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Abstract


This study assessed the impacts of the land use/cover (LULC) and climate changes on the runoff and sediment flows in the Megech watershed. The Geospatial Water Erosion Prediction Project (GeoWEPP) was used to assess LULC and climate changes’ impact on runoff, soil loss, and sediment yield. The QGIS 2.16.3 plugin module for land use change evaluation (MOLUSCE) tool with the cellular automata artificial neural network (CA-ANN) was used for LULC prediction based on historical data and exploratory maps. Two commonly used representative concentration pathways (RCPs)—4.5 and 8.5—were used for climate projection in the 2030s, 2050s, and 2070s. The LULC prediction analysis showed an expansion of cropland and settlement areas, with the reduction in the forest and rangelands. The climate projections indicated an increase in maximum temperatures and altered precipitation patterns, particularly with increased wet months and reduced dry periods. The average annual soil loss and sediment yield rates were estimated to increase under both the RCP4.5 and RCP8.5 climate scenarios, with a more noticeable increase under RCP8.5. By integrating DEM, soil, land use, and climate data, we evaluated runoff, soil loss, and sediment yield changes on only land use/cover, only climate, and the combined impacts in the watershed. The results revealed that, under all combined scenarios, the sediment yield in the Megech Reservoir was projected to substantially increase by 23.28–41.01%, showing a potential loss of reservoir capacity. This study recommends strong climate adaptation and mitigation measures to alleviate the impact on land and water resources. It is possible to lessen the combined impacts of climate and LULC change through implementing best-management practices and adaptation strategies for the identified scenarios.
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1. Introduction


Soil erosion is a natural process that has many impacts throughout the world, and its rate is influenced by many factors. Climate change and land use/cover are considered the two most influential factors that accelerate soil erosion and increase the rates of sediment flow to reservoirs [1,2,3] and affect the overall hydrology of a watershed [4]. Climate change and land use/cover interact with each other, and their combined impacts disturb biodiversity [5,6] and the hydrology of the watershed [6].



Globally, land use/cover (LULC) has altered dramatically because of anthropogenic activities and population growth [7,8], which have increased watershed soil loss, sediment yield, and runoff flow [9]. Soil erosion rates are frequently impacted by land use change, and it has been found that the least developed nations, primarily those found in sub-Saharan Africa, are experiencing a faster pace of increase [10]. In Ethiopia, more than 80% of the population depends on agriculture and lives in the highlands of the country [11,12], which contributes to land dynamism. Studies in Ethiopia have also explored whether the severity of soil erosion has increased due to the expansion of cultivated lands [13,14]. This expansion has occurred at the expense of forests, shrubs, and grazing lands [15,16], which are facilitated by deforestation. For example, Tewabe and Fentahun [17] reported that agricultural and residential lands increased by 13% and 9.1%, respectively, in the last 30 years, with diminishing forest, bush land, and grassland in the Lake Tana Basin. Although the Ethiopian government has been implementing an afforestation initiative for the past ten years, it has not been very successful in bringing about positive changes [18].



As various studies indicate, landscape changes, including land use/cover alterations, are one of the major factors for variations in water and sediment fluxes in watersheds. Understanding the land use/cover changes and predictions can benefit the sediment and water transport studies. Results of such studies can be useful in watershed management planning and intervention measures. Similarly, climate change is responsible for changes in precipitation regime changes as well as for increased air temperatures, which can directly change the hydrologic cycle negatively by increasing the rainfall volume, variability, and intensity. These changes can increase sediment production and transport to receiving water bodies. Berihun et al. [19] reported that population growth and related changes in farming demand are considered major drivers of LULC changes in the Upper Blue Nile Basin. Another major driver of LULC change is the increase in built-up areas due to the expansion of urbanization [20], which impacts the hydrology of the watershed. The LULC changes, for any reason, increased the sediment yields of the watershed through onsite and offsite effluence [21,22,23]. Negese [9] reported that LULC changes and impact studies provide little information on Ethiopian watersheds and in their focus on past land use changes, little attention has been paid to future prediction and planning.



Climate change has had an impact on natural and human systems on all continents in recent years. It is triggered by human activities and is one of the main driving forces for increases in flooding and drought, loss of productive soils and sediment yield, and related pollution. Globally, future climate projections are increasing soil erosion rates [24], sediment yield, deposition, and distribution in watersheds [25]. However, the degree to which climate change impacts the hydrology and soil erosion of a watershed depends on the scenario selected [26]. An increase in precipitation amounts and intensity is expected to impact soil erosion and sediment production in watersheds [25,27,28]. Previous studies on climate change impact assessments used different downscaling methods and models available in the Coupled Model of Inter-comparison Projects (CMIP5) World Climate database. Climate change studies in the Upper Blue Nile River Basin (UBNRB) showed a projected increase in rainfall intensity and maximum and minimum temperatures, while they reported a decrease in annual rainfall depth and river flow [29,30] and an increase in flood and erosivity factors that led to accelerated soil loss and sediment yield [27,31,32]. Moreover, some climate change impact studies have indicated that soil erosion will increase under all RCPs in croplands, with more changes under RCP8.5 [32,33]. According to [24,33], soil erosion under climate change is increasing in Europe and Asia, but in Africa, only a few studies are available.



Climate change studies in the Upper Blue Nile Basin of Ethiopia revealed increases in temperature and precipitation in the rainy season and in runoff in the future due to climate change [34,35]. However, according to Mengistu et al. [36], an increase in surface runoff does not mean an increase in total water yield; rather, the water yield in the basin declines due to climate change under different climate scenarios.



Climate change studies have also shown temperature increases from 0.3 to 0.7 °C. Precipitation and temperature will increase in the future in East Africa under the RCP4.5 and RCP8.5 climate scenarios of the CMIP5 model domain, with a greater relative change under RCP8.5 [37]. Several studies in the Blue Nile Basin (BNB), based on the review by Gelete et al. [38], showed that hydrology will be highly affected in the future by climate change, with a more adverse impact on soil erosion. The authors of [39] concluded that the annual average rainfall will increase in the 2020s, 2050s, and 2080s using RCPs in East Africa. Conversely, Getachew and Manjunatha [40] reported that precipitation did not show a clear trend in the Lake Tana Basin and could be described as either increasing at some stations or decreasing at others.



The high rate of soil erosion in the Lake Tana Basin poses a major problem for reservoir sedimentation and land use/cover, and climate change exacerbates this problem [41]. A modeling approach is common and important for forecasting soil erosion and runoff under future LULC and climate change conditions. Belay and Mengistu [3] reported that climate change has greater impacts on soil erosion than LULC. The combined impacts of LULC and climate change have been studied in many parts of the world, but less attention has been paid to the Megech watershed in the Upper Blue Nile, Ethiopia.



It is necessary to know how LULC and climate changes hasten soil loss and sediment yield rates for proper planning of erosion reduction and offsite sediment impact alleviation measures. The combined land use/cover and climate change studies suggested that, under various scenarios, the watershed hydrology and soil erosion would be significantly changed in the planned future time periods. The combined effects of those changes were highlighted by the studies conducted around different parts of the globe [42,43,44]. To examine the dynamics of LULC in the future scenarios, the QGIS plugin MOLUSCE for LULC change using cellular automata artificial neural network (CA-ANN) algorithms can be applied [45,46,47].



For the robustness of climate change impacts on soil erosion analysis, ensembles of five climate models are recommended [24]. Different numbers of GCM/RCM combinations have been used in climate change studies by different researchers [3,30,34,48,49,50,51]. For this specific study, combinations of GCM/RCM that were previously used in the study region (CanESM2/RCA4, EC-EARTH-RACMO22T, GFDL-ESM2M/RCA4 MPI-ESM-PI/REMO 2009, and NorESM1-M/RCA4) were used to download 0.440 X 0.440-resolution data from Coordinated Experimental (CORDEX) Africa CMIP5 data sources, downscaled and bias-corrected for impact assessment. RCP4.5 and RCP8.5 are commonly used climate emission scenarios for climate change impacts on soil erosion assessments in the Upper Blue Nile River Basin [3,27].



Therefore, the purpose of this study was to understand the impacts of land use/cover, climate change, and combined land use/cover and climate change on soil loss, sediment yield, and river flow using the process and physically based GeoWEPP model. The land use/cover and climate change under the RCP4.5 and 8.5 scenarios was conducted for the 2030s, 2050s, and 2070s timeframes. These timeframes were set by considering the shelf-life of the Megech Dam, which is 50 years. We aimed to (1) predict and detect the land use/cover changes in the study, (2) project climate change under the RCP4.5 and 8.5 climate scenarios, with the ensemble of five climate models for CORDEX Africa data, and (3) identify the impacts of land use and climate changes on soil loss, sediment yield, and runoff using the GeoWEPP soil erosion model.




2. Materials and Methods


2.1. Study Area


The research area watershed, named the Megech watershed, is located at 11°45′40″ and 12°44′57″N latitude and 37°24′2″ and 37°37′21″E longitude in the Upper Blue Nile Basin of the tributary of Lake Tana, the largest lake in Ethiopia (Figure 1). The Megech watershed covers 424 km2 at the dam site, with a mean annual flow of 5.6 m³/s. The watershed is characterized as a mountainous, wedge-shaped, and steeply sloping watershed. The study site has two distinctive seasons: a rainy season from May to October and a dry season that extends from November to April. The monthly rainfall varies from 67 mm in October to 306 mm in July, and the mean annual precipitation is approximately 1100 mm. The mean monthly minimum and maximum temperatures are approximately 14.16 °C and 27.63 °C, respectively. The Angereb watershed at the gauge site is located at 37°28′5″ to 37°32′56″E longitude and 12°38′26″ to 12°43′31″N latitude (WGS_1984 Lat/Long). The watershed area at the gauge site covers 49.74 km2.




2.2. Datasets


2.2.1. Land Use/Land Cover Data


The data used in this research were the digital elevation model (DEM), soil maps, land use/cover maps, and climate data for the baseline period. The 12.5 m high-resolution, terrain-adjusted ALOS PALSAR geotiff DEM data were downloaded from https://search.asf.alaska.edu/ (accessed on 5 January 2023) and resampled to 30 m resolution for the modeling. This high-resolution DEM is radiometric-terrain-corrected, which removes geometric and radiometric distortion and has very good vertical and horizontal accuracy. The FAO-based soil raster file was collected from the Ministry of Water and Energy (MoWE). Land use/land cover (LULC) data for the years 2012, 2017, 2019, and 2022 were collected from the Ethiopian Mapping Agency, the Water and Land Resources Centre (WLRC), and the Ministry of Water and Energy (MoWE), and more than 50% of the area was covered with cropland for all four time periods of land use data (Table 1). The land use/cover data of 2017, 2019, and 2022 gathered from those organizations were acquired from the Sentinel-2, 10 m resolution map, and ground truthing was performed to adjust the cloud cover errors, while the 2012 land use map was of 30 m resolution, sourced from the FAO catalog resourced from the Ethiopian Mapping Agency (EMA). Phiri et al. [52] stated that because Sentinel-2 data employs machine-learning classifiers, such as random forest (RF) and support vector machine (SVM), the classification accuracy is high (>80%).




2.2.2. Climate Data


Climate data, such as precipitation and maximum and minimum temperatures for the baseline period, were collected from the Ethiopian National Meteorological Agency (NMA), and the number of wet days was calculated from daily precipitation, with a 1 mm depth as a threshold value.



The observed precipitation and maximum and minimum temperature data were collected from the National Meteorological Agency (NMA) for 28 years (1986–2014) of records for the stations in the study areas. The precipitation and temperature (maximum and minimum) climate data under the RCP4.5 and RCP8.5 climate scenarios and historical data for 1986 to 2005, with an overlap of more than 70%, were downloaded from: https://esgfdata.dkrz.de/search/esgf-dkrz/ (accessed on 20 January 2023). The model domain was AFR-44, the daily time step data resembled those of r1i1p1, and the selected experiments included historical, RCP4.5, and RCP8.5 data.





2.3. Methods


The methods employed in this study included predicting land use/cover using the QGIS2.16.3 software plugin, named the MOLUSCE, based on the cellular automata artificial neural network (CA-ANN) algorithm. Land use/cover prediction was performed for the years of 2035, 2055, and 2075 when the near, middle, and far future impact assessment of flow and sediment was performed. Then, using GCM/RCM climate models, future climatic projections were performed for the periods that were necessary to assess soil erosion and sediment output of the impact analysis. Finally, soil loss, sediment yield, and flow estimation were conducted using the GeoWEPP model. The impacts were identified by comparing the near, middle, and far future results with the baseline results for all metrics.



2.3.1. Modeling Approach


This study utilized modeling of land use/cover prediction, climate projection, soil loss, sediment yield, and runoff simulation. Changes in soil loss, sediment yield, and flow were evaluated by comparing the baseline time results with projected simulations, and impacts were identified. To do this, the data, such as climate, flow, sediment, land use/cover, soil, and road and stream networks, were collected, checked for errors, and corrected before application. The overall conceptual framework for the methods employed for this study is presented below (Figure 2).




2.3.2. Land Use/Cover Forecasting


We employed the Quantum Geographic Information System (QGIS 2.16.3) spatial analysis software with a wide range of applications, including the plugin Modules for Land Use Change Evaluation (MOLUSCE), which provides a set of algorithms for land use change simulations, such as ANN (artificial neural network), LR (logistic regression), WoE (weight of evaluation), and multi-criteria evaluation for modeling and simulation of land use change. The MOLUSCE plugin uses either Pearson’s correlation or Cramer’s coefficient to evaluate the correlation between land use/cover and exploratory variables. After creating the correlation land use data with spatial variables, a transition matrix table was generated, land use change maps were created, and finally, the future land use map was predicted.



The future LULC spatial data for the 2035, 2055, and 2075 datasets were predicted using the cellular automata artificial neural network (CA-ANN) algorithm. Setting the frames of 2030s, 2050s, and 2070s was selected by considering the useful life of the Megech Dam in the research watershed. The CA-ANN algorithm was chosen because of its ability to simulate complicated land use change patterns and a range of land covers, as well as its high efficiency with minimal data and ease of calibration [7,45]. For this study, generation of the transition matrix and model validation was performed for the years 2017–2022. Then, the processes were repeated for the three timeframes to generate the future land use/cover changes. In the MLP-CA-ANN algorithm, neurons or nodes are interconnected to create a complex neural network that is composed of layers, including an input layer, hidden layers, and an output layer (Figure 3).




2.3.3. Climate Modeling


Five climate models were selected based on their appropriateness in the Upper Blue Nile Basin. The selected GCMs included CanESM2, EC-EARTH, GFDL-ESM2M, MPI-ESM-PI, and NorESM1-M. Three regional climate models (RCMs), named RCA4, REMO2009, and RACMO22T, were used from the Coordinated Regional Climate Downscaling Experiment (CORDEX), Africa. The combinations of GCM/RCM (CanESM2/RCA4, EC-EARTH/RACMO22T, GFDL-ESM2M/RCA4, MPI-ESM-PI/REMO2009, and NorESM1-M/RCA4) were considered to download daily precipitation, and maximum and minimum temperature climate variables, with a resolution of 0.440 × 440, or an approximately 50 × 50 km grid size. Note that the middle-level scenario (RCP4.5) and the worst-case scenario in terms of greenhouse gas emissions (RCP8.5), with no clear climate policy that shows a radiative forcing pathway leading to 8.5 w/m2 (greater than 1370 ppm CO2-equivalent) in 2100 [53], were used to examine the impacts of climate change on the soil erosion and sediment yield in the study area.




2.3.4. Bias Correction Method


Using the climate model for the hydrological modeling tool (CMhyd) at the station level, bias correction of the RCM simulations was carried out in this study. The distribution mapping [53] bias correction method, which can better transfer the observed precipitation and temperature statistics to the raw ensemble GCM/RCM CORDEX-Africa RCP4.5 and RCP8.5 climate scenarios, was employed. The climate model data for the hydrologic modeling (CMhyd) tool were used for future data extraction and bias correction.




2.3.5. Soil Erosion Model Description


The geospatial water erosion prediction project (GeoWEPP) model is an erosion model from the continuous simulation and process-based water erosion prediction project (WEPP) [54,55]. This model was employed as an impact model to identify the changes in flow and soil erosion due to LULC and climate change individually, as well as in combination. The GeoWEPP model was developed to integrate the advanced features of geographical information systems (GISs) within the WEPP model, such as processing digital data sources and generating digital outputs [56]. The movement of the sediment along the hill slope is described based on the steady-state sediment continuity equation, which applies flow conditions [57]:


    d G   d X   =  D i  +  D r   



(1)




where G is the sediment load (kg s−1 m−1), X is the distance downslope, Di is the interrill erosion rate (kg s−1 m−1), and Dr is the rill erosion rate (kg s−1 m−1):


   D i  =  K i   I e     σ  i r   S D  R  R R    F  n o z e l e        R s   W     



(2)




where Ki is the adjusted interrill erodibility (kg s/m4), Ie is the effective rainfall intensity (mm/h), σir is the interrill runoff rate (mm/h), SDRRR is the interrill sediment delivery ratio, Fnozzle is the adjustment factor for the sprinkler irrigation nozzle impact energy variation, Rs is the rill spacing, and W is the width of the rill. Since there is no sprinkler irrigation in the study areas, the factor was taken as a unit:


   D r  =  K r     τ f  −  τ c      1 −  G   T c       



(3)




where Kr is the adjusted soil erodibility parameter (s/m), τf is the flow shear stress (kg/m/s2), τc is the adjusted critical shear stress of the rill surface (kg/m/s2), and Tc is the sediment transport capacity of the rill flow (kg/m/s). Tc was calculated as follows:


   T c  =  K  t r    q w  s  



(4)




where Ktr is a constant parameter, qw is the flow discharge per unit width (m2/s), and S is the slope (%). The GeoWEPP model can be used to capture changes in soil loss, runoff, and sediment delivery rates in watersheds caused by changes in land use/cover [58]. According to Luetzenburg et al. [59], the model is a useful tool for depicting the impacts on soil erosion, flow, and sediment delivery under climate and land use/cover change scenarios to design possible mitigation measures at the watershed level.





2.4. Scenario Development


Three future time window scenarios for the 2030s, 2050s, and 2070s were selected to identify the impacts of LULC changes and climate change on flow, soil loss, and sediment yield. These years were selected based on the life of the Megech Dam and considering time intervals for significant changes in land use and climate. Input data for the GeoWEPP model were collected from the Ministry of Water and Energy [60], Abay Basin Development [61], National Meteorological Agency (NMA), and the Water and Land Resources Center (WLRC). Based on the collected data, future LULC forecasting was performed using the CA-ANN algorithm.



Scenario 1: time window of the 2030s—only land use/cover change (climate is constant), only climate change (land use/cover is constant), and both climate and LULC changes (synchronizing both).



Scenario 2: time window of the 2050s—only land use/land cover change (climate is constant), only climate change (land use/cover is constant), and both climate and LULC changes (synchronizing both).



Scenario 3: time window of the 2070s—only land use/cover change (climate is constant), only climate change (land use/land cover is constant), and both climate and LULC changes (synchronizing both).





3. Results


3.1. Precipitation and Temperature


According to [62], the Intergovernmental Panel on Climate Change (IPCC) recently revealed that the global surface air temperature has risen considerably, by about 1.53 °C on average, for the time period of 1850–1900. In the 2050s, the warming may even increase by 2 °C (medium confidence) and 3 °C (low confidence) [62]. The projected climate data were based on five global circulation models (GCMs) (CanESM2/RCA4, EC-EARTH/RACMO22T, GFDL-ESM2M/RCA4, MPI-ESM-PI/REMO 2009, and NorESM1-M/RCA4), and downscaling and bias correction were performed using the distribution mapping [53] algorithm method for the RCP4.5 and RCP8.5 scenarios at representative stations. In Megech watershed, the average increases in maximum temperature in the 2050s were 1.94 °C and 2.63 °C for the RCP4.5 and RCP8.5, respectively. In this study, a maximum of 5.80 °C temperature change was identified for the far future time period for the worst-case scenario. The multi-model ensemble average of the downscaled and bias-corrected future climate data from five climate models was used to feed the RockClime (CLIGEN4.31) stochastic weather generator model to produce a climate PAR file, which was used as climate input for the GeoWEPP impact assessment erosion model.




3.2. Climate Change


The projected ensemble maximum temperatures under the RCP4.5 climate scenario for the 2030s, 2050s, and 2070s timeframes increased from 1.860 °C to 3.720 °C, 0.80 °C to 3.08 °C, and 0.90 °C to 3.89 °C, respectively. For the RCP8.5 scenario, the maximum temperatures increased for all months, with ranges of 0.45 °C to 2.15 °C, 1.78 °C to 3.48 °C, and 1.71 °C to 5.80 °C for the 2030s, 2050s, and 2070s, respectively. The relative percentage change in maximum temperature for RCP4.5 compared with the baseline climate varied from 6.79 to 14.28%, 3 to 11.01%, and 3.85 to 13.52% for the 2030s, 2050s, and 2070s, respectively. For the RCP8.5 climate scenario, relative percentage increases of 3.80–7.70%, 6.48–12.42%, and 6.98–24.57% were observed for the 2030s, 2050s, and 2070s, respectively (Figure 4A,B).



The relative changes in the minimum temperature showed that forecasted monthly values decreased for the 2030s, 2050s, and 2070s compared to the base period for all RCP4.5 and RCP8.5 climate scenarios (Figure 5).



The projected maximum temperatures in the 2030s, 2050s, and 2070s at the Gondar Station increased compared with those in the baseline period (1985–2014), while the minimum temperature decreased under both RCP4.5 and RCP8.5 under all the time window scenarios (Figure 6).



The projection of the ensemble precipitation results from the five GCM/RCM model combinations did not show a consistent pattern for all three timeframes of the 2030s, 2050s, and 2070s. This irregular pattern was observed for both the RCP4.5 and RCP8.5 climate scenarios. Figure 7 demonstrates that precipitation was as high as two-fold for some months, or 1.5 times the observed baseline value for other months. In contrast, for other months, precipitation was lower compared with the baseline, as verified by the negative relative change. This characteristic was observed for all time domains and RCP scenarios, which indicated that precipitation did not have consistent characteristics due to climate change in the watershed.



The monthly number of wet days, calculated based on the criterion of a depth greater than 1 mm [63] in the study region from the projected ensemble precipitation, indicated fewer wet days than in the base period, especially for the rainy months (Figure 8). The mean monthly depth of precipitation and the number of wet days were used to generate weather/climate inputs to the GeoWEPP model.



In the RCP4.5 and RCP8.5 climatic scenarios, the ensemble annual precipitation forecasts for the 2030s, 2050s, and 2070s decreased relative to those in the base period, with ranges from 6 to 28%, even though the monthly values occasionally showed increasing and decreasing trends (Figure 9).




3.3. Land Use/Cover Prediction


The land use/cover change prediction was performed using QGIS 2.16.3 software with the modules for land use change evaluation (MOLUSCE-version 3.0.13) plugin software. The plugin provides a set of algorithms for land use/cover change simulations, such as the cellular automata artificial neural network (CA-ANN). Because of its dynamic simulation capacity, high efficiency with limited data, simple calibration, and ability to reproduce different land covers and complicated patterns, CA-ANN was chosen to simulate land use in the future [45]. The learning algorithm analyzes the reached accuracy on training and validation sets of samples and stores the best neural network in memory. The training process finishes when the best accuracy is reached (Figure 10).



During the validation process, a multiple-resolution budget method was used in the MOLUSCE plugin. By selecting one hundred iterations, the reference and simulated maps of the same period were validated (Figure 10). In the model, performance measures, such as kappa, the overall accuracy (% of correctness), kappa (overall), kappa (historical), and kappa (location) can be calculated.



Cellular Automata Simulation


Future land use/cover was forecasted using the cellular automata simulation (CA-ANN) method based on historical land use data for 2012, 2017, 2019, and 2022. Spatial exploratory maps of elevation, aspect, slope, distance from the city center, distance from streams, and distance from the road were generated, and then a transition matrix was generated. Model validation for 2022 between the observed and simulated land use/cover maps of the Megech watershed resulted in a kappa value of 0.76 and an overall correctness of 82.64%.



The predicted land use/cover maps for 2035 were produced after generating the 2026 maps from the transitions of 2018 and 2022 and the explanatory variables, with a kappa of 0.82 rom the transition matrix of the 2017 and 2026 maps. The 2055 map was predicted with the same procedure using the simulated map of 2037 and the observed map of 2019, with a kappa of 0.78, and the spatial variables and the transition matrix were used to simulate this map. To forecast the land use/cover map of 2075, the predicted maps of 2035 and 2055 were used, and spatial variables and a transition matrix with a kappa value of 0.68 were used. Cropland and settlement/built-up areas were shown to be increasing for all time projections, with diminishing forest and rangelands. Compared with the baseline data, other land use/cover classes, such as wetlands, bare lands, and waterbodies, exhibited non-significant changes under all the prediction scenarios (Table 2 and Figure 11).



From the land use/cover prediction to future time scenarios, cropland and settlement areas increased, while range lands and forests decreased in the Megech watershed. For 2035, 2055, and 2075, the cropland and settlement areas increased by 8.07%, 8.18%, and 15.06% and 3.21%, 4.18%, and 1.80%, respectively. For 2035, 2055, and 2075, the percentage of rangeland decreased by 9.71%, 10.65%, and 15.33%, respectively, whereas that of forests decreased by 1.63%, 1.71%, and 1.56%, respectively (Figure 12). The relative changes in other land use/cover classes, such as water bodies, wetlands, and bare lands, were insignificant. To ascertain the relative changes, data from the chosen baseline period of 2022 land use/cover data were compared with predicted land use/cover data.



However, after the dam commenced, the land use/cover in the reservoir area changed to water bodies, and the relative percentage shift changed with the change in value throughout the season and throughout the year due to the variation in the reservoir level. In this study, such variation is not included since the land use/land cover impact study focused on the upstream sub-watersheds. Another factor contributing to the study’s limitations is the dynamic nature of the reservoir size, which is roughly 8.9 km2 when the water reservoir is at the NWL and lowers with the water level decline during the dry and high-water-intake seasons.





3.4. GeoWEPP Model Simulations


Through sensitivity analysis of parameters controlling surface runoff, soil loss, and sediment yield rates from the hill slope, such as hydraulic conductivity (K), interrill erodibility (Ki), rill erodibility, and critical shear stress (τc), the performance of the GeoWEPP model simulation in the studied watershed was verified. Following the selection of the sensitive factors, the statistical metrics of coefficient of determination, Nash–Sutcliffe, and percent of bias were calibrated and validated for runoff and sediment yield [64,65]. According to Moriasi et al. [66], the aforementioned statistical indicators’ results demonstrated how effectively the simulations reproduced the reported values (Table 3). Model calibration and validation were performed at three and two years, respectively, for both water and sediment flows.



The GeoWEPP model simulation was based on climate data generated using RockClime (CLIGEN 4.31) stochastic weather generator software for the data collected from stations for the baseline period and projected climate data for the future scenario assessment. Weather generated by long-duration simulation data, which is the input format for the GeoWEPP model in the daytime step and includes precipitation depth, intensity, time to peak, peak intensity, dew point, maximum and minimum temperature, radiation, wind velocity, and direction, can provide us with a long-term assessment of runoff, soil loss, and sediment yield in the study watershed.



3.4.1. Impacts of Land Use/Cover Change on Flow, Soil Loss, and Sediment Yield


Land use/cover change may increase or decrease runoff, soil loss, and sediment delivery rates in watersheds. The value of the effective hydraulic conductivity (Ke) changed, while other soil parameters, such as the critical shear stress (τc), rill erodibility [53], and interrill erodibility (Ki), and climate factors, such as the effective intensity (Ie) and interrill flow rate (σr), remained unchanged during the evaluation of land use/cover change effects on soil erosion and flow using the GeoWEPP model. Compared with those in the baseline period (2017), cultivated land and built-up areas increased by 8.1–15.1% and 1.8 to 4.18%, respectively, for 2035, 2055, and 2075 due to the reduction in forest and rangelands. The land use/cover change sediment alteration model simulated 4.06–7.67%, 8.26–18.86%, and 5.23–15.94% of the runoff, hill slope soil loss, and yield, respectively (Table 4). The changes in land use/cover varied the distribution of effective hydraulic conductivity and impacted the model results. Figure 13 illustrates that the Angereb sub-watershed sediment yield distribution was greater than the tolerable soil loss (T = 10 t/ha/year) for the baseline year of 2017 and for the future (2035, 2055, and 2075) predicted land use/cover changes. According to the distribution of soil loss (flow path technique) and sediment yield (watershed method) model simulation results, the severity level and its spatial extent increased from the near to far future land use/cover change analysis, in comparison with the acceptable loss (T = 10 t/ha/yr.) as a reference for comparison (Figure 13).




3.4.2. Impacts of Climate Change on Flow, Soil Loss, and Sediment Yield


RockClime or CLIGEN version 4.31 was used to create climate PAR files to analyze the effects of climate change on runoff, soil loss, and sediment yield. The monthly maximum and minimum temperatures, monthly precipitation, and wet days projected for the 2030s, 2050s, and 2070s under the RCP4.5 and RCP8.5 climate scenarios were used as inputs to create par files that served as inputs to the GeoWEPP model. The computed water flow for the projected climate for the 2030s, 2050s, and 2070s was compared with the baseline and indicated an increase in RCP4.5 for the 2030s and 2050s and a decrease for the 2070s. For RCP8.5, the decreasing stream flow pattern ranged from 4.01 to 20.65%. The sediment yield rates exhibited an increasing trend for all time windows, with values ranging from 4.1 to 24.95% for RCP4.5 and from 16.51 to 63.55% for RCP8.5, which may be due to an increase in rainfall intensity during the wet season (Figure 14). Climate-change-related increases in sediment yield put the reservoir storage capacity of the Megech Dam under greater stress unless appropriate measures are taken to address them. Onsite soil loss is predicted to increase under the RCP4.5 and RCP8.5 climate scenarios, with ranges of 1.26–5.90% and 11.44–16.86%, respectively.






4. Discussion


Megech River is an important source of water supply for Gondar Town and irrigation use in the Megech watershed. Therefore, evaluating soil loss, sediment yield, and flow as well as assessing climate and land use/cover changes’ impacts are very important. In mountainous areas, such as the Upper Blue Nile Basin, onsite soil loss and offsite sedimentation are the most complex problems threatening agricultural productivity and dam productivity [67,68]. This study examined isolated land use, climate change, and the combined impacts of changing land use/cover and climate on runoff, soil loss, and sediment yield for the Megech watershed. Study results indicated increasing cropland and settlement areas with reductions in forest and rangelands. Studies by Gashaw et al. [69] and Tadesse et al. [70] showed similarity on land use changes in the region, indicating the intensification of soil erosion and sediment yield rates over time in the Upper Blue Nile, Ethiopia. In addition, this study identified climate change and combined scenarios on the impact assessment of watershed soil loss, sediment yield, and flow. The study results of climate change and combined land use/cover and climate changes on soil loss and sediment yield indicated that soil loss and sediment yield rates had higher impacts than land use/cover change for all 2030, 2050, and 2070 timeframes.



4.1. Impact of Land Use Change on Soil Loss, Sediment Yield, and Flow


The findings of this study showed that land use/cover change highly altered soil loss, sediment yield, and river flow of the Megech watershed. To understand land use change patterns and their impacts on the watershed’s hydrology in the Upper Blue Nile Basin, several studies have been performed and reported [13,69,71]. Our study focused on land use/cover change based on the CA-ANN model, and the predictions were for the years 2035, 2055, and 2075, which indicated an increase in cropland and settlement areas with the loss of forest and rangeland in the Megech watershed. Such an increase in cropland and built-up areas and loss of rangeland and forest areas is consistent with other findings reported in the study region [69,72,73] that impacted the soil erosion and flow of the watershed. However, this study integrated land use/cover changes with climate change (RCP4.5 and 8.5) scenarios and employed the process-based GoeWEPP model for the impact analysis. By employing the CA-ANN algorithm for the land use/cover change prediction, this study contributed the technique of applying land use maps and spatial variables to capture the watershed land use dynamics. Additionally, the results of land use change and impacts on soil loss, sediment yield, and flow are useful for sustainable land use planning and implementation of improved soil and water conservation practices to prevent the adverse impacts. Nevertheless, population density data are not directly incorporated into the artificial neural network’s learning process for land use/cover prediction. However, the influence of demography on land use/cover change is indirectly accounted for through spatial variables, such as distance from the city and distance from roads. It is important to note that the model’s prediction results may undergo significant variation due to changing governmental plans, such as the construction of dams and the expansion of agricultural areas, which should be the focus of future studies.




4.2. Impact of Climate Change on Soil Loss, Sediment Yield, and Runoff


In the Megech Dam watershed, we found that climate change had an overall negative impact on soil loss and sediment yield. The maximum temperature showed an increasing trend, while the minimum temperature decreased compared with that in the base period. The projected precipitation showed an increase for some months (wet months) and a decrease for others (dry months), with time windows of the 2030s, 2050s, and 2070s under the RCP4.5 and 8.5 climate scenarios. The studies by Tariku et al. [74] and Getachew and Manjunatha [40] showed similar patterns of temperature, precipitation, and runoff in the study region. These changes result in amplified intensity, consequently leading to an increase in rill erodibility (Kr) and interrill erodibility (Ki), thus increasing soil loss and sediment yield rates over the predicted timeframe. The annual sediment yield rates of the Angereb watershed showed an increasing trend for the RCP4.5 and RCP8.5 climate scenarios for all time windows of the 2030s, 2050s, and 2070s, which implied that climate change will decrease the live storage of dams. Studies in the region also indicated that the RCP8.5 climate scenario produced higher sediment yield and soil loss rates as compared to RCP4.5 [3]. As we projected further into the future, specifically examining scenarios for the near future (2030s), middle future (2050s), and far future (2070s), the intensification of climate change impacts became increasingly evident [40]. This situation was observed across various simulated metrics of runoff, soil loss, and sediment yield. Therefore, in the far future, particularly by the 2070s, climate change impacts are projected to escalate significantly, underscoring the urgent need for proactive measures to mitigate its consequences. This study provided important insights, though it is limited in that only a single method (distribution mapping) was employed in the climate data downscaling and bias corrections, with the ensemble of the five GCM/RCM CORDEX-Africa data, in which a similar weightage was employed, which should be the main focus area of future studies to enhance the accuracy of climate projections.




4.3. Combined LULC and Climate Change Impacts


Figure 15 shows the soil loss, sediment yield, and river flow changes, in percent, under the impacts of combined climate and land use/cover impacts. The change in flow at Angerb River, the main tributary of the Megech River, showed an increase under the combined land use/cover and climate changes impacts for the case of the RCP4.5 scenario. However, the combined effects of land use and the RCP8.5 climatic scenario showed an increase in the 2030s and a decline for the 2050s and 2070s (Figure 15). The results of this study showed that flow declined in the far future predictions, consistent with those of previous studies for the Upper Blue Nile Basin [75,76]. Unlike river flow, the effects of combined land use and climate changes on sediment yield showed a significant increase in the far future. The rate of increase of sediment yield ranged from 23.28% to 41.01% under the combined effects of land use changes and climate scenarios (RCP4.5 and RCP8.5) across all timeframes. Similarly, the relative changes in percentage of soil loss under the synergetic land use change and climatic scenarios (RCP4.5 and 8.5) depicted an increase for all time periods. The results indicated a higher relative change under the RCP8.5 scenario and for the farthest time window. Previous studies on soil loss and sediment yield have shown some degree of consistency in the basin [41]. Therefore, the study findings showed that the combined land use/cover and climate changes substantially changed the soil loss, sediment yield, and flow metrics of the watershed. However, it should be noticed that research findings under the combined impacts of climate changes and land use/cover changes are subject to various uncertainties. Among the various sources of uncertainty, climate models, downscaling, bias correction techniques, land use/cover classification errors, the LULC prediction algorithm, and the GeoWEPP model scaling can be taken as the study’s limitations.



The results clearly indicate that the combined impacts of land use/cover and climate (RCP4.5 and 8.5) changes place significant pressure on the sustainable use of water and land resources in the Megech watershed. The focus of future studies will be on reducing the uncertainties and enhancing the accuracy of the results. Future studies should also include climate mitigation and adaptation and soil and water conservation techniques as strategies to address these significant challenges.





5. Conclusions


This study underlined the potential impacts of land use change and climate change on precipitation and temperature, with a focus on runoff, soil loss, and sediment yield in the Megech Dam watershed. Changes in climate and land use/cover have great potential to impose pressure on water availability, sustainable use of dams, and agricultural productivity in the Upper Blue Nile region.



Three temporal window scenarios of the 2030s, 2050s, and 2070s were selected for the impact analysis, which lie within the useful life of the Megech Dam. The impacts of projected land use/cover and climate on sediment yield, soil loss, and runoff were quantified using the physically based GeoWEPP soil erosion model. The generated land use/cover maps for 2035, 2055, and 2075 indicated an increase in cropland and settlement areas and a decrease in forest and rangelands, while other land uses/cover types, such as water, wetland, and bare land, did not show significant changes. As a result, the soil loss and sediment yield of the watershed increased, while flow depicted inconsistent changes across the selected time periods.



Climate downscaling and bias correction were performed using the distribution mapping technique. The analysis showed that the maximum temperature will increase, while the minimum temperature will decrease. Precipitation was projected to increase for wet months and decrease for dry months under both the RCP4.5 and RCP8.5 scenarios, without a clear pattern. As a result, for the three time windows, the river discharge due to climate change alone and the combination of land use/cover and climate change scenarios decreased/increased by −4.67%/17.32% and 14.18–32.63% for the RCP4.5 scenario and decreased by −4.01% to –20.65% and increased/decreased by 15.07%/−15.53% for the RCP8.5 scenario, respectively.



The sediment yield results showed an increase under the combined land/cover and climate change impacts in all scenarios, with ranges of 23.28–33.37% for RCP4.5 and 25.42–41.02% for RCP8.5, while for soil loss, the ranges were 1.26–5.90% and 11.44–16.86% for RCP4.5 and RCP8.5, respectively. Generally, addressing these challenges requires the use of watershed best-management practices (BMP) and proactive soil and water conservation measures. Overall, policymakers and land managers can mitigate and protect the recently constructed dams’ sedimentation and land productivity losses by adopting climate adaptations strategies and sustainable management practices in the Upper Blue Nile Basin.
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Figure 1. Study area map. 
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Figure 2. Land use/cover and climate change impact framework diagram. 
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Figure 3. Structural map of the multilayer neural network. 
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Figure 4. Future seasonal maximum temperature changes under the (A) RCP4.5 and (B) RCP8.5 scenarios. 
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Figure 5. Relative changes in minimum temperature for the 2030s, 2050s, and 2070s for both the RCP4.5 and RCP8.5 scenarios. 
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Figure 6. Projected mean annual maximum and minimum temperatures compared with historical records. 
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Figure 7. Precipitation relative changes for the RCP4.5 and RCP8.5 climate scenarios. 
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Figure 8. Projected wet days for the 2030s, 2050s, and 2070s for RCP4.5 and RCP8.5. 
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Figure 9. Relative change percentage of precipitation. 
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Figure 10. Cellular automata artificial neural network learning curve for 2012 and 2017 to predict the land use/cover map of 2022. 
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Figure 11. Land use/land cover maps observed in the Megech Dam watershed in (a) 2012, (b) 2017, (c) 2019, and (d) 2022 and in (e) 2035, (f) 2055, and (g) 2075. 






Figure 11. Land use/land cover maps observed in the Megech Dam watershed in (a) 2012, (b) 2017, (c) 2019, and (d) 2022 and in (e) 2035, (f) 2055, and (g) 2075.



[image: Remotesensing 16 02385 g011]







[image: Remotesensing 16 02385 g012] 





Figure 12. Relative change in predicted land use/cover. 
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Figure 13. Under land use/cover change, watershed sediment yield for (a) 2017, (b) 2035, (c) 2055, and (d) 2075 and soil loss for (e) 2017, (f) 2035, (g) 2055, and (h) 2075. 






Figure 13. Under land use/cover change, watershed sediment yield for (a) 2017, (b) 2035, (c) 2055, and (d) 2075 and soil loss for (e) 2017, (f) 2035, (g) 2055, and (h) 2075.



[image: Remotesensing 16 02385 g013]







[image: Remotesensing 16 02385 g014] 





Figure 14. Relative percent change in discharge, hill slope soil loss, and sediment yield rates for the Angereb watershed. 
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Figure 15. Combined climate and land use impacts on discharge, hill slope soil loss, and sediment yield rates. 






Figure 15. Combined climate and land use impacts on discharge, hill slope soil loss, and sediment yield rates.



[image: Remotesensing 16 02385 g015]







 





Table 1. Percent of area coverage by different land use/cover types for 2012, 2017, 2019, and 2022.
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Land Use/Land

Cover Class

	
Area (Hectare)

	
Percentage Distribution




	
2012

	
2017

	
2019

	
2022

	
2012 (%)

	
2017 (%)

	
2019 (%)

	
2022 (%)






	
Water bodies

	
38.97

	
42.57

	
41.4

	
73.98

	
0.092

	
0.100

	
0.098

	
0.174




	
Forest

	
1743.3

	
1042.65

	
1132.02

	
1230.12

	
4.106

	
2.456

	
2.666

	
2.898




	
Wetland/Vegetative

	
5.85

	
0.72

	
0.27

	
0.72

	
0.014

	
0.002

	
0.001

	
0.002




	
Cropland

	
20,880.54

	
29,998.08

	
30,804.57

	
31,252.41

	
49.185

	
70.662

	
72.562

	
73.617




	
Settlement

	
1806.66

	
3347.28

	
4112.46

	
4677.75

	
4.256

	
7.885

	
9.687

	
11.019




	
Bare land

	
291.06

	
0.18

	
1.35

	
0.18

	
0.686

	
0.000

	
0.003

	
0.000




	
Rangeland

	
17,686.44

	
8021.34

	
6360.75

	
5217.66

	
41.661

	
18.895

	
14.983

	
12.290











 





Table 2. Class statistics of land use/cover for 2017, 2035, 2055, and 2075.
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Year

Land Use

/Cover

	
Area (ha)

	
% of Coverage

	
Change Percentages




	
2017

	
2035

	
2055

	
2075

	
2017%

	
2035%

	
2055%

	
2075%

	
Δ %

	
Δ %

	
Δ %






	
Water bodies

	
42.57

	
70.92

	
38.7

	
51.12

	
0.10

	
0.17

	
0.09

	
0.12

	
0.07

	
−0.01

	
0.02




	
Forest

	
1042.65

	
349.47

	
317.52

	
381.87

	
2.46

	
0.82

	
0.75

	
0.90

	
−1.63

	
−1.71

	
−1.56




	
Wetland/

Vegetative

	
0.72

	
1.35

	
0.63

	
0.63

	
0.001

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Cropland

	
29,998.08

	
33,428.88

	
33,480.36

	
36,397.26

	
70.68

	
78.74

	
78.86

	
85.7

	
8.06

	
8.19

	
15.06




	
Settlement

	
3347.28

	
4702.14

	
5115.6

	
4104.9

	
7.87

	
11.08

	
12.05

	
9.67

	
3.21

	
4.18

	
1.80




	
Bare land

	
0.18

	
0.27

	
0.18

	
1.62

	
0.001

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00




	
Rangeland

	
8021.34

	
3899.79

	
3499.83

	
1515.42

	
18.90

	
9.19

	
8.24

	
3.57

	
−9.71

	
−10.65

	
−15.33











 





Table 3. Statistical metric values for calibration and validation periods.
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Runoff

	
Sediment Yield






	

	
R2

	
NSE

	
PBIAS

	
R2

	
NSE

	
PBIAS




	
Calibration

	
0.942

	
0.941

	
−2.41%

	
0.69

	
0.70

	
+3.77%




	
Validation

	
0.75

	
0.65

	
−38.77%

	
0.75

	
0.54

	
+53.01%











 





Table 4. Watershed method simulation results under land use/cover change.
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Simulated Parameters

	
Simulated Model Results

	
% Relative Change by LULC Compared with the Baseline




	
Base

	
2030s

	
2050s

	
2070s

	
2035

	
2055

	
2075






	
Total contributing area

to an outlet (ha)

	
4974.02

	
4974.02

	
4974.02

	
4974.02

	
-

	
-

	
-




	
Avg. Ann. Precipitation volume in contributing area (m3/yr)

	
52,330,679

	
52,330,679

	
52,330,679

	
52,330,679

	
-

	
-

	
-




	
Avg. Ann. water discharge from an outlet (m3/yr)

	
14,001,599

	
15,075,338

	
14,570,401.0

	
14,572,299.00

	
7.67

	
4.06

	
4.08




	
Avg. Ann. total hillslope

soil loss (tons/yr)

	
265,085.50

	
295,608.1

	
315,079.7

	
320,035.7

	
8.26

	
18.86

	
20.73




	
Avg. Ann. Sed. delivery per unit area of the watershed (T/ha/year)

	
32.69

	
34.4

	
36.60

	
37.90

	
5.23

	
11.96

	
15.94
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