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Abstract

:

Changes in land cover (LC) are the major factors influencing the hydrological processes within a watershed. Understanding the impacts of LC on watershed hydrology is crucial for planning and predicting land resource utilization, water resources, and sustaining hydrological balance. This study assesses the hydrological responses of LC changes in the Muger watershed located in the Upper Blue Nile River Basin (UBNRB) from 1986 to 2020. We used the Soil and Water Assessment Tool (SWAT) hydrological model to investigate the effects of LC on the hydrological process. The simulations were driven by several datasets, such as watershed elevations, mean climatology, hydrology and soil datasets, and LC satellite maps for three time periods (i.e., satellite imagery taken in 1986, 2003, and 2020). We found that the key LC changes that affected hydrological parameters in the Muger watershed are changes in cultivation land, forest land, and settlement. The expansion of cultivation land and shrinkage of forest and shrub lands triggered surface runoff and a reduction in groundwater between 1986 and 2003. Additionally, settlement was identified as the primary factor contributing to increases in evapotranspiration (ET) and surface runoff. The LC changes that occurred between 1986 and 2020 reduced the average annual, wet season, and dry season streamflow. Between 2003 and 2020, surface runoff decreased by 3.71% due to the effect of land landscape restoration interventions. The outcome of the study can assist decision-makers and planners in preparing adaptable strategies under changing LC conditions within a watershed.
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1. Introduction


Land cover (LC) variations considerably modify a watershed, which, depending on the type of environmental variable, has considerable effects on hydrological parameters by changing the quality, amount, dissemination, and timescale of streamflows, ultimately impacting the water resource management and operations [1]. Generally, LC changes influence the hydrological parameters of the basin by partitioning rainfall routes into the surface and subsurface runoff, as well as through ET. Similarly, LC variations have an adverse influence on catchments by changing infiltration, flood peaks, groundwater recharge, and sediment transport. Land cover changes have both short and long-term spatio-temporal effects on watershed hydrological components, impacting many fundamental features and processes [2,3,4].



In various parts of the world, modification of LC has affected hydrological systems [5]. To this end, studies on the relationships between LC change and hydrological components were carried out to analyze the impact of LC change on water resources [6]. Understanding and modeling hydrological responses to LC change is essential for optimizing water resource planning and management. Ethiopia, a developing country where agriculture is the mainstay of the economy, faces significant environmental concerns as a result of LC change [7]. The tremendous variability and seasonality of hydrology of Ethiopia’s major surface water resources are the primary water resource management challenges in the country. Additionally, the land has experienced environmental degradation, which contributes to desertification and reduces the potential productivity of the land as a result of competing interactions between historical and current land uses, socioeconomic interests, and ecological goals. To effectively manage LC and hydrology in a watershed, it is necessary to evaluate the impacts of LC dynamics in the watershed on hydrological parameters [7,8].



The study of the hydrological dynamics against LC change in a watershed necessitates the use of advanced hydrologic modeling, which has been a useful tool in the management of water resources for many years. It typically helps to examine the influence of LC change on hydrological processes by taking into account the spatio-temporal catchment characteristics for sustainable water resource management [9]. Physically-based and spatially distributed hydrological models have been utilized to quantify hydrological responses to LC change. The impact of LC change on hydrological processes is currently being simulated using a variety of hydrological models [8,10,11].



Accessibility, simulation of diverse hydrological components and long-term temporal scales at watershed and sub-watershed levels, user-friendly interface, minimal input data requirement, and its capacity to deliver continuous, long-term simulations from small to large watershed sizes are some of the important factors considered when selecting the proper model to meet the study’s objectives [8,11,12].



The SWAT model is a widely tested ‘semi-distributed’ hydrological model used worldwide [11,12,13,14]. It has been applied to large and small-scale river basins in Ethiopia with promising results [15,16]. As a result, for this study, the model was utilized to evaluate the implications of LC change in the Muger watershed. For many years, researchers have assessed the consequences of LC change on hydrological components [17]. Based on the change in LC, the hydrological processes of a watershed reveal a significant rise in surface runoff capacity and rainy season flow. The extent to which changes in LC impact variations in hydrological components, however, varies depending on the characteristics of the watershed [18]. Surface runoff increases due to agricultural land expansion, settlement, and loss of vegetation cover in different parts of the world [2,8,9,17,19,20,21,22,23,24,25,26].



The UBNRB is a significant river basin; it is the largest catchment in the region and the continent’s primary water resource. The Muger watershed is part of the UBNRB in the country’s central highlands. Excessive land degradation caused by increased human density within the watershed has resulted in economic, environmental, and social repercussions, all of which contribute to the degradation of the water in the basin. As far as the authors’ understanding, this is the first study concentrating on the impacts of historical LC change on hydrological responses in the Muger watershed. Previous research in many parts of the country, mainly in the UBNRB, has revealed significant LC dynamics due to natural and anthropogenic processes [2,27,28,29].




2. Materials and Methods


2.1. Study Area Description


The UBNRB is the primary stream of the Nile basin, located in western and central Ethiopia between 7°45′ N and 12°45′ N latitudes and between 34°05′ E and 39°45′ E Longitudes. The basin’s yearly rainfall ranges between 800 mm and 2000 mm. The Muger catchment is administratively located in Oromia regional state, approximately 32 km west of Addis Ababa, which is the capital city of the country. The catchment is a sub-watershed of the UBNRB covering 7246 km2 and joins the UBNRB at 37.93° E and 9.92° N. The Muger River is one of the largest tributaries that join the upper Blue Nile from the basin’s southeast [30,31].



The catchment is found geographically between 37°54′42.57″ E and 39°01′24.16″ E, longitudes and between 9°04′55.54″ N and 9°58′04.64″ N latitudes (Figure 1). The altitude of the Muger watershed varies between 953 and 3550 m above sea level (m.a.s.l.). The southern and eastern highlands of the sub-watershed are higher in altitude, ranging from 2600 m.a.s.l. to more than 3550 m.a.s.l. The Muger River’s lowlands are lower in elevation, at less than 1700 m.a.s.l. The mean yearly rainfall of the watershed ranges from 833 mm to 1326 mm. In the highlands of the sub-basin, relatively high rainfall has been observed. Around the river and in the lowlands, the mean yearly rainfall is between 833 mm and 1000 mm.



The watershed’s yearly maximum and minimum temperature range between 16 and 31.5 °C and between 3 and 16.5 °C, respectively. Lowlands that are hot to warm and moist are found in the watershed’s northwest. Rendzic Leptosols, Eutric Leptosols, Eutric Vertisols, and Chromic Luvisols are the predominant soil types in the basin. In the Muger watershed, small-scale subsistence farming is the main economic activity and the source of sustenance. Cultivation is very intensive in the rainy season.




2.2. Input Data


The inputs for the SWAT model are spatial data (i.e., digital elevation model land cover at different periods, soil) and temporal data (weather and streamflow data) from the catchment to simulate the hydrological parameters.



2.2.1. Topographic Factors


The digital elevation model (DEM) is among the crucial data required by the SWAT model. It is used to derive stream networks, watershed boundaries, and terrain slopes, among others. A DEM with a resolution of 30 m × 30 m was obtained from the Ministry of Water, Irrigation, and Energy (MoWIE) of Ethiopia. It was used to assess the hydrological parameters of the catchment. Five classes of slope were used in this study (Table 1 and Figure 2). The majority of the land in the catchment (32.48%) has a slope class between 15 and 30%, and the remaining land has the rest of the slope classes (Table 1).




2.2.2. Land Cover


LC is input data used to determine the characteristics of a catchment and its impact on hydrological responses. The LC data used in this study are based on the study conducted by Teshome et al. [32] (Figure 3, Table 2). It is a crucial element influencing surface erosion, runoff, and ET, as well as describing the HRU in a given watershed [33,34].




2.2.3. Soils


For the SWAT model to simulate hydrological components for the different soil types, data on the basic physicochemical soil properties are essential. A soil map was obtained from the MoWIE, Ethiopia (Figure 4). The basic physicochemical characteristics of soils in the study area were obtained from FAO soil categorization. Nine types of soil were found in the watershed (Table 3; Figure 4). Rendzic Leptosols, Eutric Vertisols, and Humic Nitisols are the dominant soil types in the study watershed.




2.2.4. Meteorological Data


The daily meteorological data required for the SWAT model include rainfall, temperature, relative humidity, solar radiation, and wind speed. Nine meteorological stations (Table 4) were selected based on their quantity, quality, duration, consistency, homogeneity, and spatial distribution. The Ethiopian National Meteorological Agency provided data for the years from 1983 through 2020. Furthermore, the missing weather data for selected stations were filled with data from different nearby stations using both the method of arithmetic mean and the normal ratio. The double mass curve was used to analyze the homogeneity and consistency of the data, and it was found that the data were consistent.




2.2.5. Hydrological Data


The daily recorded hydrological (i.e., streamflow) data from the gauging stations for the period from 1983 to 2009 were used for the SWAT model calibration and validation. The streamflow data of the Muger watershed were obtained from MoWIE, Ethiopia. These data were collected from five gauging stations in the catchment, i.e., Muger, Deneba, Sibilu, Gerbi, and Gorfo. These are the only gauging stations in the catchment. Therefore, the streamflow data at the gauging stations were interpolated to predict streamflow values at ungauged locations. The description of the gauging stations is shown in Table 5.



The general conceptual framework used for hydrological modeling and assessment of the impacts of land cover change on hydrological processes in the Muger watershed is shown in Figure 5.





2.3. Hydrological Modeling


The SWAT model has been used to evaluate the impacts of LC change on hydrological components in the Muger watershed [35]. The model has been used to examine hydrological parameters in large and small catchments around the world, including Ethiopia [12,15,16,35]. The SWAT model is a long-term, semi-distributed, continuous, deterministic, and effective hydrological model [12]. The fundamental attributes of the SWAT model for a given watershed are hydrology, weather, erosion/sedimentation, nutrients, pesticides, plant growth, agricultural management, routing of ponds and reservoirs, and channel routing [36].



In this study, the basin was divided into a number of sub-basins, which were then further divided into smaller areas known as HRUs (hydrological response units). In a sub-watershed, HRUs are parts of land that have non-spatial units and a unique combination of homogenous soil, land cover, slope, and management attributes [12,13]. The model uses DEM, soil type, LC, and slope to split the Muger catchment into 33 sub-catchments, which were then divided into 434, 435, and 451 HRUs for 1986, 2003, and 2020 LC data, respectively. The HRU has been defined based on a threshold of 10% for land cover, 20% for soil, and 10% for slope [35].




2.4. Sensitivity Analysis


The model’s statistics, including the t-statistic and p-value, provide an indication of the sensitivity of the model variables [37,38,39,40]. A larger t-stat in absolute values and a lower p-value suggest more sensitive factors [37].




2.5. Calibration and Validation


The process of determining model components by comparing simulated parameters with observed data is known as hydrological model calibration [41]. For calibration, the most delicate hydrologic parameters were utilized, and their values were iteratively modified within acceptable upper and lower ranges until satisfactory concordance among measured and simulated streamflow was achieved [12,40]. In this research, calibration and validation were performed using monthly observed streamflow data for 27 years (1983–2009). To this end, the model was calibrated between 1986 and 1999 and validated between 2000 and 2009 using 3 years (1983–1985) of the model spin-up period at Muger watershed gauging stations (Muger, Sibilu, Gorfo, Gerbi, and Deneba).




2.6. Performance Evaluation


An evaluation of the model performance is required to investigate the modeling representation process to the real biophysical circumstances [42,43]. The SWAT model performance for the goodness-of-fit test was carried out according to Moriasi et al. [41]. The various indices utilized to assess the model performance between observed and simulated values were NSE, PBIAS, and R2. The NSE value ranges from −∞ to 1, with a higher value indicating the model’s good performance [38,41,44]. The percent bias (PBIAS) measures how much the observed variable is underestimated or overestimated [41,45]. The coefficient of determination (R2), which ranges between 0 and 1, assesses the consistency of simulated and observed data. Equations (1)–(3) were used to determine R2, NSE, PBIAS, and RSR, respectively. Table 6 shows the overall model performance ratings and their key attributes.
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(3)




where Qsi is the simulated stream, Qoi: is the observed streamflow value,     Q  −  o   is the average observed streamflow,     Q  −  s   is the mean simulated streamflow.




2.7. Model Application


The simulated results were used to analyze the impacts of LC change on hydrologic parameters at the catchment and sub-catchment scales, as well as to analyze the contribution of changes within individual LC categories. Therefore, to analyze the effects of LC on the hydrological parameters of the Muger catchment, the SWAT model was calibrated and validated depending on each of the classified LC inputs (1986, 2003, and 2020) while maintaining the DEM, meteorological variables, and soil data constant. A number of studies have used this approach in various parts of the world [19,24,45,46,47].





3. Results and Discussions


3.1. Performance Evaluation of the Hydrological Model


3.1.1. Sensitivity Analysis


The analysis of sensitivity of the Muger watershed was assessed using the SWAT-CUP at five gauging stations (Muger, Sibilu, Gorfo, Gerbi, and Deneba). As shown in Table 7, the 16 most influential sensitive parameters for the watershed were identified and graded based on how sensitive they are, then prioritized in the calibration process. In order to obtain good concordance between simulated and observed streamflow at each gauging station, the hydrological component values were iteratively modified within the permitted limitations [37,38,39,48]. However, the remaining parameters vary among stations. As a result, most delicate hydrological components were utilized in the processes of model calibration and validation [49].




3.1.2. SWAT Model Calibration and Validation


Niraula et al. [50] suggested that the hydrological model needs to be calibrated before determining the effects of LC change. Five gauging stations were used in the Muger watershed to calibrate and validate the model. The model calibration was conducted for the measured years from 1986 to 1999 and validated using measured data from 2000 to 2009 using monthly data at each gauging station. A model spin-up period was considered to have occurred during the first three years of simulation (1983–1985).



The statistical performance indicators presented in Table 8 demonstrate a good consistency between the simulated and observed streamflow data during the calibrated and validated periods [19,38,41,45]. A graphical comparison of the average monthly simulated and measured streamflow at all gauging stations revealed similar patterns (Figure 6).



The evaluation of the model during the calibration period showed that the SWAT model somewhat underestimated the mean streamflow at Sibilu station by 8.9%. On the other hand, the mean streamflow at Muger, Gorfo, Gerbi, and Deneba stations was overestimated by 4.5%, 20.3%, 13%, and 5.9%, respectively. The model slightly overestimated the mean streamflow at the Sibilu, Gorfo, and Gerbi stations, respectively, by 7.8%, 22.8%, and 17.7% during the validation period, while slightly underestimating it at the Muger and Deneba stations (Figure 6). This could be due to the input data quality, uncertainties, and a restriction of the SCS in the SWAT simulation because the model takes into account daily average rainfall depth rather than intensity and duration [48,51]. The sample size for streamflow data could contribute to the observed limitations in this study. Similarly, the SWAT model has the weakness of underestimating peak flow and sediment during extreme events.



The relative width of the 95PPU was slightly smaller, but it was still within the acceptable range predicted by the model [52]. The model performance is enough to simulate the streamflow in the Muger watershed, as evidenced by the simulated and observed hydrograph, which shows that the model successfully captured the trends of hydrological variations both during the validation and calibration phases. The simulation results revealed that during the calibration and validation stages, the SWAT model successfully replicated the observed streamflow in the investigated watersheds. These results were in line with earlier research conducted in the area [15].





3.2. Land Cover Change Impacts on Hydrological Parameters in the Watershed


The impact of LC change on the hydrological processes of the Muger catchment was evaluated using the LC classes of different periods. The effects of LC modification on the watershed’s hydrological parameters were simulated using the calibrated SWAT model while taking into account three alternative LC periods (i.e., 1986, 2003, and 2020). The impacts of LC modification on watershed hydrology were independently examined with LC change data while the remaining model calibration variables and other SWAT inputs remained constant. Therefore, LC was the sole factor considered responsible for the variations in hydrological parameters. According to the hydrological simulation results, changes in LC had a considerable effect on streamflow and hydrological parameters. The spatial and temporal effects of LC change on the hydrological components of the Muger catchment are presented in Table 9.



The simulation of monthly and seasonal hydrological parameters between 1986 and 2020, based on three historical LC change data, demonstrated great volatility. The mean annual surface runoff increased while groundwater recharge and water yield varied as a consequence of the variations in LC from 1986 to 2003 and from 1986 to 2020. The rate of change of hydrological components is depicted in Figure 7. Generally, the effects of the LC change were associated with the increase in the area of cropland together with a decline in vegetation cover. The results indicated that the expansion of cultivation land and the decline of forest cover from 1986 to 2003 were the key contributors to the increment in average annual surface runoff (Table 2 and Table 9). The amount of surface runoff changed from 319.91 mm in 1986 to 333.55 mm in 2003 as a consequence of the expansion of cultivated land and settlements and the decline in vegetation.



As the amount of cultivated land increases, soil infiltration capacity decreases due to the compaction of soil, which decreases lateral flow and increases surface runoff. In contrast, the surface runoff declined from 333.55 mm in 2003 to 321.61 mm in 2020 due to the gradual increment of shrubland as a result of the implementation of current soil conservation practices in the watershed. A decrease in lateral flow occurred during the 1986–2020 LC change, which caused a reduction in water yield despite an increase in surface runoff. This could be attributed to the poor infiltration of non-vegetated areas. Similar relationships between an increase in surface runoff and a commensurate decline in lateral flow were found by Baker and Miller [24]. In general, surface runoff increased by 4.09% in the first period (1986–2003) and decreased by 3.71% in the second period (2003–2020). Karamage et al. [22] found out that the increase in runoff could be caused by agricultural land expansion and urban sprawl at the expense of forest areas. Similar findings were presented by Teshome et al. [33], who found that soil loss occurs on cultivated steep slopes.



The ET increased gradually from 229.3 mm in 1986 to 229.8 mm in 2003. For the same time span, the increases in grassland and water bodies coincide with the increases in ET. Consequently, in 2020, the average annual ET was 230.6 mm. The reason for the slight increase in ET in the period 2003–2020 could be the improvement in shrubland cover as a result of area closure and regeneration practices of the watershed development and management initiatives put in place. The results of the land cover change analysis indicated that there was an increase in the area of shrubland from 2003 to 2020 (Table 2). This outcome is in line with a study conducted by Dias et al. [53], which found that watersheds with more vegetation tend to have higher ET. A high rate of ET was also reported by Leta et al. [8], which referred to it as the watershed’s largest water consumer. A continuous decline in lateral flow was detected in the watershed. Lateral flow decreased by 3.04%, 2.20%, and 5.31% for the LC change scenarios of 1986–2003, 2003–2020, and 1986–2020, respectively (Table 9).



In comparison to the LC baseline year (1986), the watershed’s average annual water yield increased in 2003 by 0.014% and decreased in 2020 by 0.05%. Similarly, the water yield gradually declined by 0.064% when the LC changed from 2003 to 2020. The annual average groundwater recharge declined by 1.50% between 1986 and 2003. However, in the second period, groundwater recharge increased by 2.01% as a result of the increase in shrubland in 2020 as compared to the 2003 LC (Table 2). In the first period, the annual streamflow of the watershed declined as urban area and cultivation land increased and forest cover, shrubland, and grassland declined. For all the change analysis periods, the watershed’s mean annual streamflow slightly decreased over time.



In addition, the hydrological components were simulated on a sub-basin scale to better comprehend the effect of LC changes. The spatial distribution of hydrological components by LC change from 1986 to 2020 is depicted in Figure 8a,b. The hydrological processes have different characteristics in each sub-watershed. The spatial distribution of increment in ET corresponds to areas that were identified as being covered by forest, grassland, water bodies, and shrubland. Similarly, sub-basins represented by cultivated land generate higher surface runoff. This is consistent with other research studies that indicated higher surface runoff and lower ET in cultivation areas [53,54].



As depicted in Figure 9, the impact of LC change on groundwater flow, surface runoff, lateral flow, water yield, and ET was assessed by comparing monthly mean values. Surface runoff increased from June to September from 1986 to 2020, but water yield increased from June to August and decreased for all other months. Similar conclusions were reached by other researchers [8,45,55]. Flooding may occur as a result of increased surface runoff during rainy seasons, and water scheme operations may be impacted by a decline during the dry season. However, from the graph, the LC change on average monthly water yield and ET was negligible. Similarly, the average monthly streamflow during the wet season decreased from 522.70 m3/s in 1986 to 522.05 m3/s in 2003 and to 521.33 m3/s in 2020. For the dry season (February–March), the mean monthly streamflow was 47.53 m3/s in 1986, 47.33 m3/s in 2003, and 47.31 m3/s in 2020.



The decline in vegetation cover and the increment in cultivation land and settlement decreased the dry season flow throughout the periods. The findings of this study concur with those of other investigations [26]. The alteration of forests to cultivation land from 1985 to 2011 increased the mean wet monthly flow while it decreased the mean dry monthly flow, according to a research finding in the Angereb watershed [23]. In the Quaternary catchment, South Africa, streamflow increased from 2004 to 2013 due to an increment in cultivation land and a decline in the grass and woodland areas (9.8%) [56]. In general, it is observed that groundwater and surface runoff are more sensitive to changes in LC than lateral flow.





4. Conclusions


This study examined the effects of LC change on hydrological components in the Muger watershed, UBNRB, Ethiopia, from 1986 to 2020. The study used the SWAT process-based hydrological model to identify the impacts of LC change on the hydrological processes of the watershed.



The effect of LC change on hydrological parameters was more highly pronounced at the sub-watershed scale than at the catchment level. The assessment of the impacts of LC change on the hydrologic processes was undertaken at the watershed and sub-watershed levels in order to identify the most severely impacted sections of the basin. The impacts of LC change on hydrological processes could be better studied if more uniform distribution of hydrological gauging stations were available.



The findings of the study demonstrated that from 1986 to 2020, ET increased, lateral flow decreased, and groundwater flow showed fluctuations. The LC change brought about more effects on surface runoff, groundwater, lateral flow, and ET, as indicated by the monthly and annual mean values. However, the impact of LC change is negligible on water yield, particularly when considering monthly average values. Due to its adverse impacts on surface runoff and water production, ET is a key factor in determining the availability of water. A slight change in ET brings about major changes in water availability. Therefore, future efforts should attempt to predict ET from different data types, including remotely sensed data.



The loss of forest directly affects the infiltration rate through an increment in surface runoff during the wet season and a decline during the dry season. The reduction in surface water could also have influenced the availability of water resources in the watershed and aggravated the downstream water shortage, especially between 2003 and 2020. As a result, managing and planning regional and local scale interventions in conservation strategies for water resources and land should be a priority. The findings of this study will be useful for policy-making and planning for the sustainable management of water resources and land in the Muger watershed. The findings from this study provide evidence for improving land and water resources management to ensure sustainable production and flow of water in the basin.



The methods used in this research have identified the impacts of LC change on hydrological parameters and are useful in predicting the hydrological repercussions of LC change in other basins. This approach has produced quantitative data that will help manage land and water resources effectively.
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Figure 1. Location of the Muger catchment. 
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Figure 2. Spatial patterns of slope of the Muger watershed. 
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Figure 3. Land cover of the study watershed. 
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Figure 4. Soil types of the Muger watershed. 
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Figure 5. General conceptual methodology used for assessing the effect of LC change on hydrology in the Muger watershed. 
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Figure 6. Average monthly streamflow for Calibration and Validation. 
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Figure 7. Rate of change of parameter values of the hydrological components across temporal intervals. 
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Figure 8. The spatial patterns of changes in hydrological parameters at the watershed level during the study periods (a) 1986–2003 and (b) 2003–2020. 
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Figure 9. Average monthly change of hydrological components of LC of the Muger catchment. 
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Table 1. Slope classes of the Muger catchment.
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	Slope (%)
	Area Coverage (km2)
	% of Area Coverage





	0–5
	1203.17
	16.6



	5–10
	1401.59
	19.34



	10–15
	1044.03
	14.41



	15–30
	2353.29
	32.48



	>30
	1243.92
	17.17
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Table 2. Land cover changes of the study watershed across 1986, 2003, and 2020.
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LC Type

	
1986

	
2003

	
2020

	
Rate of Change (%)




	
Area (km2)

	
Area (%)

	
Area (km2)

	
Area (%)

	
Area (km2)

	
Area (%)

	
1986–2003

	
2003–2020






	
Bare soil

	
84.23

	
1.16

	
63.93

	
0.88

	
38.23

	
0.53

	
−31.74

	
−67.25




	
Cultivation

	
5007.30

	
69.10

	
5210.29

	
71.91

	
5135.83

	
70.88

	
3.90

	
−1.45




	
Forest

	
775.19

	
10.70

	
661.88

	
9.14

	
370.78

	
5.12

	
−17.12

	
−78.51




	
Grass covered

	
114.62

	
1.58

	
252.90

	
3.49

	
33.07

	
0.46

	
54.68

	
−64.85




	
Settlement

	
2.25

	
0.03

	
50.79

	
0.70

	
112.78

	
1.56

	
95.57

	
54.97




	
Shrubland

	
1093.99

	
15.10

	
884.48

	
12.21

	
1496.86

	
20.66

	
−23.69

	
40.91




	
Waterbody

	
168.42

	
2.32

	
121.72

	
1.68

	
58.47

	
0.81

	
−39.51

	
14.20




	
Total

	
7246.00

	
100.00

	
7246.00

	
100.00

	
7246.00

	
100.00
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Table 3. Soil types of the study area and their area coverage.
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	Soil Types
	Area (km2)
	Area Proportion (%)





	Chromic Luvisols
	588.88
	8.13



	Eutric Cambisols
	14.78
	0.20



	Eutric Vertisols
	1231.93
	17.00



	Haplic Luvisols
	304.69
	4.20



	Haplic Nitisols
	184.74
	2.55



	Humic Nitisols
	1071.71
	14.79



	Lithic Leptosols
	158.96
	2.19



	Rendzic Leptosols
	2920.14
	40.30



	Vertic Cambisols
	770.17
	10.63



	Total
	7246.00
	100.00
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Table 4. Basic meteorological data of the stations in the vicinity of the study area.
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	Station
	Latitude (°N)
	Longitude (°E)
	PCP
	T-Max
	T-min
	SSH
	WND
	HMD





	Addis Ababa
	9.02
	38.75
	   √   
	   √   
	   √   
	   √   
	   √   
	   √   



	Kachise
	9.61
	37.86
	   √   
	   √   
	   √   
	   √   
	   √   
	   √   



	Fiche
	9.77
	38.73
	   √   
	   √   
	   √   
	   √   
	   √   
	   √   



	Gohatsion
	10.00
	38.24
	   √   
	   √   
	   √   
	NA
	NA
	NA



	Gebre guracha
	9.82
	38.42
	   √   
	   √   
	   √   
	NA
	NA
	NA



	Derba
	9.43
	38.65
	   √   
	   √   
	   √   
	NA
	NA
	NA



	Chancho
	9.30
	38.74
	   √   
	   √   
	   √   
	NA
	NA
	NA



	Sululta
	9.18
	38.73
	   √   
	   √   
	   √   
	NA
	NA
	NA



	Jeldu
	9.25
	38.08
	   √   
	   √   
	   √   
	NA
	NA
	NA







Note: NA—Not available.
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Table 5. Characteristics of streamflow gauging stations used in this study.
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	No.
	Station Name
	Latitude
	Longitude
	Area (km2)





	1
	Muger
	9.30
	38.73
	489



	2
	Deneba
	9.27
	38.72
	86



	3
	Sibilu
	9.23
	38.74
	380



	4
	Gerbi
	9.15
	38.67
	88.6



	5
	Gorfo
	9.40
	38.84
	49.2
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Table 6. Rates of performance evaluation metrics of a streamflow simulation.
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	Performance Rate
	NSE
	PBIAS
	R2





	Unsatisfactory
	NSE ≤ 0.5
	PBIAS ≥ ±25
	R2 < 0.50



	Satisfactory
	0.5 < NSE ≤ 0.65
	±15 ≤ PBIAS < ±25
	0.50 < R2 < 0.70



	Good
	0.65 < NSE ≤ 0.75
	±10 ≤ PBIAS < ±15
	0.70 < R2 < 0.80



	Very good
	0.75 < NSE ≤ 1
	PBIAS < ±10
	>0.80
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Table 7. Sensitive flow parameters with their fitted value and rank.
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Parameter Name

	
Muger

	
Sibilu

	
Gorfo

	
Gerbi

	
Deneba




	
Rank

	
Fitted Value

	
Rank

	
Fitted Value

	
Rank

	
Fitted Value

	
Rank

	
Fitted Value

	
Rank

	
Fitted Value






	
R__CN2.mgt

	
1

	
−0.1245

	
1

	
−0.1396

	
1

	
−0.1245

	
1

	
−0.1775

	
1

	
−0.1785




	
R__SOL_K (..).sol

	
2

	
1.2889

	
3

	
1.6599

	
10

	
1.2889

	
8

	
1.3243

	
4

	
1.8907




	
V__ALPHA_BF.gw

	
3

	
0.000069

	
5

	
0.00007

	
2

	
0.00007

	
2

	
0.00025

	
11

	
0.000241




	
R__SLSUBBSN.hru

	
4

	
−0.1192

	
6

	
−0.1192

	
14

	
−0.1192

	
5

	
−0.3848

	
9

	
−0.2216




	
R__CH_N2.rte

	
5

	
6.2625

	
4

	
6.7500

	
13

	
6.2625

	
6

	
0.0755

	
5

	
2.1455




	
V__CH_K2.rte

	
6

	
4.165

	
2

	
16.6600

	
5

	
4.1650

	
9

	
0.3750

	
7

	
4.205




	
R__HRU_SLP.hru

	
7

	
5.47

	
7

	
5.4700

	
11

	
5.4700

	
7

	
4.9300

	
2

	
7.01




	
R__SOL_AWC (..).sol

	
8

	
1.974

	
8

	
1.9740

	
4

	
1.9740

	
13

	
2.2860

	
6

	
0.618




	
V__GW_DELAY.gw

	
9

	
3.765

	
10

	
87.6500

	
3

	
3.7650

	
4

	
0.5850

	
8

	
2.03500




	
V__ESCO.hru

	
10

	
0.9811

	
9

	
0.9055

	
12

	
0.9811

	
11

	
0.9227

	
10

	
0.9101




	
R__OV_N.hru

	
11

	
−0.5464

	
12

	
−0.5464

	
7

	
−0.5464

	
12

	
−0.3960

	
12

	
−0.636




	
V__GWQMN.gw

	
12

	
2867

	
15

	
2867.00

	
9

	
2867.000

	
15

	
2913.00

	
13

	
2001.000




	
R__SOL_Z (..).sol

	
13

	
2.2605

	
13

	
2.2605

	
6

	
2.2605

	
3

	
2.4155

	
3

	
2.3485




	
V__RCHRG_DP.gw

	
14

	
0.000225

	
16

	
0.00023

	
15

	
0.00023

	
14

	
0.00037

	
15

	
0.000049




	
V__REVAPMN.gw

	
15

	
0.147

	
11

	
0.1470

	
8

	
0.1470

	
10

	
0.9050

	
14

	
0.98500




	
V__GW_REVAP.gw

	
16

	
0.1453

	
14

	
0.1453

	
16

	
0.1453

	
16

	
0.1447

	
16

	
0.1239
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Table 8. Model calibration and validation performance values for Muger watershed.
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Index

	
Calibration (1986–1999)

	
Validation (2000–2009)




	
Muger

	
Sibilu

	
Gorfo

	
Gerbi

	
Deneba

	
Muger

	
Sibilu

	
Gorfo

	
Gerbi

	
Deneba






	
R2

	
0.62

	
0.64

	
0.84

	
0.61

	
0.63

	
0.67

	
0.81

	
0.67

	
0.68

	
0.62




	
NSE

	
0.62

	
0.64

	
0.83

	
0.6

	
0.63

	
0.67

	
0.8

	
0.6

	
0.67

	
0.67




	
PBIAS

	
−4.5

	
8.9

	
−20.3

	
−13

	
−5.9

	
7.8

	
−15.5

	
−20.1

	
−17.7

	
22.8




	
p-factor

	
0.74

	
0.79

	
0.77

	
0.74

	
0.74

	
0.76

	
0.72

	
0.74

	
0.78

	
0.73




	
r-factor

	
1.04

	
0.84

	
0.95

	
0.9

	
1.14

	
0.69

	
0.68

	
0.72

	
0.82

	
1.29
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Table 9. Average annual hydrological parameters (mm) and their percentage changes for the different periods of LC change in the Muger catchment.
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Water Balance Components

	
1986

	
2003

	
2020

	
Rate of Change in %




	
1986–2003

	
2003–2020

	
1986–2020






	
Surface runoff

	
319.91

	
333.55

	
321.61

	
4.09

	
−3.71

	
0.53




	
Evapotranspiration

	
229.3

	
229.8

	
230.6

	
0.22

	
0.35

	
0.56




	
Lateral flow

	
133.76

	
129.81

	
127.02

	
−3.04

	
−2.20

	
−5.31




	
Groundwater

	
691.94

	
681.69

	
695.67

	
−1.50

	
2.01

	
0.54




	
Water yield

	
1144.89

	
1145.05

	
1144.32

	
0.014

	
−0.064

	
−0.05
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