheme. The independence of the sampling dataset was visualized by two kinds of maps: (a) one identifying statistically significant hot and cold spots at the global level, using the Getis-Ord Gi* statistic; and (b) one identifying the statistically significant hot spots, cold spots, and spatial outliers at the local level, using the Anselin Local Moran’s I statistic. As it is shown, at the global level all the samples indicate non-significant differentiations, while at the local level only one high-low spatial outlier was detected (Figure 5).




3.4. Gully Erosion Trends in Relation to Land Use and Topography


From the examination of the ephemeral gullies with the concurrent land use identified in Google Earth, it was found that ephemeral gullies were found mainly in arable lands (9 cases), vineyards (4 cases), olive groves (8 cases), and pastures (one case) (Figure 6). Proportionally to each sampled land use class, it was found that 21% of the arable land, 25% of the olive groves, 50% of the vineyards, and 9% of the pastures were found with ephemeral gullies (Figure 7). Inside the arable land, the mean length of gullies was significantly larger than the overall average (90.7 m compared to 55.6 m). In olive groves, the mean gully length was significantly smaller than the overall average (35.8 m compared to 55.6 m). For the vineyards, the mean gully length was close to the average (55.5 m), whereas for the pastures, it was far larger (146 m).



Terraces are among the most significant conservation practices to mitigate soil erosion especially in hot spots [36]. We checked the presence of terraces between or inside the agricultural fields. In this qualitative assessment, 26 samples out of 100 contained terraces. Gullies were present only in 5 locations with terraces presence, thus in 19% of the cases. The field samples with presence of terraces but without gullies have a slope degree ranging from 1% to 34%, with an average of 14.2%. These findings verify in a degree the substantial role of terraces as measures of erosion prevention. However, in most of the samples with gullies, terraces were absent, although having a slope degree ranging from 2% to 26%, with an average of 8.7%. The cases of terraced land with gullies only indicates the possibility that gully formation could be even worse if terraces were absent (Table 2).



We also investigated possible trends of the main numerical parameters, such as the length of the mapped gullies, the number of the gullies, slope degree, and elevation, within the subset of the samples with gullies. Averaged elevation and slope values for each of the samples were derived from a 30-m resolution ASTER GDEM (digital elevation model) [37]. Low to moderate non-linear trends (in terms of coefficient of determination, R2) appear in the following pairs of variables (Figure 8):




	
Length vs. number of gullies (mostly negative)



	
Number of gullies vs. slope (mostly positive)



	
Total length of gullies vs. slope (mostly negative)



	
Severity of sheet erosion sings vs. elevation (positive)








The number or length of the detected gullies were not correlated with signs of rills or sheet erosion by any means.




3.5. Gully Erosion Correlation with Drainage Network


Finally, we examined possible correlation of the ephemeral gullies with drainage network on the most detailed scale, in the study sites. Drainage network was extracted using the D8 method [38], with the available ASTER GDEM. Τhe path-lines of the mapped ephemeral gullies were overlaid on the drainage network and the portion of the path lines within every stream order of the network was recorded (Figure 9).



The results indicate that the detected ephemeral gullies joint or intersected drainage network segments of 1st up to the 5th order in a 6-order drainage network after Shtrahler (1957) [39]. According to the Strahler method, all segments without any tributaries are assigned an order of 1, whereas stream order increases only when segments of the same order intersect. The average order of all drainage network segments which the detected gullies joint or intersected was 1.53. The latter shows that in general, gullies were found mainly close to low-order segments of the drainage network, with very limited exceptions; in seven cases, the gullies were found to join or intersect 5-order segments. Visual inspection showed that in most cases, the detected gullies did not comply absolutely with the direction of the mapped drainage network segments, even in sloping sites.





4. Discussion


The statistical analysis of ephemeral gullies has focused on land cover, land use, topographic features (elevation and slope), drainage, and conservation practices (terraces). Although soil type is an important driver for gully erosion formation [4], we have not investigated this correlation in this study due to the absence of a high spatial resolution soil map.



Considering that the sampling scheme was random and unbiased (no autocorrelation was found), the representativeness of the sample was statistically reliable. The numerical figures indicate a rather densified network of gullies wherever detected. In several cases, the gullies were found in more than one image, or were identified as rills in earlier years, which were evolved into gullies in later years; this notification agrees with the known persistence of gully formation in the same sites over time [40].



Furthermore, the detected gullies were found in any possible location and direction within fields of different crops; in several cases they were parallel between them, while in others they were attributing to the gullies of higher order in a structured drainage network. In few cases, the farmers purposely converted ephemeral channels crossing their fields into permanent drainage channels, thus facilitating water removal. This kind of development was understood by the evolution of naturally curved channels into artificially widened straight ones.



Gully initiation was found to be associated with specific agricultural land uses, mainly vineyards, olive groves, and arable land in sloping sites (8.7% on average). This confirms the hypothesis that soil erosion rates in vineyards are among the highest ones (especially in the Mediterranean basin) due to a combination of bare soil conditions, low vegetation protection, slope areas and anthropogenic factors (tillage, compaction, use of herbicides) [41,42]. Finally, 11% of the entire sampled surfaces were found to contain ephemeral gullies at an average slope degree larger than 5%, but without any terraces. However, the detected ephemeral gullies did not show correlation to specific elevation, nor to specific slope ranges.



Not surprisingly, gullies coexist with rill or sheet erosion in most of the cases. Rills, though, were observed in 85% of the samples, while sheet erosion in 53% of the samples; thus, in many cases rill and sheet erosion forms were present irrespective of ephemeral gullies.



The findings of this study indicate a moderate to high risk for gully erosion in Greece (22% on average), non-uniformly distributed in the country. The Land Use and Land Cover Survey (LUCAS) of 2018 verifies a medium to high gully erosion risk in Greece. According to the LUCAS soil survey 2018, 33 gully points were recorded in a sample of 500 visited sites in Greece (6.6%), thus rendering Greece second in gully density among all European Union (EU) countries after Spain [43]. In 20,000 surveyed points in the entire EU in all land uses, the surveyors noticed gully erosion in 211 points. However, LUCAS followed an a priori systematic point-sampling scheme updated regularly every three years, which can be further improved in order to capture a very localized and temporary phenomenon like gully formulation.



Considering that gully erosion research is very limited and outdated in Greece, a fast-track study was found to be necessary in order to get a rough assessment of the situation, especially regarding ephemeral gullies, which are associated with intensive agricultural land uses. It was showed that wherever gullies have initiated, the density and length of the channels, thus the severity of gully erosion seems to be significant.



The remote sensing method employed in this study (i.e.,; visual interpretation) was able to respond to the second scientific question set by Poesen et al. (2003) [4] in their review on gullies research needs: “What are appropriate measuring techniques for monitoring and experimental studies of the initiation and development of various gully types at various temporal and spatial scales?” Visual interpretation with Google Earth proved to be efficient in detecting and identifying ephemeral gullies and—moreover—be used as an image background for their detailed mapping; in many cases, an estimation of their width could also be provided.



Future work in Greece should combine the current, large scale detection with application of the geomorphic method introduced by Vandaele et al. (1996) [44], to detect potential initiation of gullies in a GIS environment; the empirical constants of the power-law equation could be indicated by pilot studies in different land uses located in preselected indicative sites. In this direction, visual interpretation with Google Earth can be used for verification. Different correlations examined (e.g.,; the negative correlation between number of gullies and slope) could also contribute to modelling approaches in a geospatial context, together with other remote sensing or field variables. Also, some qualitative correlations, such as coexistence of gullies with sheet erosion signs, which are of permanent nature, could be seen as a possibility factor towards gullies’ detection modelling.




5. Concluding Remarks


The presence of gullies at a regional scale can be assessed by using field surveys, visual interpretation, and remote sensing. The increased availability of high-resolution remote sensing images combined with computing capacity and the growing disposal of photographs and data collection will further facilitate the compilation of gully erosion datasets at a regional scale.



The visual interpretation of Google Earth images has proved to be a fruitful technique for gully erosion evolution and inventory. In addition, in terms of costs, the evaluation of 100 points requested about 50 working hours of a remote sensing engineer, including preparatory work sampling design and collection in a geographic information system. Potentially, the evaluation of one or two orders of magnitude (10,000 points) will contribute to a national representative gully erosion dataset. This can be combined with existing field surveys (e.g.,; LUCAS) and other advanced techniques, such as machine learning or semi-automated procedures for gully identification.



The gully inventory can be useful for advising farmers to apply appropriate management practices. Tillage practices and period of plow are key factors influencing gully erosion in hot-dry environments [45], such as Greece. Contour ridge tillage can be an appropriate conservation practice in agricultural lands with ephemeral gully signs.
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Figure 1. The random sampling scheme within the agricultural land of Greece. 
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Figure 2. Examples of ephemeral gully detection. The sampled surfaces are denoted by white circles and gullies by cyan lines in the far views (geographic coordinates and image date in brackets) (a) sparse gullies formed towards a torrent in sloping olive plantation near Gerakini (40°18′56.41″ N/23°25′45.34″ E, 3 November 2016); (b) close view to case (a); (c) the longest identified gully near Almyros (39°10′55.07″ N/22°40′36.56″ E, 28 October 2013); (d) a close view to 0.6-m wide sections of the gully of case (c); (e) long parallel gullies in an arable field out of Sitia (35°11′42.82″ N/26°6′41.08″ E, 12 April 2013); (f) intensive rill and sheet erosion signs close to lake Doirani (41°8′26.07″ N/22°46′18.52″ E, 4 September 2013). 
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Figure 3. Geographic distribution of the total gully length per randomly sampled site (graduated symbol in five categories of magnitude). 
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Figure 4. Relative proportion of gullies, rills, and sheet erosion in the randomly sampled surfaces; five categories of severity were considered for gullies, and three for rills and sheet erosion. 
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Figure 5. Spatial independence of gully length visualized: (a) at the global scale using the Getis-Ord Gi* statistic (percentages indicate level of confidence); and (b) at the local scale using Anselin Local Moran’s I statistic. 
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Figure 6. Share of the main agricultural land uses in Greece found to contain ephemeral gullies (CORINE coding in brackets). 
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Figure 7. Number of samples found with and without ephemeral gullies (CORINE coding in brackets). 






Figure 7. Number of samples found with and without ephemeral gullies (CORINE coding in brackets).



[image: Water 12 00603 g007]







[image: Water 12 00603 g008a 550][image: Water 12 00603 g008b 550] 





Figure 8. Trend plots: negative trend between total gully length and number of gullies (a) and between gully length and slope degree (b); positive trend between number of gullies and slope degree (c) and sheet erosion grade and elevation (d). 
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Figure 9. Indicative cases of detected gullies overlaid on the drainage network (a) variety of gullies in a 4.5% slope vines - arable land complex, close to Thiva (38°17′8.45″ N/23°27′1.68″ E, 20 February 2014); (b) the longest detected gully in a 4.4% slope naked arable soil, close to Almyros (39°10′55.07″ N/22°40′36.56″ E, 28 October 2013); (c) short gullies in a 2% slope arable land, close to Agrinio (38°33′59.95″ N/21°23′35.14″ E, 9 September 2009); (d) moderate gullies in 11.4% slope olive groves, close to Gerakini (40°18′56.41″ N/23°25′45.34″ E, 3 November 2016); (e) highly dense gully pattern in a 29.2% slope olive-vines complex, close to Egio (38°33′59.95″ N/21°23′35.14″ E, 9 July 2009); (f) legend. 
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Table 1. A summary of the findings.
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	Parameter
	Arithmetic Figures





	Samples with gullies
	22/100



	Number of gullies
	153



	Length of gullies
	Mean = 55.6 m

Min = 3.5 m

Max = 379 m



	Elevation of:

Sampled surfaces

Samples surfaces with gullies
	205.7 m (5 m–962 m)

201.3 m (14 m–568 m)



	Slope of:

Sampled surfaces

Samples surfaces with gullies
	9.4% (0.2%–35.7%)

9.7% (1.8%–28.7%)



	Signs of rills (total)

Slight (1)

Moderate (2)

Strong (3)
	130/153 (85%)

108/153 (70%)

20/153 (13%)

2/153 (1.3%)



	Signs of sheet erosion (total)

Slight (1)

Moderate (2)

Strong (3)
	81/153 (53%)

7/153 (4.5%)

13/153 (8.5%)

61/153 (39%)
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Table 2. A summary of the relation of gullies with terraces per land use in Greece.
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	Land Use
	G+T Samples *
	Average Slope (%)
	G-T Samples *
	Average Slope (%)





	Arable land
	0
	-
	9
	6.5



	Olive groves
	4
	13.9
	4
	12.3



	Vineyards
	1
	12.6
	3
	10.8



	Pastures
	0
	-
	1
	8.3



	Fruit trees
	0
	-
	0
	-



	Overall
	5
	13.6
	17
	8.7







* G+T: with gullies and with terraces; G-T: with gullies and without terraces.
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