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Abstract

:

Soil degradation and reservoir siltation are two of the major actual environmental, scientific, and engineering challenges. With the actual trend of world population increase, further pressure is expected on both water and soil systems around the world. Soil degradation and reservoir siltation are, however, strongly interlinked with the erosion processes that take place in the hydrological catchments, as both are consequences of these processes. Due to the spatial scale and duration of erosion events, the installation and operation of monitoring systems are rather cost- and time-consuming. Modeling is a feasible alternative for assessing the soil loss adequately. In this study, the possibility of adopting reservoir sediment stock as a validation measure for a monthly time-step sediment input model was investigated. For the assessment of sediment stock in the reservoir, the commercial free-fall penetrometer GraviProbe (GP) was used, while the calculation of sediment yield was calculated by combining a revised universal soil loss equation (RUSLE)-based model with a sediment delivery ratio model based on the connectivity approach. For the RUSLE factors, a combination of remote sensing, literature review, and conventional sampling was used. For calculation of the C Factor, satellite imagery from the Sentinel-2 platform was used. The C Factor was derived from an empirical approach by combining the normalized difference vegetation index (NDVI), the degree of soil sealing, and land-use/land-cover data. The key research objective of this study was to examine to what extent a reservoir can be used to validate a long-term erosion model, and to find out the limiting factors in this regard. Another focus was to assess the potential improvements in erosion modeling from the use of Sentinel-2 data. The use of such data showed good potential to improve the overall spatial and temporal performance of the model and also dictated further opportunities for using such types of model as reliable decision support systems for sustainable catchment management and reservoir protection measures.
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1. Introduction


Soil is a dynamic system that is highly dependent on the variations of the surrounding environment. Erosion-induced changes are the dominant processes in terms of landscape and terrain shaping [1]. Erosion has multiple environmental and economic impacts. The first and most obvious impact is the degradation and productivity loss of fertile soils. Population growth goes hand in hand with a growth in food demand. The removal of the natural vegetation, deforestation, and the intensification of crop cultivation have increased the vulnerability of soil towards erosion [2,3]. Based on the results by [4], only during the last century, the per-capita removed soil has increased by around 400%. In comparison to 2000 years ago, the per-capita removed amount of soil today is around 2000% higher. In contrast, soil formation is extremely slow. Under tropical and temperate agricultural conditions, 200 to 1000 years are needed for the creation of 340 t ha−1 of soil. The yearly renewal rate is around 0.2–2 t ha−1 a−1, while the soil loss in intense agricultural regions fluctuates from 10 to 100 t ha−1 a−1 [5]. A recent review study of [6] suggests a crop yield loss of up to 10% is to be expected by the year 2050 if the actual rates of soil loss continue. With such high differences between soil loss and renewal rates and also the high impact that soil loss has on the global food availability soil conservation practices become essential concerning the global food economy.



Water is the main natural erosive agent, as it is responsible for 80% of soil erosion worldwide [7]. Erosion has severe impacts on the aquatic ecosystems and water budget in reservoir systems. Sediment input and related nutrient flux due to erosion are the main factors deteriorating the water quality, threatening aquatic biodiversity, and reducing the lifetime of river impoundments. Therefore, soil loss is not just an issue concerning only food scarcity, but also water scarcity.



The cross-scale characteristics of the erosion phenomenon with its high spatial-temporal variation may cause high costs for the adequate quantification of soil loss by monitoring programs. Hence, alternatives like modeling are often considered for quantification of soil loss and localization of hotspots. A vast range of model types (physical, stochastic, or empirical) has been developed, but these models are normally specific to local or regional environmental conditions, and the performance varies based on the data availability and quality [8].



The aim of this study is to validate sediment input modeling by using validation measurements of sediment stock from the long-term siltation estimate in a reservoir. Large river impoundments represent the perfect opportunity as they often have trapping efficiencies >95% and consequently may serve as validation points for transported material [9,10,11]. For this study the sediment stock was assessed by high-resolution sediment magnitude measurements in the reservoir via a dynamic penetrometer [12]. For calculation of the revised universal soil loss equation (RUSLE) factors, satellite data were used for the land-use and land-cover (LULC) assessment, two soil sampling campaigns to define the soil properties of the area, and available datasets from the literature.




2. Materials and Methods


2.1. Study Area


The Passaúna Reservoir catchment (152.6 km2; 25°31′43″ S and 49°23′37″ W; 25°18′15″ S and 49°21′03″ W) is located near the Metropolitan Region of Curitiba and is part of a water supply system that provides water for more than three million people. About 30% of the population of the Metropolitan Region of Curitiba is supplied by this catchment. In 2001, the Environmental Protection Area of Passaúna was established, comprising 16,060 ha of territory Even so, anthropic pressure on the catchment has continued over the years (Figure 1). The Passaúna river composes 65.6% of the contribution area of the reservoir, followed by the contribution of the small sub-basins < 1 km2 (8.4%), the Ferraria river (6.9%), the reservoir area (5.9%), the runoff lands around the reservoir (4.0%), the Eneas river (3.6%), and two other unnamed sub-basins with 3.2% and 2.6%, respectively [13].



Passaúna reservoir initiated operation in 1989. The total water surface area is 895 ha and the reservoir has an actual volume of 69.3 hm3, considering the spillway level at 887.2 masl. The intake is located approximately 3 km upstream of the dam. The impoundment structure is a 1200 m long and 17 m high rock-fill dam with a clayey core.




2.2. Sediment Yield Model


The sediment input (or sediment yield) is calculated as a product of soil loss from the hillslopes and a sediment delivery ratio:


SI = A·SDR



(1)




where SI stands for sediment input (or sediment yield), A for soil loss, and SDR for sediment delivery ratio.



As mentioned, the soil loss is calculated based on the RUSLE model. The universal soil loss equation (USLE) originated from [14] to assess the soil erosion in US agricultural land. Research for quantifying the soil loss started in 1940 in the Corn Belt and ended with the final publication by [14], where figures and relations were added for calculating each of the parameters. The next development in USLE happened in 1997, when [15] published the revised form of the Universal Soil Loss Equation (RUSLE). In the new version of RUSLE, the core philosophy of USLE was retained, even though significant changes in the calculation of the single parameters were included. The idea of USLE/RUSLE consists in the parametrization of the factors that affect erosion (terrain geometry, soil physical properties, rain characteristics, land use/land cover, and conservation practices).



In this study, due to the adequate data availability, a model in a monthly time resolution was used. Mathematically, RUSLE is presented in the following form:


A = L·S·R·C·K·P



(2)




where




	
A is the soil loss at the investigated area



	
L is the slope length factor



	
S is the slope steepness factor



	
R is the rainfall-runoff erosivity factor



	
C is the cover management factor



	
K is the soil erodibility factor



	
P is the support practice factor








2.2.1. Topographic Factor LS


LS expresses the expected ratio of soil loss per unit area from a field slope to that from a 72.6 ft (22.13 m) length of uniform 9% slope under otherwise identical conditions [14]. The relation was adapted by [16], especially for the L Factor. The basis for calculation of the pixel-based topographic factor was a digital elevation model (DEM) of an accuracy of 10 m available from TanDEM-X service (Figure 2). For calculation of the LS Factor, the open source platform inVEST was used [17]. The LS Factor was calculated as follows:


LSi = (((Ai-in + D2)^m + 1 − Ai-in ^m + 1)/(D ^m + 2·xi ^m·22.13 ^m))·Si



(3)




where:




	
Si is the slope factor calculated from terrain slope  θ  in radians as showed below



S = 10.8 sin θ + 0.03 when θ < 9%



S = 16.8 sin θ − 0.50 when θ > 9%



	
D is the gridcell dimension



	
Ai-in is the contributing area (m2) at the inlet of a grid cell which is computed from the d-infinity flow direction method



	
xi = |sin ai| + |cos ai| when θ > 9%



and ai is the aspect direction for grid cell i



	
m is the length exponent factor (Table 1)









2.2.2. Soil Erodibility Factor K


The K Factor corresponds to the soil erodibility or the soil’s intrinsic susceptibility to erosion, which reflects the spatial variability of possible soil erosion depending on its structural and compositional characteristics [18]. This factor can be determined through experiments, and carried out in field plots using a specific measurement setup [19]. Alternatively, it may be obtained from predefined estimates based on the soil classes documented in the published literature reporting soil erodibility values for soil classes observed in different regions of Brazil (Table 2).



In order to determine the K Factor, two soil sampling campaigns were organized in the Passaúna catchment with a total of 22 soil samples (Figure 3Left). The texture (silt, clay, and sand fractions) and loss on ignition at 550 °C (LOI550) were defined for each sample. For each point, three subsamples were taken as replicates within a radius of 5 m. Disturbed material was dried and sieved in 2 mm mesh, and the texture analysis was undertaken by the Bouyoucos hydrometer method [23] based on the classification by the United States Department of Agriculture (USDA), which addresses that the particle sizes between 0.05–2 mm are sand, between 0.002–0.05 mm are silt, and smaller than 0.002 mm are clay. For the samples of the first campaign, also some physical parameters of the soil were measured. All soil samples were used to calculate the K Factor at each location. For this study, Equation (4), proposed by [24] for the sample points collected covering Ultisol, Red Oxisol, and Typic Eutraquox classes, was used.


K = ((SAN + SIL)/CLA)/100



(4)




where SAN, SIL, and CLA are sand, silt, and clay fraction in percentage, respectively.



Afterwards, the values were interpolated using the inverse distance weighting (IDW) approach in order to obtain the information for the full coverage of the watershed.




2.2.3. Rain Erosivity Factor R


Based on the availability of data, two approaches to calculate the R Factor were investigated.




	
Based on literature findings








For lack of 10–20 min frequency precipitation data for the Passaúna catchment, initially literature findings were used to determine the rainfall erosivity in the catchment [25] studied extensively the relations between the rain erosivity calculated from pluviographic and pluviometric data. Optimally, the rain erosivity is calculated by using long-term pluviographic (disdrometric) data, even though this type of data is mostly unavailable. The pluviometric data is often more easy to access but has a major disadvantage as it gives no information about the duration of the rain [25]; derived three different equations for three different locations in Parana to relate the erosivity calculated from the pluviometric data (RPm) with the erosivity calculated from the pluviographic data (RPg). Based on the aforementioned research [26], calculated the erosivity factor for the whole state of Paraná in a monthly resolution (Figure 4). In their research [26], integrated data from 114 pluviometric and pluviographic stations with more than 20 years of data (1986–2008).



The values used for this study were extracted from the monthly erosivity maps for the area of Curitiba. For the whole catchment with its 150 km², a constant value of R was used for each month.




	2.

	
Based on Pluviometric Data of Daily Frequency









For calculation of the R Factor using the second approach, the data of two pluviometric stations in the catchment was used. The stations are part of the hydrological information system of Instituto das Águas do Paraná. The station of Colonia Dom Pedro was located in the central part of the catchment while the other station Barragem Sanepar (Dam), is located in the Southern part of the catchment near the dam (Figure 5). For both stations, precipitation data from 2000 until 2018 were available with a daily resolution.



For calculation of   E I  , thus the R Factor, the approach by [27] (Equation (5)) was applied. The precipitation patterns at both locations are similar; therefore, only one value of erosivity factor was used for the whole catchment (Figure 6).


EI = 68.730∙(Cc )^0.841



(5)






Cc = (p^2)/P



(6)




where p is the average monthly precipitation in mm and P is the yearly average precipitation in mm.




2.2.4. Cover and Management Factor C


The land-cover factor C is one of the most important factors, when it comes to what causes the highest inconsistencies in the outputs of a RUSLE-based model [28,29,30]. Optimally, the C Factor is determined from experimental soil erosion plots under natural rainfall conditions [31,32]. This type of data is often expensive to produce and in most cases, C Factors are derived from the literature. One of the most important drawbacks for the use of constant C Factors is the high variability of values for the same land-cover class among different literature sources. A literature review by [33] showed that the C Factors among the same class could differ by up to a factor of 100 (Table 3). Another major disadvantage of constant C Factor values is the inability to capture the spatial and temporal variability of the factor values among the same LULC class. With the developments in satellite-based earth observation systems and the increase in data availability during the last decade, more scientists base their approaches on remote-sensing data [34,35,36].



For calculation of the C Factor in this study, the Sentinel-2 data was processed, and spatial information about LULC, urban soil sealing, and NDVI was derived.



For generation of the LULC maps, the Random Forest algorithm was used for pixel-wise labeling of a Sentinel-2 time series raster stack [37]. The scenes were selected based on image quality criteria and with the aim of representing different phenological phases. Train and test sample data were collected through visual interpretation of aerial images and field work. The estimate of overall accuracy based on a hold-out test set is 84%.



NDVI was the core parameter derived from the Sentinel-2 dataset. The use of NDVI values for calculation of the C Factors enabled a model setup with a monthly temporal resolution. NDVI is related to the vegetation density, biomass, and productivity [38]. It was calculated based on the 10 m red (Band 4) and near-infrared (Band 8) bands of Sentinel-2. An automated processing chain was established comprising the download, preprocessing (atmospheric correction), optimized cloud masking, scene selection, and processing of land surface variables. The automated processing was focused not only on NDVI but also on other variables like the degree of soil sealing or LULC.



Degree of soil sealing or imperviousness is defined as the fractional coverage of artificially sealed ground which impedes water from infiltrating into the ground. The calculation of imperviousness is based on a strong inverse relationship between vegetation cover and impervious surface as well as on the idea that an urban landscape can be linearly decomposed into vegetation, impervious layer, and soil [39,40]. The imperviousness layer was calculated based on a min-max rescaling of the NDVI derived from satellite acquisitions between the maturity and senescence onsets. The rescaling was guided by a visual comparison of results with submeter resolution aerial images as well as findings by [40], who studied the linear relationship between NDVI and imperviousness across several European cities.



Two NDVI-based approaches were considered for calculation of the C Factor in this study: [34,41]. As shown in [32], for the conditions prevailing in Brazil, the methodology derived from [34] (Equation (7)) produces more reliable results. Therefore, this approach was used for calculation of the C Factor.


C = (−NDVI + 1)/2



(7)







The previously mentioned satellite-derived data was used to calculate the C Factor also in non-sealed urban areas. As can be seen from Figure 7, in the urban areas, the NDVI is in the range of 0.25, which would result in a C Factor of 0.35–0.40, which corresponds to the C Factor values of arable land. Therefore, a filter was applied to the data with the simple logical condition that if a pixel in the urban areas had more than 60% soil sealing, the NDVI at the same location was set to 0.999, as it was assumed that no or very little sediment can occur from sealed areas.




2.2.5. Conservation Practices Factor P


During several field trips in the Passaúna catchment, many agricultural properties were visited. Support practice was observed at almost none of them (Figure 8). Therefore the P Factor was set to a constant value of   P = 1  .




2.2.6. Sediment Delivery Model


The sediment delivery ratio plays a crucial role in the outcome of the final sediment amount reaching the river, as it is directly related to a large number of factors (amount of soil displacement, geometry of the transporting paths, land cover of the surrounding area, or amount of surface runoff) [42]. For this study, the SDR was calculated based on the flow connectivity approach by [43]. Hydrological connectivity is a term often used to describe the linkages between runoff and sediment generation in the upper parts of catchments and the receiving waters [44]. The use of the connectivity index as an input parameter for SDR has shown satisfying results globally [45,46,47,48]. For this study, the calculation of the connectivity index, and subsequently SDR, was implemented in ArcMap 10.5 as described in [49] based on the following formula:


SDRk = SDRmax/(1 + exp((IC0,k − ICk)/KIC,k))



(8)




where SDRmax is is the maximum attainable SDR coefficient at kth cell, set to 1, as soil in the Passaúna catchment has a high percentage of clay (0.002 mm), silt (0.002–0.05 mm), and fine sand (0.05–0.25 mm). ICk is the index of connectivity as explained in [49], IC0,k is a calibration parameter with a value of 0.5 [43,50] and KIC,k is a calibration parameter with a value of 2.0 [43,50].





2.3. Sediment in the Reservoir


RUSLE results represent averaged long-term (mostly over decades) soil loss and sediment input (when RUSLE is combined with the SDR) from the catchment. When dealing with the results, the challenges are encountered mainly in having a reliable assessment of the sediment input in cases where no monitoring station is available. Due to their high trapping efficiency, large reservoirs with long residence times act as sinks for the incoming sediment. Therefore, they can be used as suitable long-term validation points for sediment input modeling. Several studies were conducted in this regard [9,51,52,53]. In order to acquire fast and accurate sediment information in areas where no previous data are available, a so-called portable free-fall penetrometer (PFFP) was used to assess the sediment distribution in the reservoir. PFFPs are not new in marine research (mostly sediment management in harbors), while their application in freshwater is still limited [54,55,56,57,58,59,60,61,62,63].



For this study, the commercial system GraviProbe (GP) produced by the Belgian company dotOcean (Figure 9) was used. Often, the spatial distribution of sediment thickness in a reservoir can be determined by bathymetric surveys, if precise pre-impoundment bathymetry is available [9,64,65]. Most of the time, this information is missing, and even when it is accessible, often the accuracy of the data does not allow for proper sediment stock estimation. One of the main advantages of the GP is its independence from previous data. The GP can deliver rapid results on penetration depth, cone penetration resistance, and shear strength of the sediment for each deployment. The GP was deployed at 134 points in the Passaúna reservoir (Figure 10). To determine the sediment magnitude, the information from the dynamic cone penetration resistance (DCPR) at some locations in the reservoir was related to the sediment magnitude data from core samples [12,66]. Characteristic changes in the sediment density/composition were identified and then related to the changes in the DCPR from the GP. The sediment thickness could be derived for all other points, where GP data was available because the relation between DCPR and sediment-pre-impoundment soil interface was established. This was possible due to the fact that the share of sand and coarse particles in the Passaúna sediment is smaller than 5% at most locations and a full penetration could be achieved. From the relation between core samples and GP information, it was observed that a DCPR of 200 kPa is the threshold between the sediment and the pre-impoundment soil. More information about the method can be found in [12].





3. Results


3.1. C Factor


For each of the available NDVI maps, the C factor was computed. The highest seasonal changes in the C Factor values were observed for the cropland (Figure 11). Between January and February, which is harvesting time, and November, which is seeding time, there is a change of almost 100% in the average C Factor of the catchment (from 0.15 to 0.28). A high interannual change in the C Factor was also observed in the scrubland/grassland areas. Winter and spring are characterized by a low vegetation coverage, whereas summer and partially autumn reveal a high vegetation coverage. Forests showed moderate changes mainly because a small percentage of the trees in humid subtropical regions lose their leaves in winter. The seasonal change in the forest average C Factor (change of <0.05 between maximum and minimum average C Factor) can also be related to the misclassification of certain areas with other LULC into forest class. Pasture and meadow follow also a similar land cover pattern. In summer and autumn, the vegetation cover is high, and in winter and spring, it diminishes. Bare soil has the smallest changes of all classes. There is a seasonal change of a maximum of 0.05 among the months and this can be attributed to the errors of the LULC classification process.



The difference among the seasons can be clearly observed also in the spatial distribution of the C Factor (Figure 12). The western area of the catchment, where most of the agriculture activity is located, shows higher values in July than in January. In July (winter period), the soil is mostly uncovered and has an average C Factor greater than 0.3. While in January (summer and wet season), vegetation covers most of the catchment area. Only sporadic parts of the agricultural areas, which were not seeded, had high C Factor values also in January.




3.2. R Factor


The R factor computed based on precipitation data showed results different from those calculated by [26]. The largest differences are observed in January, April, and October. The data by [26] shows high differences among the months and overestimates substantially for the month of January. The precipitation data from both pluviometric stations show a more uniform distribution than what is suggested by [26] (Figure 13). The calculations by [26] also include a margin of error due to the low density of weather stations. In certain regions, these coarser maps cannot represent accurately the rain erosivity when brought in a mesoscale plot. Therefore, for the final calculation of erosion and sediment input, the R Factor calculated from the pluviometric data in the Passaúna catchment was used.




3.3. K Factor


In general, the soil in the Passaúna catchment shows a low erodibility factor (<0.02 t ha h ha−1 MJ−1 mm−1). The most erodible soils, dominated by Distrofic Latossol (Oxisol), are located in the northern part of the catchment, according to the soil map provided by the Brazilian Agricultural Corporation (EMBRAPA) [67]. The results are also aligned with further literature values in that geographic area, which also assessed that the K Factor for Latossol (Oxisol) is in the range of 0.019–0.026 t ha h ha−1 MJ−1 mm−1 [68,69,70,71]. The western part of the catchment, which is also dominated by Oxisol, showed low soil erodibility with values reaching up to 0.013 t ha h ha−1 MJ−1 mm−1.



In general, as shown in Figure 14, the soil has a similar texture pattern throughout the catchment area. The silt-clay content of the samples was always larger than 50%. The sand content in the soil is also relatively high (reaching up to 50% at some locations). Most of the catchment is covered in sandy clay, which has a low to average erodibility.




3.4. Sediment Delivery Ratio


Based on the physiographic characteristics of the Passaúna catchment, the SDR was calculated for each of the investigated months by applying the approach developed by [43] (Figure 15). In general, the calculated SDR could reach values of up to 0.15 in the dry months and rarely in some locations of above 0.15. The interannual vegetation cover which characterizes the region contributes to having low SDR values throughout the catchment. The highest SDR was observed in unprotected soil areas near the river stretches and at high slopes. The largest part of the catchment has SDR values lower than 7.5% in both dry and wet seasons. As explained in [49], connectivity, thus SDR, varies in both time and space. To define the change in the spatial patterns, the mean SDR was computed for each of the months. The results show low differences between the months. The mean SDR for the dry month of July was calculated to be 6%, while for the wet month of January, it was 5%.




3.5. Sediment Input—Initial Model Run


The results show high sediment input in all of the wet months. The highest sediment input happens in January with 14,000 t, even though the vegetation coverage of the catchment is rather high. In the month of August, despite the low vegetation cover, the overall sediment input from the catchment is the lowest (Figure 16). By comparing the soil loss distribution to the LULC map (Figure 17), it can be observed that high sediment input occurs from the forested areas. Even in the months of winter, when precipitation is low, there is significant sediment input from the forested areas. By comparing the mean value of the calculated C Factor for the forest areas in the Passaúna catchment with literature values, it was found that the assessed C Factor is significantly overestimated (Figure 18) from the method used in this paper. The average C Factor found by [33] (Table 3) is between 10 to 20 times lower than the calculated C Factor values during the months of July and October (Figure 18) from this study. The values of Max. and Average in Figure 18 refer to the maximum C Factor found in the literature review (Min = 0). The approach developed by [34] seems to overestimate the C Factor in forested areas, even though it is not sure from their research whether the empirical approach they developed can be used in forested areas. Therefore, an arbitrary correction factor of 0.05 was applied to the C Factor by multiplication. This value of 0.05 was chosen, as the calculated values of C Factor were 10 to 20 times higher than the average C Factor of forest areas in that region. Furthermore, the new R Factor, calculated from the pluviometric data, was also included in the new equation for giving the final results shown in Figure 19 and Figure 20.



The C Factor correction decreased the overall amount of sediment input into the Passaúna reservoir by 30% from an initial 94,300 t a−1 to 57,300 t a−1. After the inclusion of the new R Factor calculated from the daily precipitation data, the sediment input decreased by a further 5% to 54,800 t a−1 (Figure 20b). The use of the new R Factor shifted also the seasonal dynamics of the sediment input. The final model indicates that the most important month in terms of sediment yield is not January but October (Figure 20a). The month with the lowest input is April and not August, as suggested by the initial model results. The spatial distribution of sediment input changes significantly between the final model run (C and R Factor correction) and the initial model run (Figure 19). The sediment input from forested areas is reduced substantially in the final model run to less than 0.1 t ha−1. For the overall operational time of the Passaúna reservoir (30 years), according to the modeling results, the accumulated sediment stock should be approximately 1.6 × 106 t.




3.6. Reservoir Sediment Stock


As explained in [12], a DCPR of 200 kPa is defined as the vertical consolidation threshold between the sediment overlay and pre-impoundment soil. The sediment in the reservoir showed a high spatial heterogeneity of the siltation patterns. Even points at a horizontal distance of 10 m showed different sediment thickness values, mainly because of the bottom topography. This underlines the need for large numbers of measurement points, to obtain representative estimates of the accumulated sediment. Near the deepest part of the reservoir, a sediment thickness of up to 1.8 m could be observed. The areas with the highest sediment accumulation are located near the dam and near the inflow (Figure 21). Also, the sidearm located in the southwestern part of the reservoir showed high sedimentation rates compared to the northern areas of the reservoir. By applying the inverse distance weighting interpolation technique, the spatial distribution of the sediment magnitude was obtained. In total, a stock of 3.4 × 106 m3 of sediment could be measured in the reservoir. According to [66], the sediment has an average density of 1.12 g/cm3. Therefore, the total mass of sediment in the reservoir is approximately 3.8 × 106 t.





4. Discussion


4.1. Comparison of the Approach to Literature Findings


Several studies were conducted in the Alto Iguacu area in regard to soil erosion [71,72]. Reference [72] conducted a similar study in the Passaúna catchment even though the methodology followed to calculate erosion was different. The soil loss and sediment input were calculated in a yearly time step and the calculation of the C Factor was based only on a LULC map. Despite the similarities in the spatial distribution patterns, the findings from our study indicate that the soil loss is lower than the amount calculated by [72] (Table 4). Our results show that almost 63% of the catchment had very slight, slight, or moderate soil loss, against 52% found by [72]. Major differences were also observed in areas with very severe and catastrophic soil loss. [72] calculated that 33% of the catchment had more than 100 t ha−1 a−1 of soil loss, while our results showed that only 12.7% of the catchment had more than 100 t ha−1 a−1.



Reference [73] conducted another study in the Passaúna watershed, but focused mostly on the continuous monitoring of suspended solids in the Passaúna river before entering the reservoir. In his study, [73] collected 33 large-volume river samples between February 2018 and July 2019. In his study, also measurements from one intensively measured high-flow event of October 2018 were included. The point where the measurements were conducted collects water from 55% of the overall Passaúna Reservoir catchment. For this case, [73] calculated an annual average flux of 10,800 t a−1. This value is approximately 300% lower than the value calculated for sediment input from 55% of the catchment from this study. Reference [73] explains the relatively low flux values with the importance of episodic high-flow events, whose dynamics are not properly described and, in this case, are strongly underestimated by the derived rating curves of suspended solids.



Other regional studies such as that by [71] or the more holistic study by [36] show similar patterns of soil loss in the area of Parana and Alto Iguacu. However, the information presented in these studies is too coarse and cannot be directly compared with our findings.




4.2. Sediment Input from Catchment vs. Reservoir Sediment Stock


By comparing the results from the two approaches, it could be observed that the sediment stock is 229% higher than the overall sediment input from the catchment, as calculated from the model (Figure 22). The discrepancies in the results of the modeling are rather high. However, when we refer to the sediment stock, all the material entering the reservoir is included, including here the organic and mineral material that was inside the reservoir before impoundment or which was deposited during the construction phase of the reservoir. In addition, based on the definition by [14], USLE (and subsequently RUSLE) accounts only for the sheet and rill fractions of the soil loss. Therefore, further factors have to be considered to reach a complete estimate of sediment input from the catchment (Table 5).



One important factor that can create bias in the sediment budget is the error created from the measuring and processing technique in the assessment of reservoir sedimentation. After the interpolation, the frequency distribution of sediment magnitude values changes significantly as shown in the pie charts of Figure 21a,b. This indicates that the interpolation technique has a significant effect on the overall results. The average sediment magnitude of the raster is 40 cm, which is 30% smaller than the average of all measurements (57 cm). An underestimation of the average value from the interpolation technique shows an underestimation of the calculated sediment volume.



In order to properly compare the interpolated map with the measured values, the spatial component should also be taken into consideration. This means that if most of the measurements are located in the thalweg (disproportionally with its surface compared also to the bank slope areas), the average value for the measurements will be higher than the average from the interpolated values, as most of the accumulation is expected to be in the thalweg. Therefore, the reservoir was divided into two parts, thalweg and reservoir bank slope, as shown in Figure 23. For each of the compartments, the average sediment thickness from the GP measurements was calculated. Finally, an overall average value for the whole reservoir was calculated as shown in Equation (9).


M = (Mt∙At + Mb∙Ab)/(At + Ab),



(9)




where Mt and Mb are the averages of the measurements in the thalweg and reservoir bank respectively, while At and Ab are the areas of the aforementioned compartments.



Based on Equation (9), the average sediment magnitude measured in the reservoir is 62 cm, thus 36% higher than the mean raster average (40 cm). Hence, the interpolation can lead to an underestimation of the sediment stock of up to 36%.



Another important factor, which can affect the sediment balance in the Passaúna reservoir, is the contribution of internal production to the sediment stock. Apart from acting as a sink, the reservoir acts also as a source of particles. Due to the climatic conditions and the relatively high nutrient availability (mesotrophic state), the reservoir is productive for plankton communities. Therefore, the autochthonous material created in the reservoir can play an important role in the sediment balance of the system. In other studies, it was observed that the autochthonous material can account for up to 75% of the sediment stock [74]. Even if the exact share of internally produced sediment cannot be defined, the high LOI (>20%) in the main basin of the reservoir in comparison to average values of ~10% at the inflow underlines the importance of autochthonous production. Moreover, before flooding, the reservoir area was not cleaned from the existing biomass. Several trees and former vegetation areas are still visible at the reservoir bottom (Figure 24). This organic material (sometimes degraded) also plays its role in the bias created when comparing both approaches.



One of the most discussed limitations of RUSLE is its inability to represent also gully and stream bank erosion [75,76,77]. Even with the calculation of the SDR based on the connectivity index, the uncertainties about the prediction of gully and streambank erosion are still present. In comparison to sheet and rill erosion, gully erosion is generally less investigated. However, various studies [78,79,80] showed that gullies substantially contribute to the sediment budget at a catchment scale. They do not only contribute as a sediment source, but also increase the efficiency of sediment transport from uplands to the valley bottom and river channels, as most of the sediments generated from rill and inter-rill erosion that are not connected to gully structures are deposited at the foot of the hillslopes [81].



Reference [82] estimated that 47–83% of the sediment occurred from gully erosion. In addition, [81] indicated in a review study, that worldwide, gullies can represent 10–94% of the total sediment yield from water erosion. When referring to the sediment input from the catchment, it is still unknown to what extent the gully structures contribute to this budget for the case of Passaúna.




4.3. Limitations of Normalized Difference Vegetation Index (NDVI)-Based Approaches for the Estimation of the C Factor in Forested Areas


When water is the erosive agent, there are three main phases that characterize erosion. The first phase is the detachment of soil particles. In this phase, the potential energy of the raindrops due to its absolute elevation is transformed into kinetic energy. The free fall of the raindrops due to gravity causes remobilization of soil particles when the drops hits the soil surface. The second phase is the transport of the detached material by the accumulated flow, and the final phase of erosion is deposition, which occurs when the transport forces are depleted [14,83,84]. In the C Factor results before correction, a similarity in the values of plant-covered arable land and forest areas was observed. Despite the similarities in the cover canopy between planted arable land and forest (according to the NDVI values), the topsoil’s physical properties between these two classes are completely different. While in the erosion component associated with the rain splash, both LULC classes behave similarly due to the similar protection by the plant canopy, in the component of erosion associated with runoff, forest and arable land behave differently. The soil surface below the plant coverage in arable lands is basically bare and facilitates the detachment of soil particles from surface runoff. In contrast to this, the soil in intact forests is normally covered by low vegetation (grass or meadows) and leaf litter, which hinders the creation of runoff and reduces the soil particle detachment. In addition, the soil is more compact in forested areas than in arable land where tillage almost always takes place. In its original form, the C Factor has a direct relation to the soil loss ratio (SLR) [15]. The SLR is a product of five sub-factors, which are prior land use, canopy cover, surface cover, surface roughness, and soil moisture. All of the former factors, except the canopy cover, are associated with the conditions of the soil surface, indicating the importance of the top soil conditions for soil movement initiation. Therefore, the C Factor cannot be quantified only by taking into consideration the vegetation index (canopy cover) but should also include the properties of the soil surface, especially in non-agricultural areas [85,86,87,88].




4.4. Management Implications


In terms of management, an analysis was performed on how the soil loss and sediment input from the catchment could be reduced by afforestation in the most problematic areas characterized by high soil loss rates. For this purpose, three scenarios were investigated; more specifically, afforestation of areas with more than 100, 200, and 250 t ha−1 a−1 of soil loss, which account respectively for 12%, 5%, and 3% of the catchment area (Figure 25). From our calculations, it was found that with full afforestation of these areas, a reduction of 50%, 27%, and 26% of the annual sediment input could be achieved. Such a measure, apart from tackling the soil degradation in the catchment, can also contribute to significantly increasing the reservoir lifetime.



October and September are the most important months in regard to sediment input and soil loss (Figure 20). For October in particular, the combination of the RUSLE factors is the most effective for producing the highest amount of soil loss. Figure 26 shows the combination of C and R Factors for the three most characteristic months of the year. In the case of the C Factor, October has the same values as July, which is one of the driest and coldest months of the year and has the lowest vegetation cover. As far as the R Factor is concerned, the erosivity is as high as the erosivity in the month of January, which is the month with the highest rainfall. In the case of October, the worst possible combination is present as the rainfall erosivity is maximal, while the vegetation cover is minimal. This combination of factors produces the highest soil loss from a system. In the case of proper land management implementation, like crop rotation, applying crop residues and cover crops in the unprotected soil during the winter and spring months (April–October), a significant reduction of the sediment input could be achieved [89,90,91].




4.5. Uncertainties of the Sediment Yield Model for the Passaúna Catchment


RUSLE was developed as a tool for long-term soil loss calculation. By calculating the C Factor from a certain scene in 2017 or 2018, it is assumed that the LULC of that specific month has not changed during the last 20 years (rain data available for approx. 20 years). This is to a certain extent not correct. In Parana state, from 1990 until 2019, there has been an increase of almost 45% in arable land and a 5% annual increase in urban areas [92]. Most of this area that was transformed into agricultural land used to be forest, which suggests a gradual increase in erosion in the last 20 years.



This is one of the major drawbacks of the method. However, this drawback can also represent an opportunity. In the case of available precipitation and NDVI data for single months for the entire investigated period, RUSLE could be adapted also for calculation of the actual sediment input and soil loss from that certain month of that specific year. In this way, a calibrated model could be used to derive an accurate balance of sediment input for each month and not only a long-term monthly average of sediment input as in most applications so far.




4.6. Benefits from the Integration of Sentinel-2 Data in Erosion Modeling


The use of vegetation index for calculation of the land cover factor from freely available data is not new. Several studies were conducted based on this principle. However, the spatial and temporal resolution of the images (Landsat or MODIS) in most of the existing literature is relatively low (around 30–250 m) compared to the also freely available Sentinel-2 data [32,93,94,95,96]. Improved spatial accuracy and flyover frequency of satellite imagery leads to better erosion modeling results [97,98]. In the tropics and sub-tropics, it is likely that a sequence of satellite scenes show high cloud cover, leading to large data gaps. This emphasizes the importance of short flyover intervals in order to represent fast-changing conditions in the catchment. Furthermore, by the application of more advanced processing steps, more specific information can be derived about the investigated area (for example, the degree of soil sealing). Certain information can be used, as in the case of this study, for a better mapping of erosion and sediment input from urban or semi-urban areas.



Despite the prevailing discrepancy between the sediment yield and accumulated mass inside the reservoir, the model is fully capable of representing the spatial and temporal patterns of soil loss and sediment yield. The application of RUSLE-based models in monthly resolution as decision support systems, due to the increased performance of the model in both spatial and temporal dimension, can lead to an improved river basin management. Specifically, as shown in the previous section, the inclusion of NDVI data can enable the planning of management activities not only in high spatial accuracy but also aimed at the temporal dimension by highlighting the most problematic months of the year. The latter is of high importance as it may lead to reduced catchment management costs.





5. Conclusions


In this study, the modeled sediment yield from a catchment with the sediment stock in a reservoir at the outlet of the catchment is compared. For assessment of the sediment yield from the catchment, a RUSLE-based model was used. The error margins of the RUSLE model results can fluctuate considerably. Therefore, the models have to be coupled with validation measures. This study shows that reservoirs can be used as validation points, despite some limitations. The use of reservoirs as validation points represents a good opportunity, as they collect almost entirely the incoming sediment. Reservoir sediment stock measurements are often easier to achieve than conventional continuous sediment flux monitoring, which produce a high sampling effort and need to deal also with large errors due to the high variability in the river stretches. The assessment of the siltation status of the reservoir creates added value for every operator. In the case of complex systems, however, as shown in this study, several other factors can affect the reservoir sediment balance and, therefore, be misleading regarding the aim of the research. Reservoirs of lower process complexity (e.g., in mountainous areas, low organic material input, or low temperatures) can be more easily used as validation points.



This study showed that the most important factors that create discrepancies for the case of the Passaúna sediment budget are associated mostly with the sediment yield model. On the other hand, when including the errors because of the interpolation technique, the underestimation of sediment yield from the model may become even greater. Even though we fully agree that a RUSLE-based model can reproduce the spatial and temporal patterns of sediment yield from a catchment, the comparison of the approaches in this study shows that there are clear limitations of using modeling approaches for reservoir sediment stock or reservoir lifetime assessment. The two components of the model (RUSLE and SDR model) do not allow the usage of only one calibration point as it is impossible to track the source of error. In order to increase the accuracy of the results, models including the effects of channel, gully, and artificial ditches are needed, and these models need to be calibrated with complementary measures (river-suspended solids and bedload monitoring, calibration of models with erosion plots, or quantification of gully erosion).







Author Contributions


Conceptualization, K.S.; Data curation, K.S., R.A.A., N.W. and K.P.; Formal analysis, M.B.S. and R.K.; Funding acquisition, S.F.; Investigation, M.D., R.A.A. and R.K.; Project administration, S.H. and S.F.; Resources, R.K.; Software, N.W.; Supervision, S.F.; Visualization, K.S. and K.P.; Writing—original draft, K.S.; Writing—review & editing, S.H., M.D., R.A.A., N.W., M.B.S. and S.F. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the German Federal Ministry of Education and Research within Grant 02WGR1431A, in the framework of the research project MuDak-WRM (https://www.mudak-wrm.kit.edu/ Accessed on 9 April 2021).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Acknowledgments


Special thanks go to the staff of the laboratory and the technical and scientific staff of PPGERHA (Post-graduate Program on Water Resources and Environmental Engineering) at the Universidade Federal do Parana, who supported our measurement campaigns.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Montgomery, D.R. Dirt: The Erosion of Civilizations; Univ of California Press: Berkeley, CA, USA, 2012; ISBN 0520272900. [Google Scholar]

	



Dotterweich, M. The history of human-induced soil erosion: Geomorphic legacies, early descriptions and research, and the development of soil conservation—A global synopsis. Geomorphology 2013, 201, 1–34. [Google Scholar] [CrossRef]

	



Reusser, L.; Bierman, P.; Rood, D. Quantifying human impacts on rates of erosion and sediment transport at a landscape scale. Geology 2015, 43, 171–174. [Google Scholar] [CrossRef]

	



Hooke, R.B. On the history of humans as geomorphic agents. Geology 2000, 28, 843–846. [Google Scholar] [CrossRef]

	



Pimentel, D.; Allen, J.; Beers, A.; Guinand, L.; Linder, R.; McLaughlin, P.; Meer, B.; Musonda, D.; Perdue, D.; Poisson, S.; et al. World Agriculture and Soil Erosion. BioScience 1987, 37, 277–283. [Google Scholar] [CrossRef]

	



FAO. Soil Erosion: The Greatest Challenge to Sustainable Soil Management; FAO: Rome, Italy, 2019. [Google Scholar]

	



Quinton, J.N.; Govers, G.; van Oost, K.; Bardgett, R.D. The impact of agricultural soil erosion on biogeochemical cycling. Nat. Geosci. 2010, 3, 311–314. [Google Scholar] [CrossRef]

	



Merritt, W.S.; Letcher, R.A.; Jakeman, A.J. A review of erosion and sediment transport models. Environ. Model. Softw. 2003, 18, 761–799. [Google Scholar] [CrossRef]

	



Verstraeten, G.; Poesen, J. Using sediment deposits in small ponds to quantify sediment yield from small catchments: Possibilities and limitations. Earth Surf. Process. Landf. 2002, 27, 1425–1439. [Google Scholar] [CrossRef]

	



Boix-Fayos, C.; de Vente, J.; Martínez-Mena, M.; Barberá, G.G.; Castillo, V. The impact of land use change and check-dams on catchment sediment yield. Hydrol. Process. 2008, 22, 4922–4935. [Google Scholar] [CrossRef]

	



Odhiambo, B.K.; Ricker, M.C. Spatial and isotopic analysis of watershed soil loss and reservoir sediment accumulation rates in Lake Anna, Virginia, USA. Environ. Earth Sci. 2012, 65, 373–384. [Google Scholar] [CrossRef]

	



Sotiri, K.; Hilgert, S.; Mannich, M.; Bleninger, T.; Fuchs, S. Implementation of comparative detection approaches for the accurate assessment of sediment thickness and sediment volume in the Passaúna Reservoir. J. Environ. Manag. 2021. [Google Scholar] [CrossRef]

	



Carneiro, C.; Kelderman, P.; Irvine, K. Assessment of phosphorus sediment–water exchange through water and mass budget in Passaúna Reservoir (Paraná State, Brazil). Environ. Earth Sci. 2016, 75, 564. [Google Scholar] [CrossRef]

	



Wischmeier, W.H.; Smith, D.D. Predicting Rainfall Erosion Losses: A Guide to Conservation Planning; U.S. Department of Agriculture: Washington, DC, USA, 1978. [Google Scholar]

	



Renard, K.G.; Foster, G.R.; Weesies, D.K.; McCool, D.K.; Yoder, D.C. Predicting Soil Erosion by Water: A Guide to Conservation Planning with the Revised Universal Soil Loss Equation (RUSLE); FAO: Washington, DC, USA, 1997. [Google Scholar]

	



Desmet, P.J.J.; Govers, G. Modelling topographic potential for erosion and deposition using GIS. Int. J. Geogr. Inf. Sci. 1997, 11, 603–610. [Google Scholar] [CrossRef]

	



inVEST- Natural Capital Project. Available online: http://releases.naturalcapitalproject.org/invest-userguide/latest/sdr.html (accessed on 30 January 2020).

	



Abdo, H.; Salloum, J. Spatial assessment of soil erosion in Alqerdaha basin (Syria). Modeling Earth Syst. Environ. 2017, 3, 26. [Google Scholar] [CrossRef]

	



Marques, V.; Ceddia, M.; Antunes, M.; Carvalho, D.; Anache, J.; Rodrigues, D.; Oliveira, P.T. USLE K-Factor Method Selection for a Tropical Catchment. Sustainability 2019, 11, 1840. [Google Scholar] [CrossRef]

	



Clemente, E.; Oliveira, A.; Fontana, A.; Martins, A.; Schuler, A.; Fidalgo, E.; Monteiro, J. Erodibilidade dos Solos da Região Serrana do Rio de Janeiro Obtida por Diferentes Equações de Predição Indireta; Embrapa Solos: Rio de Janeiro, Brazil, 2017. [Google Scholar]

	



Schick, J.; Bertol, I.; Cogo, N.P.; González, A.P. Erodibilidade de um Cambissolo Húmico sob chuva natural. Rev. Bras. Ciênc. Solo 2014, 38, 1906–1917. [Google Scholar] [CrossRef]

	



Silva, M.; Freitas, P.; Blancaneaux, P.; Curi, N.; de Lima, J. Relaçao entre parâmetros da chuva e perdas de solo e determinaçao da erodibilidade de um latossolo vermelho-escuro em Goiânia (GO). Rev. Bras. Ciência Solo 1997, 21, 131–137. [Google Scholar]

	



Gee, G.W.; Or, D. 2.4 Particle-size analysis. Methods Soil Anal. Part 4 Phys. Methods 2002, 5, 255–293. [Google Scholar]

	



Bouyoucos, G.J. The clay ratio as a criterion of susceptibility of soils to erosion. J. Am. Soc. Agron. 1935, 27, 738–741. [Google Scholar] [CrossRef]

	



Rufino, R.L.; Biscaia, R.; Merten, G.H. Determinação do potencial erosivo da chuva do estado do Paraná, através de pluviometria: Terceira aproximação. Rev. Bras. Ciência Solo 1993, 17, 439–444. [Google Scholar]

	



Waltrick, P.C.; Machado, M.A.d.M.; Dieckow, J.; Oliveira, D.d. Estimativa da Erosividade de Chuvas no Estado do Paraná Pelo Método da Pluviometria: Atualização Com Dados de 1986 A 2008. Rev. Bras. Ciência Solo 2015, 39, 256–267. [Google Scholar] [CrossRef]

	



Lombardi Neto, F.; Moldenhauer, W.C. Rainfall Erosivity: Its Distribution and Relationship with Soil Loss at Campinas, Brasil. Bragantia 1992, 51, 189–196. [Google Scholar] [CrossRef]

	



Risse, L.M.; Nearing, M.A.; Laflen, J.M.; Nicks, A.D. Error Assessment in the Universal Soil Loss Equation. Soil Sci. Soc. Am. J. 1993, 57, 825–833. [Google Scholar] [CrossRef]

	



Ferreira, V.A.; Weesies, G.A.; Yoder, D.C.; Foster, G.R.; Renard, K.G. The site and condition specific nature of sensitivity analysis. J. Soil Water Conserv. 1995, 50, 493–497. [Google Scholar]

	



Estrada-Carmona, N.; Harper, E.B.; DeClerck, F.; Fremier, A.K. Quantifying model uncertainty to improve watershed-level ecosystem service quantification: A global sensitivity analysis of the RUSLE. Int. J. Biodivers. Sci. Ecosyst. Serv. Manag. 2017, 13, 40–50. [Google Scholar] [CrossRef]

	



Nearing, M.A.; Romkens, M.J.M.; Norton, L.D.; Stott, D.E.; Rhoton, F.E.; Laflen, J.M.; Flanagan, D.C.; Alonso, C.V.; Binger, R.L.; Dabney, S.M. Measurements and models of soil loss rates. Science 2000, 290, 1300–1301. [Google Scholar] [CrossRef]

	



Almagro, A.; Thomé, T.C.; Colman, C.B.; Pereira, R.B.; Marcato Junior, J.; Rodrigues, D.B.B.; Oliveira, P.T.S. Improving cover and management factor (C-factor) estimation using remote sensing approaches for tropical regions. Int. Soil Water Conserv. Res. 2019, 7, 325–334. [Google Scholar] [CrossRef]

	



da Silva Santos, L. Sensitivity of Sediment Budget Calculations for an Applicable Reservoir’s Lifetime. Master’s Thesis, Karlsruhe Institute of Technology, Karlsruhe, Germany, 2019. [Google Scholar]

	



Durigon, V.L.; Carvalho, D.F.; Antunes, M.A.H.; Oliveira, P.T.S.; Fernandes, M.M. NDVI time series for monitoring RUSLE cover management factor in a tropical watershed. Int. J. Remote Sens. 2014, 35, 441–453. [Google Scholar] [CrossRef]

	



Panagos, P.; Borrelli, P.; Meusburger, K.; van der Zanden, E.H.; Poesen, J.; Alewell, C. Modelling the effect of support practices (P-factor) on the reduction of soil erosion by water at European scale. Environ. Sci. Policy 2015, 51, 23–34. [Google Scholar] [CrossRef]

	



Borrelli, P.; Robinson, D.A.; Fleischer, L.R.; Lugato, E.; Ballabio, C.; Alewell, C.; Meusburger, K.; Modugno, S.; Schütt, B.; Ferro, V.; et al. An assessment of the global impact of 21st century land use change on soil erosion. Nat. Commun. 2017, 8, 2013. [Google Scholar] [CrossRef]

	



Breiman, L. Random Forests. Mach. Learn. 2001, 46, 5–32. [Google Scholar] [CrossRef]

	



Tucker, C.J.; Sellers, P.J. Satellite Remote Sensing of Primary Production. Int. J. Remote Sens. 1986, 7, 1395–1416. [Google Scholar] [CrossRef]

	



Ridd, M.K. Exploring a V-I-S (vegetation-impervious surface-soil) model for urban ecosystem analysis through remote sensing: Comparative anatomy for cities†. Int. J. Remote Sens. 1995, 16, 2165–2185. [Google Scholar] [CrossRef]

	



Kaspersen, P.; Fensholt, R.; Drews, M. Using Landsat Vegetation Indices to Estimate Impervious Surface Fractions for European Cities. Remote Sens. 2015, 7, 8224–8249. [Google Scholar] [CrossRef]

	



van der Knijff, J.M.F.; Jones, R.J.A.; Montanarella, L. Soil Erosion Risk Assessment in Italy; Citeseer: Princeton, NJ, USA, 1999. [Google Scholar]

	



Walling, D.E. The sediment delivery problem. J. Hydrol. 1983, 65, 209–237. [Google Scholar] [CrossRef]

	



Vigiak, O.; Borselli, L.; Newham, L.T.H.; McInnes, J.; Roberts, A.M. Comparison of conceptual landscape metrics to define hillslope-scale sediment delivery ratio. Geomorphology 2012, 138, 74–88. [Google Scholar] [CrossRef]

	



Croke, J.; Mockler, S.; Fogarty, P.; Takken, I. Sediment concentration changes in runoff pathways from a forest road network and the resultant spatial pattern of catchment connectivity. Geomorphology 2005, 68, 257–268. [Google Scholar] [CrossRef]

	



Cavalli, M.; Trevisani, S.; Comiti, F.; Marchi, L. Geomorphometric assessment of spatial sediment connectivity in small Alpine catchments. Geomorphology 2013, 188, 31–41. [Google Scholar] [CrossRef]

	



Hamel, P.; Chaplin-Kramer, R.; Sim, S.; Mueller, C. A new approach to modeling the sediment retention service (InVEST 3.0): Case study of the Cape Fear catchment, North Carolina, USA. Sci. Total Environ. 2015, 524–525, 166–177. [Google Scholar] [CrossRef]

	



de Rosa, P.; Cencetti, C.; Fredduzzi, A. A GRASS Tool for the Sediment Delivery Ratio Mapping. PeerJ 2016. [Google Scholar] [CrossRef]

	



Grauso, S.; Pasanisi, F.; Tebano, C. Assessment of a Simplified Connectivity Index and Specific Sediment Potential in River Basins by Means of Geomorphometric Tools. Geosciences 2018, 8, 48. [Google Scholar] [CrossRef]

	



Borselli, L.; Cassi, P.; Torri, D. Prolegomena to sediment and flow connectivity in the landscape: A GIS and field numerical assessment. Catena 2008, 75, 268–277. [Google Scholar] [CrossRef]

	



Jamshidi, R.; Dragovich, D.; Webb, A.A. Distributed empirical algorithms to estimate catchment scale sediment connectivity and yield in a subtropical region. Hydrol. Process. 2014, 28, 2671–2684. [Google Scholar] [CrossRef]

	



Saavedra, C. Estimating Spatial Patterns of Soil Erosion and Deposition in the Andean Region Using Geo-Information Techniques. Ph.D. Thesis, Wageningen University, Wageningen, The Netherlands, 2005. [Google Scholar]

	



Elçi, Ş.; Bor, A.; Çalışkan, A. Using numerical models and acoustic methods to predict reservoir sedimentation. Lake Reserv. Manag. 2009, 25, 297–306. [Google Scholar] [CrossRef]

	



Krasa, J.; Dostal, T.; Jachymova, B.; Bauer, M.; Devaty, J. Soil erosion as a source of sediment and phosphorus in rivers and reservoirs—Watershed analyses using WaTEM/SEDEM. Environ. Res. 2019, 171, 470–483. [Google Scholar] [CrossRef] [PubMed]

	



True, D.G. Penetration of Projectiles into Seafloor Soils; Defense Technical Information Center: Fort Belvoir, VA, USA, 1975. [Google Scholar]

	



Beard, R.M. A Penetrometer for Deep Seafloor Exploration. In Proceedings of the OCEANS 81, Boston, MA, USA, 16–18 September 1981. [Google Scholar]

	



Osler, J.; Furlong, A.; Christian, H.; Lamplugh, M. The integration of the free fall cone penetrometer (FFCPT) with the moving vessel profiler (MVP) for the rapid assessment of seabed characteristics. Int. Hydrogr. Rev. 2006, 7, 45–54. [Google Scholar]

	



Stoll, R.D. Measuring sea bed properties using static and dynamic penetrometers. In Proceedings of the Sixth International Conference on Civil Engineering in the Oceans, Baltimore, MD, USA, 20–22 October 2004; pp. 386–395. [Google Scholar]

	



Stark, N.; Kopf, A. Detection and Quantification of Sediment Remobilization Processes Using a Dynamic Penetrometer. In Proceedings of the OCEANS'11 MTS/IEEE KONA, Waikoloa, HI, USA, 19–22 September 2011. [Google Scholar]

	



Seifert, A.; Kopf, A. Modified dynamic CPTU penetrometer for fluid mud detection. J. Geotech. Geoenviron. Eng. 2012, 138, 203–206. [Google Scholar] [CrossRef]

	



Albatal, A.; Stark, N. Rapid sediment mapping and in situ geotechnical characterization in challenging aquatic areas. Limnol. Oceanogr. Methods 2017, 15, 690–705. [Google Scholar] [CrossRef]

	



Hilgert, S.; Sotiri, K.; Fuchs, S. Advanced Assessment of Sediment Characteristics Based on Rheological and Hydroacoustic Measurements in a Brazilian Reservoir. In Proceedings of the 38th IAHR World Congress, Panama City, Panama, 1–6 September 2019; 2019. [Google Scholar]

	



Kirichek, A.; Rutgers, R. Water Injection Dredging and Fluid Mud Trapping Pilot in the Port of Rotterdam; CEDA Dredging Days: Rotterdam, The Netherlands, 2019. [Google Scholar]

	



Kirichek, A.; Shakeel, A.; Chassagne, C. Using in situ density and strength measurements for sediment maintenance in ports and waterways. J. Soils Sediments 2020. [Google Scholar] [CrossRef]

	



Morris, G.; Fan, J. Reservoir Sedimentation Handbook; McGraw-Hill Book, Co.: New York, NY, USA, 2010. [Google Scholar]

	



Rahmani, V.; Kastens, J.; deNoyelles, F.; Jakubauskas, M.; Martinko, E.; Huggins, D.; Gnau, C.; Liechti, P.; Campbell, S.; Callihan, R.; et al. Examining Storage Capacity Loss and Sedimentation Rate of Large Reservoirs in the Central U.S. Great Plains. Water 2018, 10, 190. [Google Scholar] [CrossRef]

	



Sotiri, K.; Hilgert, S.; Fuchs, S. Sediment classification in a Brazilian reservoir: Pros and cons of parametric low frequencies. Adv. Oceanogr. Limnol. 2019, 10. [Google Scholar] [CrossRef]

	



Embrapa Solos. Mapa de Solos de Estado de Parana; Embrapa Solos: Rio de Janeiro, Brazil, 2007. [Google Scholar]

	



Mannigel, A.R.; de Passos, M.; Moreti, D.; da Rosa Medeiros, L. Fator erodibilidade e tolerância de perda dos solos do Estado de São Paulo. Acta Scientiarum. Agron. 2002, 24, 1335–1340. [Google Scholar] [CrossRef]

	



Silva, A.; Silva, M.; Curi, N.; Avanzi, J.; Ferreira, M. Rainfall erosivity and erodibility of Cambisol (Inceptisol) and Latosol (Oxisol) in the region of Lavras, Southern Minas Gerais State, Brazil. Rev. Bras. Ciência Solo 2009, 33, 1811–1820. [Google Scholar] [CrossRef]

	



Duraes, M.F.; de Mello, C.R.; Beskow, S. Sediment yield in Paraopeba River Basin—MG, Brazil. Int. J. River Basin Manag. 2016, 14, 367–377. [Google Scholar] [CrossRef]

	



Duraes, M.; Filho, J.; Oliveira, V. Water erosion vulnerability and sediment delivery rate in upper Iguaçu river basin—Paraná. RBRH 2016, 21. [Google Scholar] [CrossRef]

	



Saunitti, R.M.; Fernandes, L.A.; Bittencourt, A.V.L. Estudo do assoreamento do reservatório da barragem do rio Passaúna-Curitiba-PR. Bol. Parana. Geociências 2004, 54, 54. [Google Scholar] [CrossRef]

	



Wagner, A. Event-Based Measurement and Mean Annual Flux Assessment of Suspended Sediment in Meso Scale Catchments. Ph.D. Thesis, Karlsruhe Institute of Technology, Karlsruhe, Germany, 2019. [Google Scholar]

	



Koszelnik, P.; Gruca-Rokosz, R.; Bartoszek, L. An isotopic model for the origin of autochthonous organic matter contained in the bottom sediments of a reservoir. Int. J. Sediment Res. 2017. [Google Scholar] [CrossRef]

	



Quinton, J.N. Erosion and sediment transport. In Environmental Modelling: Finding Simplicity in Complexity; John Wiley & Sons Ltd.: London UK, 2004. [Google Scholar]

	



Belyaev, V.R.; Wallbrink, P.J.; Golosov, V.N.; Murray, A.S.; Sidorchuk, A.Y. A comparison of methods for evaluating soil redistribution in the severely eroded Stavropol region, southern European Russia. Geomorphology 2005, 65, 173–193. [Google Scholar] [CrossRef]

	



Alewell, C.; Borrelli, P.; Meusburger, K.; Panagos, P. Using the USLE: Chances, challenges and limitations of soil erosion modelling. Int. Soil Water Conserv. Res. 2019, 7, 203–225. [Google Scholar] [CrossRef]

	



Wallbrink, P.J.; Murray, A.S.; Olley, J.M.; Olive, L.J. Determining sources and transit times of suspended sediment in the Murrumbidgee River, New South Wales, Australia, using fallout 137Cs and 210Pb. Water Resour. Res. 1998, 34, 879–887. [Google Scholar] [CrossRef]

	



Walling, D.E. Tracing suspended sediment sources in catchments and river systems. Sci. Total Environ. 2005, 344, 159–184. [Google Scholar] [CrossRef]

	



Wilkinson, S.N.; Prosser, I.P.; Rustomji, P.; Read, A.M. Modelling and testing spatially distributed sediment budgets to relate erosion processes to sediment yields. Environ. Model. Softw. 2009, 24, 489–501. [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]

	



Poesen, J.; Vanwalleghem, T.; de Vente, J.; Knapen, A.; Verstraeten, G.; Martínez-Casasnovas, J.A. Gully Erosion in Europe; Wiley-Interscience: Hoboken, NJ, USA, 2006; ISBN 9780470859209. [Google Scholar]

	



Morgan, R.P.C. Soil Erosion; Blackwell Publishing: Hoboken, NJ, USA, 1979; ISBN 0582486920. [Google Scholar]

	



Werner, C.G. Soil Conservation in Kenia; Springer: Berlin/Heidelberg, Germany, 1980. [Google Scholar]

	



Wang, G.; Wente, S.; Gertner, G.Z.; Anderson, A. Improvement in mapping vegetation cover factor for the universal soil loss equation by geostatistical methods with Landsat Thematic Mapper images. Int. J. Remote Sens. 2002, 23, 3649–3667. [Google Scholar] [CrossRef]

	



Zhang, Y.; Yuan, J.; Liu, B. Advance in researches on vegetation cover and management factor in the soil erosion prediction model. Ying Yong Sheng Tai Xue Bao J. Appl. Ecol. 2002, 13, 1033–1036. [Google Scholar]

	



Zhang, W.; Zhang, Z.; Liu, F.; Qiao, Z.; Hu, S. Estimation of the USLE Cover and Management Factor C Using Satellite Remote Sensing: A Review. In Proceedings of the 2011 19th International Conference on Geoinformatics, Shanghai, China, 24–26 June 2011. [Google Scholar]

	



Panagos, P.; Borrelli, P.; Meusburger, K.; Alewell, C.; Lugato, E.; Montanarella, L. Estimating the soil erosion cover-management factor at the European scale. Land Use Policy 2015, 48, 38–50. [Google Scholar] [CrossRef]

	



Sullivan, P. Overview of Cover Crops and Green Manures. 2003. Available online: https://cpb-us-e1.wpmucdn.com/blogs.cornell.edu/dist/e/4211/files/2014/04/Overview-of-Cover-Crops-and-Green-Manures-19wvmad.pdf (accessed on 30 January 2020).

	



Sullivan, P. Applying the Principles of Sustainable Farming. 2003. Available online: https://ipm.ifas.ufl.edu/pdfs/Applying_the_Principles_of_Sustainable_Farming.pdf?pub=295%5D (accessed on 30 January 2020).

	



SoCo Project Team. Adressing Soil Degradation in EU Agriculture: Relevant Processes, Practices and Policies. 2009. Available online: https://esdac.jrc.ec.europa.eu/ESDB_Archive/eusoils_docs/other/EUR23767_Final.pdf (accessed on 30 January 2020).

	



Zalles, V.; Hansen, M.C.; Potapov, P.V.; Stehman, S.V.; Tyukavina, A.; Pickens, A.; Song, X.-P.; Adusei, B.; Okpa, C.; Aguilar, R.; et al. Near doubling of Brazil's intensive row crop area since 2000. Proc. Natl. Acad. Sci. USA 2019, 116, 428–435. [Google Scholar] [CrossRef]

	



Zdruli, P.; Karydas, C.G.; Dedaj, K.; Salillari, I.; Cela, F.; Lushaj, S.; Panagos, P. High resolution spatiotemporal analysis of erosion risk per land cover category in Korçe region, Albania. Earth Sci. Inform. 2016, 9, 481–495. [Google Scholar] [CrossRef]

	



Pham, T.G.; Degener, J.; Kappas, M. Integrated universal soil loss equation (USLE) and Geographical Information System (GIS) for soil erosion estimation in A Sap basin: Central Vietnam. Int. Soil Water Conserv. Res. 2018, 6, 99–110. [Google Scholar] [CrossRef]

	



Grauso, S.; Verrubbi, V.; Peloso, A.; Zini, A.; Sciortino, M. Estimating the C-Factor of USLE/RUSLE by Means of NDVI Time-Series in Southern Latium. An Improved Correlation Model; ENEA: Rome, Italy, 2018. [Google Scholar]

	



Chuenchum, P.; Xu, M.; Tang, W. Estimation of Soil Erosion and Sediment Yield in the Lancang-Mekong River Using the Modified Revised Universal Soil Loss Equation and GIS Techniques. Water 2020, 12, 135. [Google Scholar] [CrossRef]

	



Gianinetto, M.; Aiello, M.; Polinelli, F.; Frassy, F.; Rulli, M.C.; Ravazzani, G.; Bocchiola, D.; Chiarelli, D.D.; Soncini, A.; Vezzoli, R. D-RUSLE: A dynamic model to estimate potential soil erosion with satellite time series in the Italian Alps. Eur. J. Remote Sens. 2019, 52, 34–53. [Google Scholar] [CrossRef]

	



Karydas, C.; Bouarour, O.; Zdruli, P. Mapping Spatio-Temporal Soil Erosion Patterns in the Candelaro River Basin, Italy, Using the G2 Model with Sentinel2 Imagery. Geosciences 2020, 10, 89. [Google Scholar] [CrossRef]








[image: Water 13 01045 g001 550] 





Figure 1. Location of Passaúna catchment in the lower left corner of the graph, and the land use/land cover of the catchment. 
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Figure 2. (Left). Digital elevation model; (Right) spatial distribution of LS Factor. 
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Figure 3. (Left) Location of soil samples; (Right). Interpolated map of K Factor. 
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Figure 4. Erosivity in Passaúna and Paraná after [26]. 
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Figure 5. Location of pluviometric stations in the Passaúna catchment. 
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Figure 6. Monthly precipitation for the two locations in the Passaúna catchment. 
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Figure 7. Correction of normalized difference vegetation index (NDVI) values for urban areas. 
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Figure 8. Typical arable land in Passaúna catchment. 
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Figure 9. Picture of GraviProbe (GP) after deployment. 
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Figure 10. Location of all GP measurements. 
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Figure 11. Mean C Factor for each land-use/land-cover (LULC) class for all months with available NDVI data. 
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Figure 12. Spatial distribution of C factor for January (left) and July (right). 
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Figure 13. R Factor from two approaches. 
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Figure 14. Texture of soil samples (sample number as in Figure 3 Left). 
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Figure 15. Sediment delivery ratio (SDR) for the months of July 2017 (right) and January 2018 (left). 
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Figure 16. Monthly distribution of sediment input from the initial model run. 
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Figure 17. Comparison between initial model run and LULC. 
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Figure 18. Comparison of the average C Factor to maximum and average values found in the literature. 
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Figure 19. Final distribution of sediment input after C and R Factor correction. 
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Figure 20. (a) Comparison of the interannual dynamics of the system (b). Comparison of the yearly sediment input. 
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Figure 21. (a) Locations of GP measurement and the visualization of the measured value. The pie chart shows the frequency distribution of the measured values of sediment magnitude (b). The interpolated map of sediment thickness based on the GP measurements with distribution frequency of the interpolated values. Adapted from [12]. 
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Figure 22. Comparison of the sediment stock in the reservoir with the sediment input from the catchment. The dashed line shows the margin of error as described in [12]. 
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Figure 23. Division of the reservoir into compartments for the calculation of a representative averaged sediment thickness of the reservoir via the GP. 
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Figure 24. (a). Image from vegetation in the Passaúna reservoir bottom; (b). Sediment core from Passaúna Reservoir. 
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Figure 25. Areal coverage of problematic areas for scenarios (A–C) and the respective reduction of sediment input from afforestation. The area in percentage refers to the percentage of the catchment that each management scenario affects. 
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Figure 26. C Factor and R Factor for three months (January, July, October). 
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Table 1. Values of dimensionless factor m.
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	Slope % [s]
	m





	s < 1
	0.2



	1 < s < 3.5
	0.3



	3.5 < s < 5
	0.4



	5 < 9
	0.5



	s > 9
	m = β/((1 + β)) 1







1 β = ((sinθ/0.0986))/((3∙sinθ ^0.8 + 0.56)).
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Table 2. K Factor values from literature data base.
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	Soil Class
	K Factor Value (t h MJ−1 mm−1)
	Soil Class





	Haplic Inceptisol
	0.03
	[20]



	Humic Inceptisol
	0.0175
	[21]



	Oxisol
	0.018
	[22]
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Table 3. C-factor values for five land-use/land-cover (LULC) classes in Brazil from a literature review by [33].
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	Land Use
	Cmax
	Cmin
	Cmin





	Bare soil
	1.000
	0.696
	0.100



	Impervious areas
	1.000
	0.257
	0.000



	High vegetation
	0.090
	0.008
	0.00004



	Low vegetation
	0.630
	0.099
	0.008



	Water
	0.000
	0.000
	0.000
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Table 4. Comparison of results by this study with results by [72].
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Soil Erosion Classes (Annual Mean)

	
Present Study (%)

	
[72] (%)






	
Very Slight (< 2 t ha−1 a−1)

	
55

	
52.0




	
Slight (2–5 t ha−1 a−1)

	
3.5




	
Moderate (5–10 t ha−1 a−1)

	
3.7




	
High (10–50 t ha−1 a−1)

	
15.8

	
10.0




	
Severe (50–100 t ha−1 a−1)

	
9.0

	
5.0




	
Very Severe (100–500 t ha−1 a−1)

	
11.3

	
33.0




	
Catastrophic (>500 t ha−1 a−1)

	
1.4
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Table 5. Overview of factors creating inconsistencies.
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Factors Creating Errors






	
In reservoir

	
Internal production




	
Existing biological stock




	
Errors of the measuring concept




	
Trapping efficiency of reservoir




	
In catchment

	
Errors associated with RUSLE calculations




	
Errors associated with SDR calculations




	
Non-inclusion of gully erosion in RUSLE




	
Non-inclusion of channel erosion in RUSLE
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