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Abstract

:

Understanding the dynamics of pesticide transport in the Malewa River and Lake Naivasha, a major fresh water resource, is critical to safeguard water quality in the basin. In this study, the soil and water assessment tool (SWAT) model was used to simulate the discharge of sediment and pesticides (notably the organochlorine residues of lindane, methoxychlor and endosulfan) into the Malewa River Basin. Model sensitivity analysis, calibration and validation were performed for both daily and monthly time steps using the sequential uncertainty fitting version 2 (SUFI-2) algorithm of the SWAT-CUP tool. Water level gauge data as well as a digital turbidity sensor (DTS-12) for suspended sediment transport were used for the SWAT calibration. Pesticide residues were measured at Upper and Down Malewa locations using a passive sampling technique and their quantity was determined using laboratory gas chromatography. The sensitivity analysis results showed that curve number (CN2), universal soil loss equation erodibility factor (USLE-K) and pesticide application efficiency (AP_EF) formed the most sensitive parameters for discharge, sediment and pesticide simulations, respectively. In addition, SWAT model calibration and validation showed better results for monthly discharge simulations than for daily discharge simulations. Similarly, the results obtained for the monthly sediment calibration demonstrated more match between measured and simulated data as compared to the simulation at daily steps. Comparison between the simulated and measured pesticide concentrations at upper Malewa and down Malewa locations demonstrated that although the model mostly overestimated pesticide loadings, there was a positive association between the pesticide measurements and the simulations. Higher concentrations of pesticides were found between May and mid-July. The similarity between measured and simulated pesticides shows the potential of the SWAT model as initial evaluation modelling tool for upstream to downstream suspended sediment and pesticide transport in catchments.
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1. Introduction


Lake Naivasha in Kenya serves as a source of fresh water for most of the farms in the area. It also provides fresh water for domestic consumption and supports a variety of wildlife around the Lake [1]. The long-term use of agrochemicals and the continuous upstream to downstream transport of suspended sediment into the lake could endanger the ecosystem as well as the livelihood of the local people. Intensive and extensive agricultural activities have been identified as the main contributors to sediment generation in the Lake Naivasha catchment [1]. Furthermore, pollution by agrochemicals causes the death of the aquatic life that provides a livelihood for many fishermen in the area.



Generally, the transport of agrochemicals and sediment that are mainly associated with runoff, raise concern about the management of water quality and quantity in watersheds. Sediments and adsorbed pesticides cause the deterioration of the quality of fresh water bodies in various regions in the world [2]. Turbidity, light penetration and dissolved oxygen are all to a large extent affected by sediments. Moreover, sediments can transport adsorbed pollutants into water bodies [3]. The estimation of runoff, sediment and pesticide loading into a water resource can be helpful in many applications, such as protection of aquatic life habitats. Understanding the movement of pesticides in catchment is very important to determine their concentration in receiving water bodies. This is vital as pollution by pesticides could be associated with human health risk [4]. For studying environmental pollution, measuring all soil erosion resources and sediment transport plus the chemical processes is not feasible through the traditional ways [5]. Combining all of the hydrological parameters and the variations of the pollutants during the transport, increases the complexity of estimating the transported sediment and pesticides by runoff. Therefore, simulation models can be of assistance and form an appropriate way to provide spatiotemporal information on sediment and chemical transport.



In hydrological studies, the application of models has increased in support of environmental planning and decision-making. Models can be a cost- and time-effective way for evaluating and quantifying pollutants [6]. There are various hydrological models in use for simulating hydrological behavior and estimating different variables such as runoff, sediment, and agrochemicals under varying climatic and land conditions [7]. Borah and Bera [8] reviewed and provided a summary of models that could be used to simulate transport of pesticides. Their results indicated that AnnAGNPS (annualized agricultural nonpoint source model), HSPF (Hydrology Simulation Program-FORTRAN) and SWAT (Soil and Water Assessment Tool) were most appropriate for pesticide modeling. SWAT is a basin simulation model developed for simulation of the effects of practices carried out on land in vast and heterogeneous watersheds. It is a physically based semidistributed model implemented in ArcGIS that aims to predict the impact of land practices on water and of sediment and agrochemical production in watersheds for diverse soil types and varying land use and management conditions [9]. This model has been used in different studies for simulating discharge, sediment yield and agrochemicals transport [6,10,11,12,13,14,15,16,17,18] and in most of them the capability of this model has been confirmed.



For estimating the variables and parameters used by the hydrological models, it is necessary to calibrate the model based on field measured parameters. It should be noted that direct measurement of all the variables used by SWAT model, which contains a huge number of variables, would be a practically impossible approach [10]. Calibration of the model, which has to be achieved by adjusting the hydrological parameters in the model in a reasonable range, will need to focus on the most sensitive parameters [19]. In such circumstances, inverse modeling (e.g., using SWAT-CUP) may be a promising method for calibration [20], as it is based on assigning uncertainties to the variables in order to match the outputs with the measured data using an objective function [10].



This study focuses on hydrological modeling of runoff, sediment and pesticides residues in the Malewa River Basin located in the Lake Naivasha catchment, Kenya. The study aims to quantify the pesticides that are washed out from the sub-basins and their possible connection to Lake Naivasha. This may provide information for management to adopt in order to curb the pollution risk and thus to safeguard the natural aquatic ecosystem of the Lake.




2. Materials and Methods


2.1. Study Area


Lake Naivasha catchment is located in the Eastern Rift valley of Kenya at 00°10′ to 00°55′ Latitude South and 36°10′ to 36°40′ Longitude East in zone 37 of the Universal Transverse Mercator (UTM) coordinate system (Figure 1). The lake forms a closed basin without identifiable outlet [21]. The eastern side of the catchment (Aberdare Ranges) has the highest elevation at 3990 m above sea level, while the lowest elevation is about 1980 m [5]. The catchment climate is semi-arid with mean monthly temperatures of around 16 °C and maximum and minimum mean temperatures of 26 °C and 7 °C, occurring in January and August, respectively. Rains occur from March to June (the long season) and short rains are experienced from October to early December. The average yearly rainfall in the lake area is about 600 mm with the high-altitude areas receiving about 1200 to 1500 mm [5]. The rainy seasons are preceded by dry months that span from December to February and from July to September. However, these periods are not constant and may change over the years.



The major rivers in the Lake Naivasha catchment are the Malewa, Gilgil and Karati rivers. The Malewa River is the dominant river responsible for up to 80% of the total inflow into the lake [22] and forms a sub-basin of approximately 1600 km2 in the Naivasha catchment. The study focuses on this sub-basin (Figure 1). There is also a small diversion dam near the Turasha stream outflow to the main Malewa River. This diversion draws and transfers about 1800 m3/day of water to the Lake Nakuru basin (and city) outside the study area. A large portion of the sub-basin land is used for agriculture (both irrigated and rain-fed). Natural vegetation (shrubs, grasses and forests) also cover a large area of the catchment. The main agricultural activities in the basin consist of small-scale crop growing of, for example, pyrethrum, wheat, maize, onions and potatoes. A considerable portion of the study area has been put under pasture and livestock rearing, which is practiced both intensively and extensively.




2.2. Data Procurement


A digital elevation model (DEM) forms the essential input for the provision of topographic information in the basin. An Advanced Space borne Thermal Emission and Reflection Radiometer (ASTER) satellite sensor-based DEM with a resolution of 20 m and WGS_1984 datum for the Lake Naivasha catchment was used. Land use–land cover (LULC) is a major input component of the SWAT model (Version 2012, Texas A&M University, Texas, TX, USA) as it is used in analysis of hydrological response units (HRUs). The characteristics of the various vegetation and land cover types dictate the hydrological response in the area. Based on land cover and land use, SWAT is thus able to compute the canopy storage and the runoff by which soil is eroded into the streams [23]. Therefore, a LULC map with 30-m resolution that was derived from Landsat 7 Enhanced Thematic Mapper (ETM) for the study area [24] was used. The map has 12 general classes and closer visual inspection proved that there was a fair match between the map and the ground LULC. The soil map adopted for use in SWAT was derived from Kenya Soil Survey maps and data. The parameters that were missing in the soil map were identified by field measurement and/or laboratory determination. The hydraulic conductivity, bulk density and the percentages of sand, silt, clay and rock in the soil were derived from soil samples identified during the field expeditions and further determined in the laboratory. Daily precipitation data from 11 rainfall stations plus the minimum and maximum daily temperature data from three stations within or close to the catchment were acquired. It is noticeable that the catchment has a tropical climate with relatively small spatial temperature variations in which there occur no very low (e.g., freezing temperatures) as well as no extremely high temperature (due to the moderate highland altitude 1800–2500 m on the equator). Therefore it is assumed that the temperature data could represent the studied area properly. Additionally, the long term meteorological data such as average solar radiation, relative humidity and wind speed were also provided for the model’s weather data definition. It is notable that relative humidity and wind speed datasets are not needed to provide for the model when the Hargreaves method is selected for determining the potential evapotranspiration.



The River Malewa Basin has several gauge stations (Figure 1) installed for the daily measurement of discharge. These are monitored and managed by the Water Resources Management Authority (WRMA) in Naivasha. Not all gauge stations were in operation, but the ones that had enough data to be used in the modeling were the 2GB04, 2GB05, 2GB08, 2GC04 and 2GC05 stations. The daily discharge data for the years 2004–2017 was obtained from the database of the WRMA. There were no pesticide application data available regarding organochlorine pesticides (OCPs) in the studied area covering this study period. These kinds of pesticides have been banned from import and use in Kenya for many years. However, there is still a risk of finding their residues in the catchment [25]. Therefore, a field survey was conducted to gather information on farm operation management such as cultivation practices, cultivated crops, harvesting methods, pesticides applied, as well as times and amounts of application of these pesticides. The 2016–2017 surveys did not reveal any data on OCPs. Then, a field campaign was carried out in June–July 2016 to measure pesticide content using passive sampling technique (silicon rubber sheets) at 2GB04 and 2GB05 stations (Figure 1), located in the main river as Upper Malewa and Down Malewa [26]. Passive sampling method allows the measurement of low concentrations by collecting the pollutants over a long time period (e.g., some months). Therefore, the samplers were deployed at the sampling stations during June–July according to the relevant passive sampling instructions [26]. After the exposure time, the samples were collected from the sampling stations and after the initial preparations in the lab, the organochlorines residues were analyzed using a gas chromatograph in combination with an electron capture detector (GC-µECD) [26].



Based on the results of these measurements, the residues of methoxychlor, lindane, and endosulfan (sulfate) were found in the Malewa River Basin. It is noticeable that endosulfan-sulfate is the oxidation product of endosulfan as the parent insecticide that was evaluated. However, the possible time and amount of application and physiochemical properties of these pesticides’ parameters, such as soil adsorption coefficient (SKOC), wash-off fraction (WOF), half-life in soil and foliage (HLIFE_S and HLIFE_F) as well as solubility in water (WSOL), were acquired as input to SWAT. Additionally, daily suspended sediment monitoring data were also obtained by installing a Digital Turbidity Sensor (DTS-12, Forest Technology Systems, Victoria, BC, Canada,) in the river at 2GB04 station from April to December 2017. The DTS sensor measurements were taken at 15 min intervals to capture the variations at high temporal resolution. The DTS data were also calibrated against sediment concentration, during suspended sediment sampling campaigns (April–June and September–October, 2017) using a US DH-48 hand-held depth-integrating sampler (US. Geology Survey, Reston, VA, USA).




2.3. Model Setup


The ArcSWAT interface (Version 2012, Texas A&M University, Texas, TX, USA) was used for modeling discharge, sediment and pesticide transport in Malewa River Basin. The model delineates the watershed into sub-basins and Hydrological response units (HRUs). The HRU is defined as a unit of uniform hydrological response and land properties in terms of land cover and use, soil and topography. A sub-basin is defined as an area that is composed of several hydrological response units [27]. Based on the combination of the data fed into the model (e.g., topography, land cover and use, soil properties and weather data), the model uses the HRUs and the sub-basins during its simulation to predict the discharge inflows and outflows as well as the sediment and chemical transport from every sub-basin.



After overlaying the land use, soil and slope maps, 147 HRUs with 22 sub-basins were created. The HRU thresholds were set to 10%, 5% and 10% for land use, soil and slope respectively [7]. The weather data in the model consist of precipitation, temperature, relative humidity, solar radiation and wind speed. These input tables can be either introduced to the model or simulated using a weather generator option in the model. However, as rain data are governing input data that directly influence the results [12], it is important to provide the model with the measured rain data. The model calculates the hydrological parameters for the HRUs, which are linked to the sub-basin’s level and finally routed to the outlet points of the basin [12]. Calibration and validation of the model for discharge data was, respectively, performed from 2007 to 2012 (with a three-year warm-up period from 2004 to 2006) and 2013 to 2017. As sediment and pesticides data time series was short, the model was (only) validated with discharge measurements. The daily sediment data were collected during nine months (April–December, 2017) and pesticides were collected during two months (June–July, 2016) of taking measurements.



Discharge is a key factor in sediment transport, and calibration of the sediment was done on the discharge-calibrated and validated model. The model was calibrated for both daily and monthly data to determine which approach would provide a better output. The Soil Conservation Service (SCS) was used to estimate the surface runoff [6], which is governed by curve number (CN) values. This method is a function of soil infiltration, land use and soil moisture [12] with a larger CN representing higher potential runoff yield, and vice versa. The hydrological process is based on the water balance, which is a function of precipitation, evapotranspiration, quick runoff, irrigation, infiltration rates and lateral flow [27]. The hydrological component of the model at each HRU simulates the hydrological balance using following equation:


SWt=SWo+∑t=1t(Rday−Qsurf−Ea−Wseep−Qgw)



(1)




where SWt is final soil moisture content (mm), SWo is initial water content (mm), t is time in days, Rday is precipitation (mm), Qsurf is surface runoff (mm), Ea is Evapotranspiration (mm), Wseep is amount of water seeping into the soil profile (mm) and Qgw is amount of return flow (mm).



As pesticides move through runoff and sediment, either dissolved in water or attached to soil and sediment particles, monthly and daily sediment calibration was also performed with this calibrated model being used to simulate pesticide movement. The Modified Universal Soil Loss Equation (MUSLE) is applied in the SWAT model for the calculation of sediment yield. This equation is a function of surface runoff and is defined as:


Sed=11.8×(Qsurf×qpeak×areahru)0.56×KUSLE×CUSLE×PUSLE×LSUSLE×CFRG



(2)




where Sed is the sediment yield (metric tons) of a HRU, Qsurf is the volume of surface runoff (mm/104·m2), qpeak is peak runoff rate (m3/s), areahru is area of the HRU (104·m2), KUSLE is Universal Soil Loss Equation (USLE) soil erodibility factor, CUSLE is USLE cover and management factor, PUSLE is USLE support practice factor, LSUSLE is USLE topographic factor and CFRG is coarse fragment factor.



Surface runoff transports adsorbed pesticides in sediment and into the main channels. The adsorbed pesticide loads can be calculated by the following equation:


Pstsed=0.001Csolidphase×sedAreahru×εpstsed



(3)




where Pstsed is Sediment with adsorbed pesticide in the main channel (kg pesticide/104·m2), Csolidphase is Concentration of sediment on the top soil layer in ton soil, sed is daily sediment yield (metric tonnes), Areahru is the area of the HRU (104·m2), εpstsed is enrichment ratio of the sediment. The total amount of pesticides is calculated by summing up the adsorbed and the dissolved amounts.




2.4. Model Sensitivity Analysis, Calibration and Validation


Usually, initial modeling with SWAT using default parameters does not produce promising outputs in relation to model inputs [12]. This calls for the model to be calibrated, which involves adjustment of parameters until the simulation results match with the observed data for a specific time period. The identification of the best adjusted parameters for better simulation is achieved with a sensitivity analysis, with the aim to minimize the amount of time consumed trying to calibrate the model. Based on different studies [6,12,15,28], there were various parameters related to discharge, sediment and pesticides transport to be calibrated. The surface runoff lag coefficient (SURLAG) was responsible for the control of the fraction of the total amount of water that entered the outlet in a day (Table 1). The groundwater delay time that controls the amount of time it takes for water to move from the vadose region to the deeper shallow aquifer was affected by the groundwater delay (GW_DELAY) parameter, while the base flow alpha factor (ALPHA_BF) factor governed the discharge recession curve intended to correctly depict the base flow drainage tendencies of the watershed. The parameters related to the channels, such as Manning’s value (CH_N2) and hydraulic conductivity (CH_K2) were also used to adjust the discharge. The flow of water through the soil was regulated by the hydraulic coefficient parameter (SOL_K) and threshold depth outflow from shallow aquifer (GWQMN) was needed for return flow to occur. The model parameters that were used for calibrations and the applied metrics for model performance are presented in Table 1, Table 2, Table 3 and Table 4.



The calibration and uncertainty procedures (SWAT-CUP) tool was used to find the most sensitive parameters in the modeling. In this model, the SUFI-2 algorithm was selected to describe the uncertainty of the parameters based on a uniform distribution assumption. This algorithm is able to perform the approximation at a 95 percent prediction uncertainty level called 95PPU [6]. SUFI-2 initially assumes large uncertainty in the parameters covering all the observed data at 95PPU level. This uncertainty is reduced in subsequent rounds until the difference between the upper and the lower parts of 95PPU—97.5% and 2.5% levels—is minimized and 95PPU includes 80–100% of the observations [10]. The SUFI-2 algorithm uses a Latin hypercube [29] sampling approach where n parameters are combined in a satisfying simulation number (500–1000 runs), with the simulations thereafter being assessed using an objective function [10]. There are several objective functions in SWAT-CUP dealing with model calibration [30]. In this study, the Nash–Sutcliffe coefficient, R squared and percent bias (PBIAS) (Equations (4)–(6)) were used as model performance measures for the assessment of discharge and sediment simulations [31] that permit an appropriate parameter and model performance evaluation.


NSE=1−∑i=1n(yiObs−yisim)2∑i=1n(yiObs−ymeanObs)2



(4)






R2=(∑i=1n(yiobs−ymeanobs)(yisim−ymeansim)∑i=1n(yiobs−ymeanobs)2×∑i=1n(yisim−ymeansim)2)2



(5)






PBIAS=∑i=1n(yiObs−yisim)∑i=1n(yiObs)×100



(6)




where YiObs is the ith value of observed data, Yisim is the ith value of simulated data, YmeanObs is mean value of the observed data and YmeanSim is mean value of the simulated data. The NSE ranges from −∞ to 1. Values for the NSE from 0 to 1 indicate a tolerable level of performance, while values below zero are not acceptable. PBIAS represents the average affinity of the simulated values to be more or less than measured data [31]. The model was calibrated based on the most sensitive parameters (Table 1) for surface discharge data from the sampling stations that had a complete dataset for the period 2004–2012. The model was then validated against the measured data for the period 2013–2017 without further adjustment of the parameters. The results were evaluated for correctness using the suitable model performance statistical measures of PBIAS, NSE and R squared. The model was also calibrated for the sediment simulation by keeping the discharge related parameters fixed and adjusting the sediment related parameters (Table 3) [32]. Finally, as there was a pesticide data shortage, the average monthly data over two months were used to gain insight in the pesticide simulation based on operational management in the basin. Without changing other parameters in the model, the parameters governing pesticide movement were adjusted manually to achieve the best possible match between the model results and the measured pesticides at 2GB04 and 2GB05 station (e.g., Upper and Down Malewa, respectively). The possible times of pesticide applications and cultivation practices were assumed to be in the rainy seasons, when agricultural activities occur. It should be noted that per simulation, only one pesticide can be traced [33], therefore, the model calibration for pesticides was separately performed for methoxychlor, lindane and endosulfan (Table 4).





3. Results


3.1. Discharge Simulation


The sensitivity analysis of the model using SWAT-CUP indicated 16 sensitive parameters related to discharge (Table 1) that could be adjusted to calibrate the model. The results showed that the discharge peaks during the simulations were most sensitive to curve number (CN2) values and the SOL_K parameter, which both vary spatially in the basin, and other parameters were in lower level of sensitivity.



The results of the statistical evaluation of discharge simulations is presented in Table 2. The results of calibration for daily simulation in the gauge stations showed an R2 between 0.61 and 0.05, NSE between −1.20 and 0.47 and |PBIAS| up to 50% that based on Moriasi et al. [31] were unsatisfactory. While the monthly simulations with an R2 of 0.70 to 0.86, NSE of 0.51 to 0.64 and |PBIAS| within 15% showed satisfactory to very good outputs [31] (Figure 2 and Figure 3). As in some of the stations the time period for daily and monthly calibration was not the same, the PBIAS values were different for daily and monthly simulations. During the validation period also, the results of the daily discharge simulation at the stations varied between 0.28 and 0.60 for R2, between 0.02 and 0.47 for NSE and up to 66% for |PBIAS|. Comparing the simulated and measured data for the monthly validation period also showed satisfactory to good results [31]. Generally, the results showed that the output of the model was appropriate. Moreover, the results of the uncertainty analysis showed more than 70 percent of the discharge variations to be bracketed by the 95PPU during both calibration and validation of the monthly simulation, confirming a promising model output [6,30]. Abbaspour et al. [34] introduced a P-factor and an R-factor to quantify the match between simulated and measured data. The percentage of the enclosed observed data is represented by the P-factor while the R-factor shows the thickness of the 95PPU. They also suggested that a P-factor of more than 70 percent and an R-factor of about 1 denote a good result. The results of the monthly simulation revealed a P-factor of more than 80% and an R-factor of 1.1, confirming a satisfying monthly discharge simulation.




3.2. Suspended Sediment Tranpsort Simulation


The parameters that were specifically related to sediment loadings from the HRUs and sub-basins that were most sensitive in the model calibration are found as Table 3. The results of sensitivity analysis showed that among these parameters, the most sensitive one was the USLE soil erodibility factor (USLE-K). The soil conservation support practice factor in the USLE equation (USLE_P) was in the second rank and depends on land use—land cover of the area. This parameter represents the human interventions with the soil, and the crop management processes that take place in the basin. The parameters of channel cover (CH_COV) and channel erodibility (CH_EROD) also showed high sensitivity and could influence the amount of simulated sediment production due to sediment loss from the channels [12]. The comparison of daily and monthly results showed that simulated and measured sediment matched well (Figure 4), with the monthly simulation exhibiting better results than the daily steps. The statistical results of model performance also showed the R2 = 0.51, NSE = 0.44 and |PBIAS| = 19% for the daily and R2 = 0.60, NSE = 0.70 and |PBIAS| = 19% for the monthly simulations that both are in range of satisfactory to good [6,31].




3.3. Pesticides Transport Simulation


Although data on organochlorine pesticides loading in the rivers of the Lake Naivasha catchment were limited for a full model calibration and validation [25], the attempt at simulating the fate of the pesticide residues of methoxychlor, lindane and endosulfan using in-situ measured concentrations could help gain insight into pesticide application and mobility in the study area. The sensitive parameters in the model calibration of pesticide residues are presented in Table 4. The results of this calibration demonstrate that application efficiency (AP_EF) forms the most sensitive parameter when simulating the pesticides. HLIFE_S and HLIFE_F that show half-life duration (days) of the pesticides in the soil and on the foliage, respectively, also proved highly sensitive in the calibration.



Correlation between the simulated and measured pesticide residue concentrations at the Upper Malewa and Down Malewa sites is represented in Table 2 and Figure 5. The results of pesticide transport modeling are based on data converted from mass-transported amounts to pesticide concentrations. It was found that most applications and consequently the highest concentrations of the studied pesticide residues occurred from May to mid-July during the simulation period. The simulation results showed the month May to have the highest pesticide loading into the rivers for all studied pesticides. According to the results of simulations that are supported by measured data, endosulfan had the highest concentration on average, i.e., from 22 to 28 ng/L. During June and July, the model mostly overestimated pesticide residue concentrations. However, the model simulated a valid and observed trend in pesticide variation based on the measured data, confirming the capability of the SWAT model to evaluate the rainfall–runoff-based transport of pesticide residues.





4. Discussion


Rainfall–runoff and river discharge are the main driving force behind the movement of sediment and pesticides through the basin. Therefore, an appropriate calibration of the SWAT model, which is a physically based model, can play an important role in final outcomes. By applying SWAT-CUP as a tool for calibrating the model, the values of the observed and the model simulated monthly discharge for the calibration period (2007–2012) were found to display a satisfactory statistical agreement. The daily simulation results were not as good as the monthly ones. In fact, the SWAT model generally displays better results over longer steps than short (e.g., daily or hourly) steps. The studies by Liu et al. [35] and Spruill et al. [36] also demonstrated that the model had a better performance in monthly and yearly simulations than the daily steps that can support the results of this study. This may be attributed to the fact that daily rainfall–runoff processes display higher variability rather than aggregated data on monthly basis in which the average of accumulated data is taken and the local and any short-term variations are smoothed while the general trend is still followed. The studied basin has very diverse land properties (e.g., slope, land cover and use, soil), which may influence the response to rain events in hydrological units on a daily scale. Different sub-basins have varying features and the sensitive parameters for discharge simulation may differ from one to another. However, the results of several studies [12,15,28,37] demonstrate that the SCS curve number for soil moisture condition (CN2.mgt) is the most or, at least, one of the most sensitive parameters in model calibration for discharge simulation, which is supported by the findings of this study. This landscape parameter can affect the peak flow [6] and varies across hydrological units, based on their land use and soil properties, which can affect their potential for runoff from rainfall events. Soil hydraulic conductivity (SOL_K) follows as next most sensitive parameter in discharge simulation, showing the potential for soil infiltration by either transforming the rain into surface discharge or conveying the water down into the soil layers. It should be noted that the Lake Naivasha catchment has diverse soil properties, with high spatial variability in the soil parameters (e.g., SOL_K of between 4 and 41 mm/h). Moreover, although this is a simplified explanation of the relation between surface and groundwater, GW_DELAY, GWQMN, GW_REVAP, and CH_K2 were used to simulate their interaction in the modeling [6,38].



The diagram of the calibration (2007–2012) and validation (2013–2017) periods shown in Figure 6 demonstrates agreement between discharge and precipitation with slight underestimation by the model in the wet seasons and overestimation in the dry seasons. The statistical evaluation measurements of the model’s monthly simulations are also acceptable (R2 > 0.46 and NSE > 0.44), which means that the selected range of model parameters matches the basin condition. The reason that the dry seasons are slightly overestimated by the model may be caused by the curve number method not being able to generate runoff accurately during prolonged dry periods despite independent rainfall events occurring during that time [39].



The simulation of sediment production and transport showed that most of the sediment is produced during events of high rainfall and discharge. The discharge is a proxy for soil erosion. As more soil is eroded the sediment amounts in the stream channels will increase. This is in agreement with findings by Asres and Awulachew [40], who explored sediment yield in the Gumera watershed of Ethiopia. The calibration of the model for sediments over nine months captured both the wet and dry season in the area. Normally, the main rainy period is during April–June, but because of a short drought in the catchment, the rainy season was delayed to July–October. Comparing simulation results against the observed sediment loads confirmed that there was more sediment production in this period, receding from October onwards (Figure 4). Exploring the daily results of the sediment estimation showed that although the R2 of simulation was almost promising (R2 = 0.51), the results were not as good as for the monthly simulations. The conclusion is that the model does not satisfactorily detect discharge and sediments produced by single storms in a day. It is more accurate in predicting sediment yield by a series of continuous rainfall events.



However, statistical comparison between the monthly simulated sediment loads and the observed loads demonstrated that the performance of the model was reasonable. Soil erosion in SWAT is based on the Modified Universal Soil Loss Equation (MUSLE) [41]. Sensitivity analysis and calibration of this equation in the Malewa basin was explored by Odongo et al. [5] and the results showed that the model could reasonably be applied for sediment simulation. Moreover, comparing the daily results of this study with their results based on some events that occurred during September to October showed that the range of sediment yields were comparable. Two of the most sensitive variables that were used in the model calibration for estimation of sediment transport were USLE-K and USLE_P. The first factor shows the inherent susceptibility of soil to erosion by water and can be calculated as the eroded soil mass per unit rainfall erosivity and area [42]. This parameter can be estimated from soil properties such as soil texture, organic matter and structure [42]. USLE_P is related to soil conservation conditions such as land contouring, tillage and terracing and demonstrates the effect of surface management on erosion processes during runoff events. But as it is difficult to determine the real value for this factor, a calibrated or default value is applied, which is not to be recommended [42]. Changing these two factors to a calibration factor in the SWAT model allows matching between measured and simulated data, while these parameters in fact need to be derived from soil or land surface properties. Therefore, as these factors are not single parameters that can be changed by calibration, it is understood that the SWAT model simplifies the estimation of soil erosion and sediment yield.



It should be noted that calibration of the model on a large scale is associated with many uncertainties [43], with the main uncertainty possibly being caused by agricultural management activities, which can influence the sediment loading [6]. Nonetheless, calibrating the model using a high-quality dataset that was recorded automatically and compiled with rainfall events should aid the achieving of a proper sediment estimation. The simulation of the sediment load depends on several factors in the watershed. These factors could be physiographical, the contribution of the watersheds to the stream flow that moves to the outlet, the quantity of the highest rate of runoff, the intensity of precipitation and concentration of the sediment [12]. The SWAT Model produces the sediment results per sub-basin, making analysis at sub-basin level possible. The possible causes leading to various sediment production fluxes in the catchment were investigated to ascertain the different factors other than the precipitation amounts and geographical factors that could influence the sediment production rate in each sub-basin. The SWAT model uses the Thiessen polygon method to allocate the nearest rainfall station to a sub-basin. The variations in rainfall around the basin could lead to different amounts of sediments being produced in the catchment. Moreover, sub-basins with more agricultural activity as well as high slopes could have higher rate of sediment yield than other parts. This finding confirms that agricultural activity on the higher slopes of a sub-basin encourages soil erosion and hence sediment production.



Integrating the results of discharge and sediment simulations for the daily and monthly steps confirmed that the monthly simulations were more reliable than daily simulations which was overall unsatisfactory. By selecting the monthly time step for estimating the pesticide load, it became possible to evaluate pesticide transport. There are several studies that have applied the SWAT model successfully to simulate pesticides transport in catchments [6,11,16,44]. This proves the capability of this model for exploring chemical transport by water. In this study, because of limited data, the model validation of the pesticides was not done which can cause uncertainty of the results. However, as other studies in this catchment about organochlorine pesticides used only grab samples analysis (spot measurements) [25], the modeling in this study can be considered as a pilot application which improves our insights into the pesticides transport in the catchment. Moreover, use of passive sampling that allows measuring low concentrations of pesticide residues, helped the improvement of the data for more reliable modelling and assessment.



From the sensitive parameters in pesticide simulations (Table 4), it can be seen that increasing the application efficiency (AP_EF) caused an increase in the quantity of pesticide that entered the system, consequently increasing the pesticide load as well. Comparing the effect that this parameter had on the pesticides simulation with the study by Chen et al. [6] supported this finding. The pesticide percolation coefficient (PERCOP) was also seen as an important parameter to be defined and has been reported in different studies [11], however 0.50 was found to be the best match with the simulation. The next parameter that had most effect on the results was HLIFE_S, which controls the pesticides degradation process. Obviously, by increasing this parameter, more pesticide residue has a chance to be washed out and reach the streams during the runoff events [6]. Normally organochlorine pesticides have a long half-life and, depending on the conditions can remain in the environment from some months to some years [45]. Lindane (for instance), also known as gamma-hexachlorocyclohexane (γ-HCH), has various isomers (e.g., α-HCH, β-HCH, γ-HCH, δ-HCH) that are used as insecticide for protecting fruits, vegetables and animals. These isomers are very stable in environment (half-life of years) and are categorized as the persistent organic pollutants (POPs) by the Stockholm Convention on persistent organic pollutants [46]. The environmental fate and distribution of lindane, like that of other organic chemicals, is related to environmental conditions and its interactions with other environmental compartments as well as the physical chemical properties of the isomers [47]. Methoxychlor also binds strongly to soil particles and might be transported by wind and rain in eroded polluted soils or can be washed to water bodies by runoff. Depending upon the existence of photosensitizers, methoxychlor can have a half-life of 4.5 months to half-life of less than 5 h [45]. Half-life of methoxychlor in sediments in anaerobic is more than 28 days and aerobic is more than 100 days [45]. Endosulfan has some isomers such as α-endosulfan, β-endosulfan and endosulfan sulfate that have high acute toxicity and could remain in environment. The main metabolite of endosulfan degradation in soil is endosulfan sulfate that is the oxidation product of endosulfan [48]. The fate of endosulfan is strongly governed by environmental conditions. When it is released to air, the vapor-phase endosulfan can be degraded in the atmosphere with half-life of about 2 days [49]. When released to soil, based on its SKOC values, it can have an average to only low mobility and is not expected to volatize from the soil. In this condition, half-lives of 32 and 150 days for aerobic and anaerobic soils have been reported [49]. If released to water, the suspended solids could adsorb the endosulfan and under aerobic and anaerobic conditions the half-life varies between 2 and 8 days, respectively [49]. Therefore, with regard to these various physico chemical features and behaviors of the studied pesticides, the difference in observed and simulated results can be understood.



Moreover, organochlorine pesticides also have a low tendency for solubility in water, making this feature to be found in small values of WSOL parameter. The sensitivity of SKOC differed among the pesticides depending on the kind of pesticide. By increasing this parameter, its sensitivity was decreased. Therefore, lindane was more sensitive to changing SKOC than methoxychlor and endosulfan. It is noticeable when SKOC is increased in a specific kind of pesticide, the expected amount of washed pesticide will decrease [44]. This issue can also affect the WOF parameter. Therefore, selecting a proper amount of SKOC can influence the coherence between simulated and measured pesticide values.



Generally, there was a better match between estimated and measured concentrations in the Upper Malewa (2GB04) than in the Down Malewa (2BG05) station. One of the reasons that may explain this result is that at the upper site it takes less time for runoff and pesticides to reach the outlet of the subbasin and consequently there is a quicker response to changes. In moving from Upper Malewa to Down Malewa, the hydrological contribution increases, as does the complexity of accurately predicting the concentrations of pesticides. This issue is added to the increasing time for an amount of the pesticides to reach the basin outlet, affecting the mechanism of pesticide conveyance and the breakdown of pesticides into soluble and sorbed phases [44]. This may also be true for the application time. Changing the time of application of pesticides impacts on the arrival of the pesticides at the basin outlet [11] and consequently changes the amount of pesticide that leaches from the soil surface particles. Therefore the best time to achieve good results in this study was the 15th of May, which coincided with the rainy season and the time of agricultural activity and pesticide application. It should be noted that defining a fixed application operation in such a vast basin is practically impossible [11,50]. The timing may vary depending on the farmers willingness, weather conditions, plant properties and existing pests that may change spatially and temporally [6]. This will influence the fluctuation in pesticides in the streams and, accordingly, the uncertainties of the simulations.



Additionally, the accuracy of pesticide simulations strongly depends on the hydrology calibration of the model [14]. In fact, because of the challenges that are associated with the large numbers of input data, their variability and consequently the uncertainties that arise, satisfactory modeling is always wrought with difficulties [51]. Simulating pesticides in this study after hydrological calibration and validation showed that the main pesticide loadings occurred at the time of peaks in runoff and sediment loads. The main governing factor in runoff and sediment producing is the major rainfall occurring during May–June–July. Of the pesticides studied, lindane is least likely to adhere to soil and sediment particles. This leads to the conclusion that lindane will be mostly translocated by runoff. In contrast, methoxychlor and endosulfan have a large SKOC, meaning that they have a high tendency to cling to be absorbed by soil and sediment particles and consequently the main force of transport will be via erosion and sediment loading. This means that the better hydrological processes are modelled, the more reliable the pesticide results could be.




5. Conclusions


In this study, a modeling approach using SWAT was conducted to simulate the discharge, sediment loading and pesticides residues transport regarding lindane, methoxychlor and endosulfan in the Malewa River Basin. The SWAT-CUP tool was used to calibrate the model for discharge and suspended sediment simulations. It was found that 15 parameters affected calibration, of which the CN parameter proved most sensitive to spatial changes. The statistical analysis showed that both the calibration and validation periods of discharge were promising. Moreover, calibration of the model for monthly sediment simulation showed that, despite slightly overestimating the results of the simulation, the overall performance of the model could be rated acceptable. The average monthly sediment production and the differences in sediment amounts in the sub-basins could be explained by precipitation, slope variation and land use properties in the basin. Moreover, the use of a digital turbidity sensor (DTS-12) is recommended for calibration of the sediment yield sub-model in SWAT. Finally, simulating pesticides could provide a good insight into historical pesticide application in the basin. Some of the parameters, namely SKOC, WOF, HLIFE_F, HLIFE_S, WSOL and AP_EF, were sensitive to calibration of the pesticide sub-model. Of these, AP_EF showed the highest sensitivity towards all the pesticides. The results reveal that the amounts of pesticide generally increased from the Upper Malewa to the Down Malewa. Passive sampling was judged to be an essential method in detecting low concentrations of pesticide residues in runoff of the Malewa River. In this study, we used a limited—but considered high quality (passive sampling with low detection limit)—data set of pesticide measurements in the basin. Further investigation of the fate and transport of pesticides using longer series of data and use of more advanced physicochemical models is recommended to overcome the uncertainty that arises from limited in-situ measurements combined with simplifying model formulations.
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Figure 1. Study area map showing the location of Malewa River Basin and hydrological stations. 
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Figure 2. Daily discharge calibration and validation for different gauge stations. 
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Figure 3. Monthly discharge calibration and validation for different gauge stations. 
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Figure 4. Observed and simulated daily (A) and monthly (B) suspended sediment in 2GB04 station (Upper Malewa basin). 
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Figure 5. Comparing Observed and simulated monthly pesticide residue concentrations (Conc.) in the upstream and downstream Malewa River. 
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Figure 6. Simulated and observed monthly discharge for calibration (2007–2012) and validation (2013–2017) periods against rainfall. No observed discharge data were available for the 2015 period. 
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Table 1. Parameters sensitivity of discharge simulations in SWAT.
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	Parameter (Unit)
	SWAT Code
	Min Value
	Max Value
	Fitted Value
	Rank





	SCS runoff curve (-)
	CN2
	35
	95
	[79–93] *
	1



	Base flow alpha factor (day)
	ALPHA_BF
	0.15
	0.50
	[0.15–0.38]
	4



	Groundwater delay (day)
	GW_DELAY
	0
	500
	10.90
	11



	Threshold depth outflow from shallow aquifer (mm)
	GWQMN
	1
	500
	35.43
	10



	Threshold depth of water in the shallow aquifer (mm)
	REVAPMN
	0
	1000
	599
	6



	Soil available water storage capacity (mm H2O/mm soil)
	SOL_AWC
	0
	1
	[0.1–0.3]
	7



	Soil conductivity (mm/h)
	SOL_K
	0
	200
	[4–41]
	2



	Soil evaporation compensation coefficient (-)
	ESCO
	0
	1
	0.46
	9



	Manning’s value for overland flow (-)
	OV_N
	0.01
	30
	[0.01–3.79]
	15



	Manning’s value for the main channel
	CH_N2
	0.1
	0.5
	0.21
	14



	Main channel hydraulic conductivity (mm/h)
	CH_K2
	0.01
	173
	[1–122.92]
	13



	Deep aquifer percolation fraction (-)
	RCHRG_DP
	0
	1
	0.15
	5



	Transmission losses from channel to deep aquifer fraction
	TRNSRCH
	0
	1
	0.18
	3



	Soil depth of layers (mm)
	SOL_Z
	0
	2000
	[380–1153]
	16



	Groundwater “revap” coefficient
	GW_REVAP
	0.02
	0.40
	0.2
	8



	Surface runoff lag coefficient
	SURLAG
	0
	4
	[0.3–2]
	12







* Values in brackets show variable ranges based on HRUs or soil types.
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