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Rapid urbanization has caused widespread environmental pollution in Africa, restricting sustainable development programs. Today, non-point source pollution has become a major threat to many African cities. In this study, we have classified urban land use followed by the identification of urban functional areas based on multi-source data. We have then evaluated non-point source pollution based on nitrogen and phosphorus loads at a spatial scale in Mwanza city (Tanzania). We have estimated the spatial distribution of total nitrogen (TN) and total phosphorus (TP) loads at a scale of 1 square kilometer grid. The results show that ① the built-up area of the city was identified as 28.9 km2, accounting for 6.8% of the total area of the city. The area of informal settlements was 56.9 km2, accounting for 13.4% of the total area of the city. About 90.38% of 2.41×105 kg of the total TN load and 87.23% of 4.00×104 kg of the total TP load in the city were derived from the informal settlements alone in 2020. ② The average load intensities of TN and TP in Mwanza city were 6.90 kg·hm-2·yr-1 and 1.14 kg·hm-2·yr-1, respectively. The average TN and TP intensities in Mwanza city were slightly higher than the average TN and TP load intensities in the Lake Victoria basin. However, given the high population density of the Mwanza city area, the average TN and TP intensities were found to be consistent. ③ The TN and TP pollution loads were relatively concentrated in the inner urban area, including the lower reaches of the Mirongo River basin, the eastern side of the Nyamagana Peninsula, and the lakeside area extending north and south from the peninsula, and gradually decreased toward the city’s outskirts. We propose that the identified riparian areas in our study should be prioritized as potentially key construction zones for pollution treatment plant facilities and urban renewal pilot programs for restraining the widespread informal settlements. This study contributes to the development of an innovative urban non-point source pollution control measure, which may be applicable to low-income countries in Africa and elsewhere.
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1 INTRODUCTION
Non-point source pollution is one of the most complex global issues, causing significant degradation of urban water quality (Gong et al., 2018). Expansion of built-up areas, population growth, industrial development, and several other factors exacerbate non-point source pollution in cities worldwide (Kattel et al., 2020; Qian et al., 2021). Over the recent decades, many African cities have faced severe non-point source pollution problems due to unmanaged urban developments such as large-scale “slums” without the provision of appropriate infrastructure in the inner city and the widespread increase of low-density and low-quality informal settlements across the city’s outskirts. In many African developing countries, modern urban areas are often integrated with informal settlements, agriculture, and livestock production areas (Vuai et al., 2013), resulting in mismanagement of the city’s environment and consequently difficulty in the estimation of non-point source pollution loads. Urban non-point source pollution load estimation in many African countries is usually different from that of well-developed, fully urbanized areas in Europe and elsewhere. However, studies on non-point source pollution in poorly managed urbanized areas of Africa are often limited. As a result, the data relevant to obtain a comprehensive understanding of the non-point source pollution load in the region are scarce.
Until recently, various models have been used to estimate non-point source pollution loads. However, the mechanistic and empirical models are the two most common models that are currently being employed for estimating urban non-point source pollution loads (Haith and Tubbs, 1981; Brezonik and Stadelmann, 2002; Mao et al., 2012). The mechanistic model defines pollutant pathways with strong applicability and accurately describes the hydrological cycling process, which clearly reflects the spatial characteristics of the watershed (Zhai et al., 2012). However, this model requires high-quality data, including accurately measured hydrological and water quality data, which are available only in a few urban areas of African countries such as Niger and Togo (Schuol et al., 2008). Lately, the Soil and Water Assessment Tool (SWAT), one of the commonly used mechanistic models, has been adopted in the Simiyu River basin in Tanzania (Kimwaga et al., 2012; van Griensven et al., 2013) and the Sondu River basin in Kenya (Cheruiyot and Muhandiki, 2015). The SWAT models used in Tanzania and Kenya suggest that if the observation data used to determine the model parameters are too little, the simulation results of sediment and nutrient salts in water are not ideal, and the agreement between the simulated value and the observed value is not high (Cheruiyot and Muhandiki, 2015). To resolve this issue, the model needs modified parameters with an increased dataset so that it will be unbiased and produce accurate results. Until recently, many poorly developed urban surface and catchment areas in African countries often lacked good sources of high-quality data, consequently impeding the successful application of the SWAT model (Rao et al., 2022).
The empirical model, on the other hand, adopts the export coefficient and source intensity coefficient approaches (Ma et al., 2011), which are used to estimate non-point source pollution by establishing the relationship between land use and pollutants (Rhee et al., 2012). Although the accuracy of simulation in the empirical model is lower than that in the mechanistic or SWAT model, it would usually satisfy the practical application in the areas lacking hydrologic, meteorological, and water quality data (Gao et al., 2022). For example, Li et al. (2009) and Li et al. (2016) combined local pollutant output characteristics with parameter correction in the Xitiao River basin in the southwest of Tai Hu Lake and the Xinlicheng Reservoir in Changchun in China and determined the non-point source pollution export coefficients of dry land, grassland, orchards, forest, and constructed land and then used the export coefficient model to estimate the pollution load. Application of the export coefficient model was found to be increasingly useful for identifying non-point source pollution sources and providing advice on pollution prevention and control measures to resource managers in the region (Varekar et al., 2021). Lately, the export coefficients of different land use types such as forest, grassland, cropland, and pavements under different topographies have also become useful to estimate nitrogen and phosphorus pollution loads at the spatial scales of various watersheds in China and elsewhere (Calamari et al., 1995; Scheren et al., 2004; Liu et al., 2021; Tong et al., 2022). However, due to differences in land use classification methods and type identifications among different countries and regions, as well as differences in pollutant output characteristics, research on non-point source pollution based on regional environments will help better understand its spatial distribution patterns.
Mwanza is the second largest city located on the shore of Lake Victoria in Tanzania. Rapid urbanization and industrialization of Mwanza and increased mismanagement of the city have led to severe nitrogen and phosphorus enrichments in Lake Victoria, causing serious environmental problems over the past decades (Zhang et al., 2019; Guo et al., 2023). The poorly developed drainage system and lack of sewage treatment facilities in residential areas, together with the increase in informal settlements around the lowland waterfronts surrounded by agricultural areas, have caused serious non-point source pollution in the Mwanza city area (Kalvin et al., 2016).
Existing studies in the past mainly explored the water quality issue in Mwanza city based on the measurement of some sections of the river on a temporal basis (Chen et al., 2022) or the calculation of urban nitrogen and phosphorus budgets for the reduction of nitrogen and phosphorus inputs into Lake Victoria (Xiong et al., 2022; Guo et al., 2023). However, the distribution source, composition, and spatial differentiation in characteristics of urban nitrogen and phosphorus output in Mwanza city have not yet been comprehensively investigated. Here, we ask two key questions on nitrogen and phosphorous sources in Mwanza city: 1) what are the characteristics of the source composition and spatial differentiation of non-point source pollution in informal urbanized areas? and 2) how to evaluate the spatial differentiation in the distribution of non-point source pollution loads in areas with limited availability of data? Having addressed these two key questions, we can provide a scientific basis for local pollution prevention and control measures in similar cities in Africa and elsewhere.
2 STUDY AREA AND LAND USE
Mwanza city is located on the south shore of Lake Victoria in northwest Tanzania, with a total area of 1,325 km2, including 425 km2 of land area and 900 km2 of water area. The city has two districts, Nyamagana and Ilemela, with 21 wards (Figure 1). The socio-economic structure of the city is mainly based on agriculture, and the city experiences the savanna climate type, which is relatively mild and wet, with an average annual temperature of 23.5°C and an average precipitation of 1050 mm.
[image: Figure 1]FIGURE 1 | Study area and population density of Mwanza city, which is mainly located near the Mwanza Gulf adjacent to Lake Victoria.
The World Bank report suggests that Mwanza city has a total of 1,182,011 people residing there in 2022, and the national Tanzania census data and relevant literature suggest that the greater Mwanza city is an urban area, but it still contains a part of the rural population with existing agricultural land masses and many informal settlements (Wineman et al., 2020). The existence of informal settlements is a prominent phenomenon in many African cities, including Mwanza and other less-developed regions (Acolin and Kim, 2022). In Tanzania, influenced by the absence of a land system for living and cultivation and a lack of effective planning mechanisms, the rapid growth of the population has caused the expanding and disorderly spreading of informal settlements, consequently blurring the boundary between urban and rural areas (Andreasen et al., 2020). At present, more than 70% of residential areas do not have a drainage system, and sewage treatment facilities are mainly concentrated in the city’s central business district (CBD) and other surrounding formal residential areas (Kalvin et al., 2016). Informal settlements are mostly located on slopes or lowland waterfront areas with complex geographical environments exposed to the vulnerability of natural disasters such as floods and landslides. The people living in informal areas lack the basic needs for safe water and sanitation facilities. The waste discarded and discharged by residents gathered here becomes atypical urban non-point source pollution. Located to the west of the famous Serengeti National Park and the south shore of Lake Victoria, Mwanza is also an important port city and tourism distribution center, with the railway, high-grade highway, aviation, and other transportation modes, as well as gathering aquatic products, processing and trading, cotton spinning, electricity, and other industries (Flynn, 2001).
Based on the aforementioned characteristics, we summarized Mwanza city into six different land use types, including the built-up area, informal settlement, forest, grassland, agricultural land, and water body, among which the built-up area includes a formal residential area and the land use area for industries, commercial, public services, and educational and scientific research.
3 MATERIALS AND METHODS
3.1 Flow chart for non-point source pollution simulation
The main idea of this study was to classify urban land use based on multi-source data to estimate non-point source pollution of nitrogen and phosphorus load by simulation. We developed a flow chart for the spatial distribution of nitrogen and phosphorous loads in Mwanza city (Figure 2). The flow chart consists of four main steps: basic data collection and processing, classification of urban land use, a pollution load model to estimate urban pollution, and results and analysis. Part one includes data acquisition and processing. Parts two and three are the main components or the body of the flow chart. Part two focuses on the urban land use classification and urban functional area identification. Part three is based on the classical export coefficient model according to urban land use, population, and industrial development conditions, from which TN and TP loads are estimated and the spatial distribution of the TN and TP load intensity at different scales of the city is estimated. Part four is our conclusion based on the analysis and synthesis of our results.
[image: Figure 2]FIGURE 2 | Flow chart for spatial distribution of nitrogen and phosphorus simulation, including input data, methods, and results. Three pollution sources can play the key role: urban land use, pollution of informal settlements, and industrial emissions. The TN and TP load intensities at grid, sub-watershed, and sub-region scales have been shown in the flow chart.
3.2 Data source and processing
Data used in this study includes administrative boundary data, remote sensing image data, road network data, point of interest (POI) data, population data (Table 1), and empirical parameter data (Table 2). Administrative boundary data were obtained from the Tanzania National Bureau of Statistics. For convenience, we removed smaller islands. Image data were obtained from the 2020 SenCor data of the European Space Agency (ESA) after radiometric calibration and clipping. POI data were from the Open Street Map (OSM). We deleted some data that had no practical significance and no full information. We verified the output with Google Maps and then finally selected a total of 84,691 POIs. The POIs were divided into six categories: residential settlements (formal and informal settlements), commercial (shopping, retail trade, catering services, banks, etc.), industrial facilities (mining, fish product processing, companies, etc.), educational and scientific research organizations (educational institutions, research institutes, etc.), and public services and facilities (government offices, medical use of land, airport, station, etc.) according to the Mwanza city Master Plan (Kalvin et al., 2016). The population data were derived from grid data with a spatial resolution of 100 m on the official website of WorldPop in 2020. In this study, based on the raster population data, we extracted the population of the built-up area (N = 355447) and then obtained the population of informal settlements (N = 614263). The digital elevation model (DEM) was used to extract urban water systems and sub-watersheds. We obtained the DEM data from the Advance Land Observing Satellite (ALOS). According to the administrative boundary data of Mwanza city, we obtained the DEM data of our study area, and then, we divided the city into 26 sub-watersheds.
TABLE 1 | Data types that played different roles in Mwanza city.
[image: Table 1]TABLE 2 | Export coefficients of nitrogen and phosphorus from surface runoff, domestic, and industrial non-point sources.
[image: Table 2]Given the limited data, we have to use the export coefficient and source intensity coefficient approaches. Some empirical parameters, including land use coefficients, urban domestic household coefficients, and industrial wastewater coefficients, were adopted in this study. We adopted parameters from areas with similar spatial backgrounds to the study area by drawing on the practices of other scholars from different times (Calamari et al., 1995; van Horen, 1996; Young et al., 1996; Scheren et al., 2000; Jonsson et al., 2004; Abira et al., 2005; Awiti, 2006; Cheruiyot and Muhandiki, 2014; Xiong et al., 2020). For example, we have summarized the studies related to export coefficients by land use class in the Lake Victoria Basin (Supplementary Annex Table S1) and the per capita nitrogen and phosphorus emission coefficients (Supplementary Annex Table S2). The nitrogen export coefficient of land use in the Lake Victoria Basin over different periods (Supplementary Annex Table S1) shows that nitrogen export in cropland is generally higher than that of forest and grassland, while nitrogen export in constructed land is close to or higher than cropland (Calamari et al., 1995; Van Horen, 1996; Scheren et al., 2000; Awiti, 2006). However, Cheruiyot and Muhandiki (2014) reported that the nitrogen output of forest and grassland in Kenya is much higher than that of cropland, suggesting land use differences in different geographies can lead to variation in nitrogen pollution in Africa. The export coefficients of different land use types in the eastern Australian river basin (Young et al., 1996) in the southern hemisphere showed annual average rainfalls close to our study area, suggesting that the nitrogen emission in forests is the lowest among all land use types. Hence, we disregarded the forest export coefficient of Kenya and adopted the Australian study by Young et al. (1996). By averaging the TN and TP values from several studies (Ierodiaconou et al., 2005; Ding et al., 2010), we reviewed and summarized them in Table 2. Finally, we established both nitrogen and phosphorus export coefficients for different land use types in our study area (Table 2). For industrial wastewater coefficients, we used parameters for the calculation of industrial pollution load available in the literature and the statistical book of the Mwanza government (Kalvin et al., 2016). At present, there is only one sewage treatment plant in Mwanza city, which is located in Ilemella; the total industrial sewage discharge in Mwanza city is as high as 6500 m3·d−1 (Kalvin et al., 2016), in which the sewage treatment rate is about 23.7% (Madenge, 2021) and the nitrogen and phosphorus removal rates are approximately 59% and 45%, respectively (Mbwele, 2006; Mayo, 2013). After treatment, the concentrations of nitrogen and phosphorus in industrial wastewater discharge shall not exceed 15 mg·L−1 and 6 mg·L−1, respectively (TBS, 2005).
3.3 Image multi-scale segmentation-based land cover classification
After pre-processing the remote sensing images with geometric correction and image clipping, we first we used eCognition for multi-scale segmentation of the image. In this process, the whole image plane was segmented into polygonal images with similar attribute information at any scale. The scale parameter of image segmentation is very important for the quality of the classification result (Wu et al., 2022). The optimal segmentation scale in the study area is determined by combining the Estimation of Scale Parameter (ESP) in eCognition software with the maximum area method (Drǎgut et al., 2010). When the rate of change (ROC) in ESP software reaches its maximum value, it indicates that this scale may be the optimal segmentation scale (Cánovas-García and Alonso-Sarría, 2015). Under different segmentation scales, when the area tends to be flat, it may be the optimal segmentation scale (Mohan Vamsee et al., 2018). In actual operation, ESP is run in eCognition, and the obtained TXT file is imported into the ESP Chart program (Liu, 2020). Based on the running results, the optimal segmentation scale was finally determined to be 90 (Figure 3).
[image: Figure 3]FIGURE 3 | ESP evaluation results.
Second, the selection of plot features used in this study is based on the spectral features of the Sentinel 2 image (including mean and standard deviation of red, green, blue, and near-infrared bands), the normalized difference vegetation index (NDVI), and texture features (the detailed structure of the remote sensing image referring to the frequency of pixel tone changes on the image) (Wu et al., 2009; Tu et al., 2020), and the support vector machine (SVM) classification method was used for supervised classification in eCognition. Combining the environmental characteristics and research objectives of the study area, the surface features in the study area were classified into five categories: constructed land (which includes built-up areas and informal settlements), agricultural land, forest, grassland, and water body. Finally, the classification was post-processed by comparing it with Google high-definition images.
3.4 Extraction and classification of urban land functional areas
The OSM road network was used to divide the urban inner space plot units, and the OSM road network was treated as follows.
1) Different roads such as railways, expressways, and trunks were screened according to the attributes of road networks. Then, after topological processing, the independent road is deleted, whose length is less than 100 m, and the suspended road is extended to the adjacent road network.
2) The screened roads were classified according to the first grade (railway, expressway, and main road), second grade (secondary trunk road, first-grade road, and second-grade road), and third grade (third-grade road and residential road), and 30 m, 20 m, and 10 m buffer zones were formed successively. After removing the road space and deleting the research units with smaller areas, independent plot units in the study area are finally obtained (Wang et al., 2021).
Based on the generation of plot units, POI point kernel density analysis is used to extract the urban function areas. Kernel density analysis reflects the spatial connection of things and core elements according to their distance from the core elements (Hao et al., 2018), which is generally used in studies on urban infrastructure, commercial spatial agglomeration, and risk assessment of traffic sections (Elgammal et al., 2002). This study calculates the kernel density values for different types of POI by kernel density analysis; the calculation formula is as follows:
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where [image: image] is the kernel density emission function located as [image: image]; h is the searching radius (bandwidth); [image: image] is the position of the i POI point; and [image: image] is the kernel function.
The calculation formula of bandwidth h is as follows:
[image: image]
where SD is the standard distance between the mean center of the point and all points; [image: image] is the median distance between the mean center of the point and all points; and N is the total numbers of POIs.
Taking the construction land in Mwanza city as the object, the kernel density analysis maps of commercial land, industrial land, residential land, public service and facility land, and education and research land were obtained by kernel density analysis, as shown in Figure 4. The functional areas of urban land are identified according to the proportion of kernel density of various POIs in the plot unit. The calculation formula is as follows:
[image: image]
where [image: image] means the frequency density of POI type i in the plot unit; [image: image] is the kernel density sum of POI type i; and [image: image] is the kernel density sum of all POI in the plot unit.
[image: Figure 4]FIGURE 4 | The POI distribution and kernel density analysis of different land use types in Mwanza city. The urban built-up area is divided into five different functional areas. The POI of Mwanza mostly distributes on the northwest and the southeast. The zone with high kernel density of different types of POIs is concentrated in the city center near the Mwanza Gulf.
Due to the complexity of urban functions, including the interactions among businesses, education, and residential areas, there were inevitably two or more urban functional areas identified: mixed functional areas and comprehensive functional areas. They were distinguished by setting thresholds for the frequency density of POI within the plot units. When the frequency density of POI is more than or equal to 50%, the plot unit is assigned to be a single functional area (Ding et al., 2020). When the POI frequency density in the unit is between 20% and 50%, the plot unit is assigned to be a mixed functional area (Ding et al., 2020). The rest is assigned as a comprehensive functional area. Finally, combined with Google Image, the single functional area was identified as the land type, and the mixed functional area and comprehensive functional area were artificially merged through visual interpretation, either classified as the land type of the dominant function or the land type of the adjacent parcel. By fusing POI data and road network data, 7,006 plot units in the city were obtained, and patch errors were modified based on kernel density analysis and visual interpretation. Based on the obtained residential functional areas, the informal settlements were visually interpreted based on the distribution map of informal settlements and sewerage network coverage map provided by the Mwanza Urban Master Plan, combined with Google high-definition images.
3.5 Model of pollution load
As the municipal area of Mwanza city contains a large amount of non-construction land and informal settlements that are distributed extensively within the city, the coverage of urban sewage centralized treatment facilities is only about 23% (Kalvin et al., 2016). Different from the classical export coefficient model, in this study, we considered not only the pollution generated by surface runoff but also the domestic sewage discharged by the population of the informal settlements and the treatment process of industrial wastewater. However, due to the data limitations, it is difficult to distinguish and obtain different types of industrial pollution under existing conditions, and there is no way to calculate point sources one by one. So, we used tailwater discharge from the industrial wastewater collected at sewage treatment plants in the city as a point source and estimated the amount of non-point source pollution from urban industrial wastewater discharge through wastewater pollution concentration. Informal settlements mostly use open toilets and septic tanks, and some of the feces and urine are retained, while some of it overflows into downstream rivers during the rainy season. Both domestic and industrial pollution in Mwanza city is mostly untreated and uncontrolled, and often the pollution is directly linked to the rivers, lakes, and reservoirs (Zhang et al., 2020; Guo et al., 2023). In similar studies, the calculation of the pollution load of poultry in urban areas is often neglected due to the small amount of pollution load produced by poultry (Scheren et al., 2000; Ding et al., 2013). Meanwhile, due to the difficulty in obtaining the poultry data in the study area, the pollution load of poultry was ignored in order to simplify the model. We used three methods to estimate the non-point source pollution load based on land use (Eq. 5), the domestic pollution load based on population (Eq. 6), and the industrial pollution load (Eq. 7), respectively, where Equation (5) excludes informal settlements and industrial areas. The results are annual averages, and the equation for calculating phosphorus pollution load is the same as for nitrogen pollution load, using different coefficients. In order to distribute the load of TN and TP in space, we used three scales: grid, sub-watershed, and sub-region (wards). We used the analysis function of GIS to obtain the load of the grid cell and then summarized the TN and TP load of the grid into the sub-watershed and sub-region. We relied on Eq. 9 to obtain the spatial distribution of the load intensity of the TN and TP in different scales. The equations are as follows:
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where [image: image] is the load of non-point source pollution from land use; [image: image] is the area of land use type i in the city; [image: image] is the export coefficient of type i land use; [image: image] is the load from domestic pollution in informal settlements; P is the number of informal settlement populations; [image: image] is the annual per capita export coefficient; [image: image] is the disposal rate of human feces and urine; and [image: image] is the disposal spillage rate of human feces and urine with reference to the disposal rate of 67.5% (NBS, 2015) and the disposal spillage rate of 57% (Brandes et al., 2015) in Dar es Salaam, a similar region in Tanzania. [image: image] is the load from industrial sewage, W is the annual total amount of industrial sewage in Mwanza city, [image: image] is the rate of industrial sewage treatment in Mwanza, [image: image] is the content in industrial sewage after treatment, [image: image] is the content in the industrial sewage before treatment, and [image: image] is the removal rate; [image: image] is the river entry coefficient, that is, the proportion entering the river after the confluence process, and the coefficient value is selected as 0.2 according to the studies by Scheren et al. (2000) and Zhang et al. (2021). [image: image] is the load intensity, and the [image: image] is the area of different study scales.
4 RESULTS AND DISCUSSION
4.1 Urban land use structure and distribution
The results of the land use classification of Mwanza city shown in Figure 5 clearly suggest that built areas in the city are distributed as clumps and informal settlements. This shows how the city itself is intertwined with patches of agricultural, forested, and grassland areas. The structure of the urbanized area is a complex mixture of different types of land use, land cover, and built-up areas. The areas and percentages of ten different land use types are shown in Table 3. Agricultural land (45.1%) is the main type of urban land use, which is distributed extensively across the northeast of the city, while the constructed land (6.8%) is mainly distributed across the south-central part of the city. The built-up area of the city extends from the center, which locates around the lakeshore, to the city’s outskirts, connected by the three main traffic roads to the north along the Makongoro road connecting the airport, to the east along the Nyerere road connecting the Musema, and to the south along the Kenyatta Road connecting the Hinianga (Zhang, et al., 2019). More than 90% of the commercial and economic activities of the city take place in Mirongo, Isamilo, and Pamb, around the Mwanza city port adjoining Lake Victoria. Only a small proportion (1.55%) is the formal settlement with good built-up infrastructure extending outward along the commercial district; otherwise, the large area contains informal settlements consisting of densely clustered small houses occupied by low-income residents. The economic condition of the informal settlements is further constrained by hills, slopes, lowlands, and river corridors with poorly invested infrastructure, causing increased air and water pollution (Hambati and Yengoh, 2018). The notable pollution sources in Mwanza city are existing industrial areas (3.9%), including Igoma, Buhongwa, Nyakato, Igoma, Ilema, and the Igogo fish processing and industrial facilities. In addition, the proposed pharmaceutical industry, planned for the Bhongwa area, would be the future pollution source for the city (Zhang et al., 2019). Scattered public services and facilities (1.17%) in patches and clusters across the city, such as educational facilities including the St. Augustine University of Tanzania and Nganza Secondary School in Mkolani and extended north–south distribution of agricultural area, clearly indicate the poor planning of the city, enhancing various forms of pollution.
[image: Figure 5]FIGURE 5 | Land use structure of Mwanza city. A total of nine land use types and main roads in the city have been shown across north–south and east–west gradients, where the road runs through the city.
TABLE 3 | Land use classification system and the area and the percentage of different land use in Mwanza city. The urban land use is divided into different systems including the five primary classifications and the built-up area, which contained five secondary classifications. The land use excludes the roads.
[image: Table 3]4.2 TN and TP loads and contribution rates of various pollutant sources
Existing studies suggest that the export coefficient correctly evaluates nitrogen and phosphorous non-point source pollution loads when combined with other models (Zhang et al., 2013; Guo et al., 2023). We used the export coefficient by combining it with the source intensity coefficient to calculate nitrogen and phosphorus pollution loads from surface runoff (Eq. 5) and domestic (Eq. 6) and industrial wastage (Eq. 7) at the 1 km [image: image] 1 km grid cell of Mwanza city.
Based on the pollution load model and different coefficients, we calculated the TN and TP loads of Mwanza city and then summarized the city’s pollution, as shown in Table 4. Table 4 shows that the total TN and TP loads in Mwanza city in 2020 were 241190.16 kg and 39986.16 kg, respectively, and the TN load was six times that of the TP, suggesting very high nitrogen-related pollution in the city. If the total pollution load is divided by the sum of the area of each land category (Figure 5), the average pollution load intensity for Mwanza city can be calculated as 6.9 kg·hm−2·yr−1 for TN and 1.14 kg·hm−2·yr−1 for TP. However, it is advisable that we calculate the pollution load intensity, but we did not consider the area of roads in our model. From our observation, the pollution load intensity in the road area should be negligible as there is no high-density road construction in Mwanza city. When we equally distributed over the basin area according to the TN and TP inputs to the basin area from urban domestic and agricultural sources in the Lake Victoria basin as per the calculation provided by Scheren et al. (2004) and COWI Consulting Engineers (2002), the results of the pollution load intensity ranged from 1.75 to 2.75 kg·hm−2·yr−1 (TN) and 0.34–0.39 kg·hm−2·yr−1 (TP), respectively. These results were lower than the results of this study. This is because our study area was densely populated, so it would be reasonable for the pollution load intensity to be higher than that of the basin average.
TABLE 4 | TN and TP load estimation results of different land use types in Mwanza City.
[image: Table 4]From the perspective of pollution sources, the contribution rates of TN were mainly domestic household wastes, surface runoff, and industrial wastes (Table 4). The contribution rates of TP were also mainly domestic household wastes, surface runoff, and industrial wastes, respectively (Table 4). From the perspective of land use and the TN load, the contribution rates of different land use types were in the order of informal settlements, cropland, industrial areas, grassland, built-up areas (excluding industrial areas), and forest, respectively (Table 4). Informal settlements alone contributed to as high as 90.38% of the TN load of the city (Table 4). In the context of the TP load, the contribution rates of different land use types were in the order of informal settlements, industrial areas, cropland, grassland, urban built-up area (excluding industrial areas), and forest (Table 4). Informal settlements alone contributed to as high as 87.23% of the TP load of the city (Table 4). Domestic household waste was the main source of the TN and TP pollution loads of the city. Industrial land was the third and second largest source of TN and TP pollution loads in Mwanza city, respectively. Cropland was the main land use type in Mwanza city. Although the cropland area was much larger than that of informal settlements, its contribution to TN and TP pollution loads was found to be relatively less. First, Mwanza city is a large city around Lake Victoria; more developed industrial and commercial areas would attract people’s migration to the city for employment, resulting in the high population density. Next, the level of agricultural productivity in Mwanza city is still primitive, as the use of pesticides and fertilizers is relatively low and soil erosion is the main source of agricultural surface source pollution load (Mwanuzi et al., 2005). Several studies have shown strong relationships between land use types and non-point source pollution in Africa and elsewhere (Wu et al., 2015; Yang et al., 2020). Especially in semi-urbanized areas in Africa and Asia with high population density, nitrogen and phosphorus pollution is mainly caused by population growth, showing high pollution intensity in urban areas and low pollution intensity in agricultural areas (Shen et al., 2014). However, in our study, the proportion of pollution load in urban built-up areas (excluding industrial land) is slightly higher than that of the forested area (Table 4). Considering that the built-up area occupies only 6.8% of the total urban area and is covered by a sewage treatment pipe network. We argue that the improved infrastructure will effectively filter nitrogen and phosphorus load in the city and improve the utilization efficiency of nitrogen and phosphorus resources (Iloms et al., 2020) so that its total load is the smallest.
4.3 TN and TP load intensity and spatial distribution
4.3.1 Analysis of grid unit characteristics
The TN and TP load intensity distributions of land use, domestic life of people, and industry in the 1 km [image: image] 1 km grid of Mwanza city are shown in Figure 6. The spatial loads of different pollution sources are obvious when viewing the distributions of TN and TP converge. The TN and TP load intensities of land use were higher in the north and lower in the south and middle of the city. The pollution intensity of domestic households was higher in the central lakeside area and lower in the city’s periphery. Industrial load intensity was mainly concentrated in the central area, located away from the lake area. Due to the dense population of informal settlements, the intensity of nitrogen and phosphorus pollution loads was much higher in those settlement areas than in the other areas, which made the total load intensity present in the central area alongside the lake higher than the other areas around the lake. The TN and TP load intensities of domestic households are much higher than those of the land use load intensity and industrial load intensity. The maximum intensity of the TN load was in the south of the CBD, reaching as high as 5.6 t·km−2. The maximum intensity of the TP load is also located near the CBD reaching 0.89 t·km−2 (Figure 6). The higher population density in informal settlements is common in many cities in developing countries, as the people in these areas are often excluded from living in “the city center” (Jones, 2017). These people are cut off from basic services, including adequate water and sanitation (Murthy, 2012). Due to the expansion of human activities, untreated or improperly treated wastewater and rainwater runoff from the surface have no specific discharge points and are eventually discharged into the river network. In informal settlements, the surface runoff is not connected to the municipal sewage system; therefore, pollutants such as urine and feces and metals on impermeable surfaces (such as roads or sidewalks) are directly discharged into sewers, where they are mixed with sewage and consequently washed into rivers (Gossweiler et al., 2021). In addition, solid waste is characteristically disposed of as illegal refuse dumps, and the gray water is discharged into open storm water drains or in the open space, often resulting in as the “wastewater” pond (Kulabako et al., 2010; Katukiza et al., 2012). As people living in informal settlements are exposed to very poor conditions, this can further explain why they produce far more pollutants than people living in formal settlements (Aliu et al., 2021).
[image: Figure 6]FIGURE 6 | Spatial distribution of TN and TP load intensities of different pollution sources in Mwanza city grid cells (including land use load intensity, population load intensity, and industrial load intensity. Results are divided into five levels: highest-load intensity zone, higher-load intensity zone, medium-load intensity zone, lower-load intensity zone, and lowest-load intensity zone).
4.3.2 Analysis of sub-watershed characteristics
We observed that the pollutants released from informal settlements were primarily mixed with rivers and then discharged into the lake and reservoir in Mwanza city. We summarized TN and TP load grid units, mapped them into the sub-watershed, and calculated the average load intensity of each unit, as shown in Figure 7. The results suggest that the loads of sub-watersheds 13, 15, 16, 17, 18, 10, and 12 were found to be much larger than the loads of other units. The maximum loads of TN and TP were in the Mirongo River basin of the 13th unit, with a total load of 63.63 t and 10.25 t, respectively, accounting for about 26.4% and 25.6% of total loads. Mirongo is an important river that runs through the Mwanza city center and is vital for the safety of both people and the city’s environment. The river also plays a significant role not only in maintaining the city’s amenities but also in recycling pollution. However, due to the direct emission of pollution from industrial and human activities, discharges of industrial and domestic wastes into the Mwanza Gulf are significantly high (Kishe and Machiwa, 2003). Our study suggests that sub-watersheds with higher nutrient loads belong to the units where the pollution has surpassed the river’s capacity to recycle. Those units urgently need improved river management strategies with strong pollution control measures.
[image: Figure 7]FIGURE 7 | Pollutant load intensity in different sub-watersheds of Mwanza city. The bars show the pollutant loads, and the color in the map shows the load intensity. The numbers represent different sub-watersheds. (A) TN and (B) TP.
Among the load intensities of sub-watersheds assessed, the load intensity of the Mwanza city, where the TN ranged from 0.1 to 3.04 t·km−2, while the TP ranged from 0.01 to 0.49 t·km−2 (Figure 7). The highest average intensity was in sub-watershed 15, where Mwanza port and business center are located. As the second biggest city after Dar es Salaam during the colonial period, the port and the Mwanza Gulf had become the commercial hub for trade and industrial activities, mainly around Lake Victoria. When Mwanza was upgraded to a city, it was designated as one of the country’s six major industrial centers; as a result, the port had become the largest in Lake Victoria in Tanzania and played an important role in international commercial fishing and trade (Lawrence, 2009). In the city’s CBD, modern buildings are often intermingled with dilapidated shanty towns, where residents of nearby informal settlements are engaged in unmanaged but intensive business activities, further intensifying the pollution (Owens, 2014). More developed areas, mainly around the CBD, with an increased number of commercial and processing industries provide better employment opportunities. We found that, mostly, new migrants from rural areas tend to build poorly designed houses on barren slopes and hills on the city’s outskirts, quickly leading to an informal settlement. Such housing settlements (units) would become the high-intensity non-point source pollution for TN and TP in Mwanza city. Those units should be prioritized as the key areas for a better environmental management program. A study in another city has also shown a similar result of high-intensity non-point source pollution in informal settlements, mostly in semi-urbanized areas without a full sewerage and water treatment infrastructure facility (Mapunda et al., 2018). In our study, sub-watersheds: 10, 12, 13, 16, 17, and 18, and the outskirts of sub-watershed 15 were measured as the highest-intensity non-point source pollution areas for TN and TP (Figure 7). Sub-watersheds: 1, 2, 5, 6, and 11 and other units located to the northeast of the city were agricultural areas, and those areas were measured as the lowest TN (0.1–0.17 t·km−2) and TP (0.01–0.04 t·km−2) load intensity areas (Figure 7).
4.3.3 Analysis of sub-district administrative characteristics
We aggregated the grid’s TN and TP loads into 21 sub-district administrative units and then obtained the total loads and load intensity of different ward numbers and presented this in Figure 8. The TN load intensity of each ward number ranged from 0.18 to 4.85 t·km−2, and the TP load intensity ranged from 0.02 to 0.79 t·km−2. A total of five wards with the maximum total load of TN and TP were Mahina, Igoma, Nyakato, Butimba, and Bugogwa in order. These ward numbers should be prioritized for the development of key management strategies and pollution control measures. The maximum load intensity areas were identified in Igogo, Pamba, Mkuyuni, Mirongo, Isamilo, and other wards in order and were mainly located in the east of the Nyamagana peninsula and the lakeside area on the north and south. These areas should be prioritized for the key construction sites for environmental infrastructure. The load intensity of each ward appears like an encircling sphere, decreasing from the CBD to the city’s outskirts. According to the Lake Victoria Environmental Management Project (LVEMP), it can be observed that many rivers flowing into Lake Victoria and the near-shore areas, especially the Mwanza Gulf, are heavily polluted due to 1) untreated or partially treated industrial and municipal wastewater and 2) unsanitary conditions of coastal settlements, especially those of informal settlements, which are thought to influence urban surface runoff significantly (Abuodha et al., 2005). Pollutants originating from feces and urine will change the chemical condition of the lake and disrupt its nutrient balance (Das et al., 2022). Hence, to the control urban pollution problem, Mwanza city should increase the capacity of industrial sewage, improve land use efficiency to avoid continued spreads of informal settlements, improve living conditions in informal settlements, and increase investments in the infrastructure to improve public water supply, drainage, and sewage treatment in informal settlements.
[image: Figure 8]FIGURE 8 | Pollutant load intensity of each ward in Mwanza city. The bars are the pollutant loads in the city including the surface runoff, domestic life, and industrial load. The load intensity means the total load on per unit area. A total of five colors are used to express the load intensity. (A) TN and (B) TP.
4.4 Limitations of methods and data
In our study, we used the pollution load model to estimate the TN and TP loads in the Mwanza city area, which mainly included the following three methods: the export coefficient model of the land use, the pollution load model of the domestic household, and the pollution load model of the industry. However, estimating the industrial pollution load accurately was not possible due to the difficulty in identifying the different types of industries in the city. In addition, the study area was largely covered by an urban area, where livestock data were lacking. Hence, to simplify the model, we ignored the pollution load caused by domestic animals. We used the locally available empirical dataset to estimate the TN and TP pollution loads in Mwanza city. The coefficients of the model had a large span of years (less resolution). This is because there were only a few studies carried out on pollution load coefficients in the study area. As a result, we had to rely on selecting the relevant empirical coefficients that were close to the study area to improve the accuracy of the model.
5 CONCLUSION
We conclude that the urban non-point source pollution load and its distribution in many African cities were largely influenced by informal settlements. This also applies to Mwanza city, where we used the multi-source data for modeling the export coefficient of land use and intensity coefficient of domestic pollution sources to estimate nitrogen and phosphorus pollution loads in the city. The spatial distribution of nitrogen and phosphorus pollution loads at the scale of a 1 square kilometer grid, catchment units, and administrative sub-regions revealed distinct spatial differences in the study area. We observed Mwanza as a semi-urbanized city in Africa. Although the constructed land expanded disorderly, the infrastructure of those constructions lagged far behind the level of urbanization. Due to the population explosion over the recent decades and a lack of reasonable planning, modern and centrally located small urban areas got intertwined with informal settlements, which spread from the center to the outskirts of the urban fringe. Hence, non-point source pollution in Mwanza city is widespread today and becoming increasingly complex to manage. However, more importantly, this study is a theoretical exploration of non-point source pollution, mainly accounting for cities of low-income countries in Africa, to provide a certain level of data support for developing nitrogen and phosphorus pollution control measures locally. Our goal was not only to obtain accurate estimates but also to improve the export coefficient model so that it would help African cities manage pollution appropriately. Upon distinguishing urban built-up areas and informal settlements based on different pollution output processes under different land use types, the use of removal rates of TN and TP and the disposal overflow rate of informal settlements in the pollution estimation model has become potentially applicable to Mwanza city and also a useful reference for elsewhere in less-developed cities in Africa.
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