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ABSTRACT 

Climate and land use/cover changes impact water resources all over the world. This study 

aimed at developing a conceptual understanding and management of the impacts of present 

and future climate change and human activities on surface and groundwater resources on the 

Kikafu-Weruweru-Karanga (KWK) watershed. The methodology includes simulation of the 

present and prediction of the future hydrological fluxes and streamflow prediction under 

changing climate and land use/cover. Calibration and validation of the hydrological model, 

Soil and Water Assessment Tool (SWAT) showed satisfactory performance (Nash-Sutcliffe 

Efficiency (NSE)) > 0.50). A total of 22 parameters were used, and Curve number for soil 

moisture condition II, Baseflow alpha-factor, and average slope steepness were the most 

sensitive parameters. Future climate data for two Representative Concentration Pathway                

(RCPs) from Regional Atmospheric Climate Model -22T and Climate Limited Area 

Modeling 4 models were used. Land use/cover (LULC) maps were generated by classifying 

time-series (1996, 2006, and 2018) satellite images, selected spatial metrics were used to 

predict the LULC changes for the next decade using 2018 as a base year. Furthermore, the 

implications of selected staple crops production over the next decade was predicted. 

Simulated LULC shows expansion in built-up (by 32.55% and agriculture (by 39.52%) areas 

from 2018 to 2030, and the forest area is projected to shrink by 6.37%. However, the results 

suggest that farm size plays a minor role in increasing crop production. Expansion in 

cultivation land and built-up area attributed to the changes in water yield, surface runoff, 

evapotranspiration (ET), and groundwater flow. Rock-water interaction chiefly controls the 

groundwater quality in the presence of HCO3 enrichment and mixed CaNaHCO3 water types. 

The δ2H and δ18O values confirmed that recycled water is the primary recharge means, and 

glacier melts on Mt. Kilimanjaro sustains downstream water availability during the dry 

season. Furthermore, temperatures were projected to increase by 0.2ºC/year, and a decrease 

in precipitation was projected up to 2100 in both highland and lowland areas. The findings 

suggested the need to intensify the production per unit area rather than expanding the farm 

size. Also, improving the vegetation cover on the hillside and abandoned land area could help 

to reduce the direct surface runoff, and floods recurring in the area. The findings of this study 

are useful to facilitate sustainable water resources management in the watershed and other 

watersheds with or without modification.  

https://en.wikipedia.org/wiki/Representative_Concentration_Pathway
https://en.wikipedia.org/wiki/Representative_Concentration_Pathway
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CHAPTER ONE 

INTRODUCTION 

1.1 Background of the Study 

Land and water are the highly essential natural resources of the earth that sustain human 

development, ecosystem functioning, and economic progression of a country (Uniyal et al., 

2015). However, the continuous rise of human development has led to the remarkable 

transformation of many catchments worldwide both in terms of land use patterns and climate 

(Shi et al., 2013a). In most areas of the world, land use and climate changes have adversely 

impacted watershed hydrology (Dwarakish & Ganasri, 2015; Zhang et al., 2016). These 

impacts are expected to increase worldwide in the future due to ongoing anthropogenic 

activities and global warming (Fischer, 2013). Population growth, which implies increased 

water needs, is likely to increase pressure on water resources which may deepen many 

countries around the world into water scarcity (Miralles et al., 2017).  

Changes in the hydrological system have increased uncertainty in the future demand and 

availability of water in many parts of the world (Middelkoop et al., 2001). Projections from 

the fifth report of the Intergovernmental Panel for Climate (IPCC) show the major impacts 

in water availability and supply in rural areas worldwide; leading to reduction in renewable 

surface and groundwater resources in most dry subtropical regions (Intergovernmental Panel 

on Climate Change [IPCC], 2014d). The reduction in surface and groundwater availability 

intensifying the unsustainability in water supply in rural areas around Africa (MacDonald et 

al., 2009b). Understanding the complicated and dynamic land surface and its interacting 

components is needed to make accurate projections of the future water balance (Feyen & 

Vazquez, 2011). The combined rapid land use/ cover and climate changes are envisaged to 

increase hydrologic impacts (Chen & Yu, 2013). Impacts of changes have driven the changes 

in research focus in hydrology resulting into quantitative assessments of the impact of climate 

and land use/cover changes on water resource (Yin et al., 2017). 

The temperature in Africa has increased by more than 0.5˚C during the last 50 to 100 years 

(Gan et al., 2016; IPCC, 2014d; Niang et al., 2014). Also, temperatures are reported to have 

increased by 1–2ºC from 1970 to 2004 (IPCC, 2014a).  Moreover, a similar trend is projected 

by the end of 2025 (Mitchell, 2013). Furthermore, the maximum and minimum temperatures 

have shown increasing trends during the last decades (Adhikari et al., 2015; Mengistu et al., 
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2014; Niang et al., 2014). The increase in temperature is accompanied by a steady decline in 

precipitation in some parts of the African region (Lyon & DeWitt, 2012; Mekasha et al., 

2014), but the observed long-term precipitation trends are not significant (Mengistu et al., 

2014). 

Changes in climate have the potential to intensify the existing pressures to human security, 

including the pressure on food, health, and economic insecurity in most African countries 

(Pachauri et al., 2014b). Topographical location, proximity to the equator and socioeconomic 

attributes in East Africa (EA) make the regions among the most vulnerable to the current 

temperature variations attracting several studies with broader consequences (Omambia et al., 

2017). Currently, significant evidence of climate change includes frequent droughts and 

increase in drylands areas which affects water and food availability for humans, livestock, 

and wildlife (Munishi et al., 2015; Omambia et al., 2017). For instance, the fast retreats of 

glaciers on Mount Kilimanjaro, and Mount Kenya, and changes in the rainfall patterns in the 

East Africa region have been reported as evidence of climate change impacts (Adhikari et 

al., 2015). Studies show that there might be impacts on the hydrological system that are of 

limited knowledge (Mckenzie et al., 2010). 

Climate assessments studies named Tanzania among countries prone to extreme weather 

events, ranging from droughts to floods (Pachauri et al., 2014b). The rise in temperature, for 

example, results in an increase in evapotranspiration, changes in timing, consistency, and 

intensity of rains, as well as duration and incidences of floods and droughts (Oguge et al., 

2011). The impacts of climate change could be noted in variations in surface water 

discharges, quality and groundwater table fluctuations (Mckenzie et al., 2010). As a result, 

water managers have shifted their focus to developing groundwater systems for domestic 

uses and agricultural production (Kumar, 2016). Although the natural groundwater recharge 

solely depends on precipitation patterns (Shah, 2009), observations in Tanzania have shown 

variations in yields of boreholes due to increases in climate variability (Kashaigili, 2010).  

Access to water is a critical input into the national economy in Tanzania. Water supports 

agricultural sector, the major employer (employing more than 80% of the workforce) and 

source of revenue, less than 30% of national GDP (Epaphra & Mwakalasya, 2017), and about 

55% of foreign exchange incomes (United Republic of Tanzania [URT], 2010a, b). However, 

water availability is strained by the increasing water needs and ongoing impacts of climate 

change that is responsible for repeated droughts and drying up of surface water sources 
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(Rwebugisa, 2008; Salama, 1979; Taylor et al., 2012b). Reduced surface water access for 

cropping has led to a rapid increase in food prices and increased groundwater pressure 

(Taylor et al., 2013).  

Climate and rapid urbanization were named as major causes for nearly all urban centres 

failing to meet domestic water demands (URT, 2010 a, b). Nationally, water scarcity has also 

been associated with conflicts, including tribal, ecological and sectarian conflicts involving 

farmers, livestock keepers and wildlife (Shemsanga et al., 2010). Farming, livestock keeping, 

and hydroelectric production need a lot of water to run, which leads to increased water 

demand and disputes among water users in the region (Andersson et al., 2006; Burton & 

Chiza, 1997; Tagseth, 2010). As a result, climate change would have an effect on a wide 

range of community members, from households to plantation agriculture. Thus, there is a 

pressing need to address future resilience. 

Initial runoff forecasts in Tanzania's northeastern rivers indicate both temporal and spatial 

monthly variations. The discharge along Pangani and Kikuletwa rivers are expected to 

decrease by around 6% and 9% annually, respectively (Agrawala et al., 2003). However, 

different trend was reported where the precipitation levels along the Pangani River are 

expected to increase by 16 to 18% (by the 2050s), resulting in a 10% increase in runoff 

despite lower peak flows (Kishiwa et al., 2018). This mismatch in runoff estimation 

highlights the need for high-resolution impact studies on the southern slopes of Kilimanjaro 

to determine the extent of the impact and possible water supply scenarios.  

Kilimanjaro region is often reported as an early indicator of climate change impacts and 

adverse land use changes (Mckenzie et al., 2010). The current climate variability and 

anthropogenic activities have negative surface and groundwater quality and quantity 

implications (Kashaigili, 2010; MacDonald et al., 2009b; Mckenzie et al., 2010). Initiatives 

to address climate change impacts over Kilimanjaro are reported to have started late in 18 th 

century, the major focus of the researchers has been on glacier retreat as a result of climate 

change (Kaser, 1999; Kaser et al., 2004; Mölg et al., 2008; Mölg et al., 2009; Thompson, 

2000; Thompson et al., 2002), and forest cover changes impacts on glacier retreat (Agrawala 

et al., 2003; Hemp, 2005). Climate variability is reported to have caused drought that has 

affected regional life forms, agriculture and vegetation (Mölg et al., 2009). Mckenzie et al. 

(2010) warns that climate change impacts on the Kilimanjaro hydrological system is still not 
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well understood. Therefore, there is a need to study the impacts of present and future climate 

change on the surface and groundwater hydrology of the Kilimanjaro. 

Agriculture is the main water extracting activity in the Pangani basin (Lalika et al., 2015), 

with small to large-scale rice, sugar cane irrigated plantations along Kahe plains being among 

the major water users. However, Pangani is reported to be a water-stressed basin with the 

available renewable  water supply below 1200 m3 per person per year, and also that the water 

use efficiency of most irrigation systems is <15% (Pangani Basin Water Office [PBWO] & 

International Union for Conservation of Nature [IUCN], 2010).  

Occurring in tandem with increased climate variable is land use change on the Kilimanjaro 

(Chiwa, 2012; Palamuleni et al., 2011). Mount Kilimanjaro is a unique social and ecologic 

ecosystem which harbors natural vegetation, home gardens, agroforest trees and savannah in 

the lowlands. Previous studies in the study area show increased forest degradation on the 

southern slopes from 1606 ha to 5170 ha between 1973 and 2000 (Mbonile, 2005), also, 

cultivated land increased from 54% (in 1973) to 63% in 2000 on the southern and eastern 

slopes (Misana et al., 2012). Studies further show that closed and open forests decreased by 

56% and 64%, respectively (Munishi et al., 2009). The loss of more than 41 km2 of the forest 

between 1952 and 1982 (Yanda & Shishira, 2001). Further, riverine vegetation decreased by 

53% (Munishi et al., 2009). These reflect the replacement of the perennial vegetation with 

seasonal crops; thus, triggering the need to establish past which will help to establish the 

future Land use/cover trend on the southern slopes of Mount Kilimanjaro.  

Conversion of other Land use/land cover (LULC) types to agricultural land is a continuous 

phenomenon. Studies show the conversion by 53 km2 of combined shrub, grassland and 

sparse vegetation to maize and vegetable cultivation from 1987 to 2005 in Kahe plains 

(German engineering consultancy company [GITEC], 2011). Further, about 49.97 km2 

(32.8%) of shrubs and bushland were converted to agriculture and other uses from 1961 to 

2000 years in the Kirua Vunjo division (Soini, 2005b). Furthermore, 39.5% of bushland was 

converted to agriculture between 1973 and 2000 years (Mbonile et al., 2003). However, none 

of the previous studies established the relationship between increase in Agricultural land and 

food production. Therefore, these land conversions prompt the need to establish a link 

between an increase in agricultural land and food production. 
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Studies show that land use/cover change has the potential to impact the regional climate over 

Kilimanjaro, but the magnitude and exact nature of the impact is not well documented 

(Fairman et al., 2011; Mölg et al., 2008). The Regional Atmospheric Modelling system 

simulations show that deforestation at lower elevations of Kilimanjaro contributes to the 

decrease in cloud occurrence frequency at all elevations on the mountain (Fairman et al., 

2011). However, the results were based on one dry season month and did not include 

information for wet seasons. Therefore, there is a need to include climate change impacts in 

water resources management (Kumar, 2016).  

Mount Kilimanjaro has long served as a water tower, supplying rivers and springs to the 

communities that surround its slopes. On Mt. Kilimanjaro's southern slope, there are about 

1800 kilometres of irrigation canals that supply about 200 million cubic meters of water for 

agriculture and domestic use (Mckenzie et al., 2010). Furthermore, there are few perennial 

rivers source from the mountain slopes at an elevation of 3939 m.a.m.s.l (Mwende, 2009); 

however, the forest belt in the Kilimanjaro national park and the irrigation belt under the 

forest (1100 – 1640 m.a.m.s.l) contributes about 71-94% of the recharge to the Kahe basin 

(GITEC, 2011). This means that the future of irrigated agriculture and domestic water supply 

in the Kahe basin's lowlands is solely dependent on the sustainability of Mount Kilimanjaro. 

Changes in land use/cover resulting from increased anthropogenic activities influence surface 

and groundwater quality. There is a growing pressure on the surface and shallow groundwater 

quality reported across Africa (MacDonald et al., 2009b). For example, poor agronomic 

practices especially in the management of fertilizers and pesticides are named as major cause 

of increased nitrate levels in the groundwater system in Moshi Tanzania (Mckenzie et al., 

2010). Land use/cover changes is estimated to contribute to 60% of present soil erosion and 

siltation (Yang et al., 2003). There is a need to understand the impact of anthropogenic 

activities, climate impacts and their interactions on water resources (Fairman et al., 2011; 

Leterme & Mallants, 2011).  

In practice, land cover changes affect the surface water balance of an area, thus impacting 

evapotranspiration, initial surface runoff, and groundwater flow (Fohrer et al., 2001; Foley 

et al., 2005).  Apart from impacting water resources and hydrologic water balance, land 

use/cove (LULC) changes can directly affects local communities, the biota, and possible 

water management plans (Abe et al., 2018; Dos Santos et al., 2018). The spatial distribution 

patterns of land-use/cover can substantially impact runoff and sediment transport processes 
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at different dimensions (Defersha & Melesse, 2012; Fu et al., 2009).  It has both local, 

regional and global occurrence and is reported to continue in the future (Foley et al., 2005). 

Changes in land use/cover is potentially of large impacts on water resources; thus, It is 

important to understand the possible effects of LC changes in the runoff variability and 

possible measures (Shawul et al., 2019). 

Most places in East Africa have experienced a conversion of natural forests to settlements, 

urban centres, farmlands, and grazing lands at varying dimensions (Maitima et al., 2009; 

Smith et al., 2016). The conversion of natural forests to settlements creates a need for a 

balance between food production and minimization of the negative environmental impacts 

on other ecosystem services such as quality and quantity of water (Mustard et al., 2012). 

Although food production requires a sustainable water supply, land use/cover changes 

resulting from the expansion in agriculture affect water resources.  These changes affect food 

production in the long run (Guzha et al., 2018). Thus, it is essential to manage land use/cover 

changes at a catchment scale (Bradford et al., 2001). However, quantifying its impacts is 

challenging (Stonestrom et al., 2009).  

Mount Kilimanjaro slopes are typical landscapes with the highest recorded land cover 

dynamics, and their consequences on water resources, food and energy production have been 

reported in previous studies (Said et al., 2019). Changes in land cover in most of the areas 

surrounding Mt. Kilimanjaro slopes have the potential to impact water resources (Chiwa, 

2012; Mbonile et al., 2003; Misana et al., 2012; Mmbaga et al., 2017; Ngugi et al., 2015; 

Soini, 2005b). These changes trigger the need to understand land cover change trajectories 

and surface-groundwater interaction among the critical requirements in water management 

practices in the area. Surface-groundwater interaction affects water management and water 

rights changes, nutrients loading from aquifers to streams, and in-stream flow requirements 

for aquatic species at a watershed scale (Bailey et al., 2016). The knowledge regarding land 

use/cover changes in relation to water balance components on the slopes of Mt. Kilimanjaro 

is of utmost importance due to limited information with regards to groundwater flow 

(Mckenzie et al., 2010).  

Land degradation and land cover changes have contributed to the decline in surface water 

resources around Mt. Kilimanjaro (Ngugi et al., 2015). Human activities are reported as the 

main contributor to the rapid land cover changes around the same area. The activities include 

encroachment due to logging, agricultural expansion and settlements, which in turn have 
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created significant changes in the land cover (Shishira & Yanda, 2018). Indeed, the increased 

anthropogenic activities are mainly driven by the fast-growing population, strengthening the 

pressure on the available water resources on a day to day basis (Gao et al., 2017). Other 

drivers include socio-economic development and pressure on land for expansion in 

agriculture (Lambin et al., 2003).  

Anthropogenic activities such as those leading to extensive land cover changes and climate 

change are among the main drivers for changes in hydrological processes of the watershed 

(Briones et al., 2016; Neupane & Kumar, 2015; Zhou et al., 2017). Anthropogenic 

modification of land use/cover is a topmost determinant of environmental changes at spatial 

and temporal scales (Gashaw et al., 2018; Karimi et al., 2018). It is a principal determining 

factor of global environmental changes with severe impacts on human livelihoods (Olson et 

al., 2008), and that the current rates are higher than ever recorded (Baldus et al., 2003).  

Many studies have also shown that land use/cover changes influence the hydrology of 

watersheds (Kashaigili & Majaliwa, 2013; Kitalika et al., 2018; Marhaento et al., 2018). 

Thus, evaluation of the impact of the Land cover (LC) and climate changes on water resource 

availability is an important challenge for the current hydrological science (Yin et al., 2017; 

Zhang et al., 2017). Further, there is a growing need for a scientific community to balance 

human needs and environmental sustainability (Foley et al., 2005). Thus, understanding the 

environmental impacts of land use/cover changes is a fundamental part of sustainable land 

planning and development (Memarian et al., 2014). 

Some of the proposed strategies to curb the expansion of agriculture due to demand for food 

to suffice the expanding population on the slopes of Mount Kilimanjaro include the 

improvement of the land tenure security and introduction of modern land and water 

conservation measures. These strategies aimed at increasing per capital production and 

discourage opening up of more land for agriculture (Ngugi et al., 2015). Shrinking in the 

forest area along the mountain landscapes has also been reported in several studies (Agrawala 

et al., 2003; Mbonile, 2005). However, the quantitative estimates of water losses due to 

deforestation in the Pangani basin are scanty or missing (Shaghude, 2006). Hence, it is 

essential to understand the effect of land management practices at the basin and subbasins 

scale; these practices increase the impact of hydrologic variability on the society and 

ecosystem (Shawul et al., 2019). 
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The main objective of this study is to develop a set of methodologies for integrated surface 

and groundwater management to maximize the net benefit for domestic, agriculture, and 

industrial production systems. These methodologies include remote sensing (RS) and 

geographical information system (GIS) that was adopted to assess the historical and future 

land use/cover dynamics. Also, a methodology for assessing hydrological fluxes and 

specifically stream flow pattern prediction at the outlets under changing land use as well as 

future climate change context. Furthermore, a methodology was developed for ground and 

surface water quality analysis to judge the qualitative aspect of surface and groundwater for 

domestic, industrial and agricultural production. Finally, a methodology was adopted to 

assess historical and prediction of the future climate changes; the results were integrated with 

hydrological fluxes and food and hydropower production. 

Climate change and land use/cover changes are connected through the hydrologic cycle. The 

relationship between climate, land use, and hydrology of a particular area appears both 

intuitive and complex (Schulze, 2000). Since climate change, water supply conditions, and 

land use/cover changes all affect one another, understanding the effect of climate change on 

the water cycle necessitates a multifaceted study of its dynamic and nonlinear interrelated 

processes (Xia et al., 2017). Many possible impacts on the hydrological system are 

anticipated as a result of ongoing local and global changes in the climate system of 

Kilimanjaro (Mckenzie et al., 2010).  

Climate change phenomena are deemed to affect the livelihood of people and afflict 

ecosystem services production globally. Climate change has the potential to intensify the 

existing pressures on humans by afflicting food, health, and economic security in most 

African countries (Pachauri et al., 2014a). According to climate assessments, Tanzania is 

among the countries prone to extreme events, including droughts and floods (Pachauri et al., 

2014a). The impacts of climate change can be noted in surface water discharges, quality and 

groundwater table fluctuations (Mckenzie et al., 2010). Studies show variations in yields of 

boreholes due to an increase in climate variabilities (Kashaigili, 2010). Thus, in order to 

design a mitigation option, there is a need to better understand the extent of the impact, trends 

and future implication. 

For domestic and agricultural needs, the local population on the slopes of Mt. Kilimanjaro 

depend solely on streams and springs (Mckenzie et al., 2010). Smallholder farmers and 

conventional agropastoralists, however, dominate about 85% of arable land; the former 
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primarily rely on rainfed agriculture (Lein, 2004). Weather and climate changes on Mt. 

Kilimanjaro would have an effect on regional water supply availability and ecological 

sustainability (Fairman et al., 2011). This shift affects water and water use, which is related 

to social, economic, political, and historical ties and processes in Kilimanjaro and the Pangani 

River (Lein, 2004). This requires the need for developing a conceptual understanding of the 

overall availability and predictability of water resources (Rowhani et al., 2011).  

Uncertainty in agriculture production depends on the stochastic nature of rainfall; frequent 

droughts and floods occur in the study area. Farmers in the lowlands areas are highly 

dependable to groundwater resources for their irrigation needs. Changes in surface water and 

groundwater level can be attributed to changes in discharge and recharge rate under projected 

precipitation and areal potential evapotranspiration.  

There are only a few research studies that have quantified the hydrological responses to future 

predicted climate conditions (Adhikari et al., 2017). However, in many parts of the country, 

the scarcity of high-quality data remains a major concern. This makes it difficult to 

comprehend the observed changes and improve the efficiency of hydrological models around 

the world (Kundzewicz et al., 2009). Runoff reconstruction, for example, is hindered by data 

availability and data quality (Gedney et al., 2006; Peel & McMahon, 2006). Thus, there is a 

need to conduct high-resolution studies deemed to generate good quality hydrological data 

for future water balance under changing climate and land use. 

A modelling approach is typically used to assess the impacts of land use/cover change on the 

water balance in a catchment. Models can be used to evaluate the historical and future 

implications of land use/cover changes on the hydrology of a catchment (Huisman et al., 

2009). The hydrologic model, Soil and Water Assessment Tool (SWAT) is a continuous-

time, physically based, spatially distributed watershed model used to simulate runoff, 

sediment and agricultural chemical yield in the watershed scale. The SWAT can be used to 

model the physical processes associated with water flow, sediment transport, crop growth, 

nutrient cycling (Shi et al., 2013a). The Calibration Uncertainty Program for SWAT (SWAT-

CUP) enables automatic calibration of the model. Other models such as SWAT+ could be 

used in this study, however, the automatic calibration procedure (SWAT+ CUP) was not 

released during conceptualization and conduction of this work. Further, this study assesses 

the impacts of epistemic uncertainty on the streamflow pattern using a hydrological model. 

Impacts of climate on a watershed were quantified, and future climate projections (CCLM4 
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and RACMO) in terms of precipitation and temperature as per IPCC fifth assessment report 

and the corresponding two concentration pathways (RCP) were used. 

Meeting regional water needs will depend on the way water resources are understood and 

managed (Hamza, 1993; MacDonald et al., 2009a). Access to enough and quality water for 

various uses requires a thorough understanding of available water and protection from 

pollution while carefully balancing abstraction of surface water and groundwater (Taylor et 

al., 2012a; Taylor et al., 2012b). Thus, water quality assessment should be considered as 

equally essential as that of its quantity (Bashir et al., 2015). Thus, a need to assess water 

quality for domestic, agriculture and industrial production on the Mount Kilimanjaro slopes 

is essential. 

Sustainable water resources management requires developing knowledge on the impacts of 

historical and future changes in climate and land use/cover on the water balance of a 

watershed. Studies in Heihe River Basin, Northwest China, show that land use and climate 

changes are adversely impacting watershed hydrology (Zhang et al., 2016). These impacts 

are expected to increase worldwide in the future due to anthropogenic activities and global 

warming (Fischer, 2013). Hence, it is essential to study the future implications of climate and 

land use changes to the water balance of the watersheds. 

Mount Kilimanjaro is hydrologically important (Agrawala et al., 2003; Hemp, 2005); the 

mountain is named a water tower for the East African region (Viviroli et al., 2007). The local 

populace on the mountain slopes of North-eastern Tanzania and South-eastern Kenya 

predominately depends on freshwater supplies for domestic, hydropower production, 

industrial, and irrigation (Agrawala et al., 2003; Kishiwa et al., 2018). Further, the mountain 

harbours the most effective water source in the fog interception zone along the thick forest 

reserve (Hemp, 2005). Therefore, impacting the water balance of Mt. Kilimanjaro will affect 

the attainment of the local, regional and global sustainable development milestones. 

Kikafu, Weruweru and Karanga (KWK) watershed is one of the mountainous watersheds 

along the southern slopes of Mount Kilimanjaro and the northern part of the Pangani river 

basin. Being located on the mountain slopes with greater human activities, KWK experiences 

tremendous land cover changes. This triggers the need to quantify the impacts of land cover 

changes on the water balance for sustainable water resources management. However, despite 

the growing need, simulation of hydrological processes using water balance components,  
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such as surface runoff in mountainous areas with irregular terrain and complex hydrologic 

processes, is challenging (Abudu et al., 2012). Also, estimation of the hydrological 

simulation model (SWAT) parameters is hampered by the variation of temperature and 

precipitation with elevation and spatial variability due to complex terrain (Anand et al., 

2018a).  

This study used a soil and water assessment tool (SWAT) for assessing the impacts of land 

cover changes on the water balance components of the KWK watershed on the southern 

slopes of Mt. Kilimanjaro. The SWAT has been tested and used to solve complex watershed 

management problems in many regions all over the world (Anand et al., 2018b; Hyandye et 

al., 2018; Kishiwa et al., 2018; Shawul et al., 2019; Twisa et al., 2020). The need for a 

comprehensive analysis of the historical and future land cover dynamics and its impacts on 

the hydrological processes on the slopes of Mount Kilimanjaro is important.  

The issues discussed above prompt the need to quantify the amount and water utilization and 

assess the sustainability of the water under changing climate and land use/cover. 

Furthermore, to assess the future ground and surface water interaction, to understand the 

extent, trends, and future implications of future climate and the land use changes on the water 

balance of critical watersheds. Thus, the need for site-specific impacts studies is essential for 

designing future mitigation options for meeting broader community needs. 

1.2 Statement of the Problem 

Kilimanjaro region is often reported as an early indicator of climate change impacts and rapid 

changes in land use (Mckenzie et al., 2010). The current climate variability trend and 

anthropogenic activities have opposing surface and groundwater quality and quantity 

implications (Kashaigili, 2010; MacDonald et al., 2009b; Mckenzie et al., 2010). Initiatives 

to address climate change impacts over Kilimanjaro are reported to have started late in the 

18th century. From that time, the primary focus of the researchers has been on glacier retreat 

as a result of climate change (Kaser, 1999; Kaser et al., 2004; Mölg et al., 2008; Mölg et al., 

2009; Thompson, 2000; Thompson et al., 2002) and forest cover changes impacts on glacier 

retreat (Agrawala et al., 2003; Hemp, 2005). Climate variability is reported to have caused a 

drought that has affected regional life forms, agriculture and vegetation (Mölg et al., 2009). 

Mckenzie et al. (2010) warn that the impacts of climate change on the Kilimanjaro 
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hydrological system are still not well understood. Most of the recent studies in the country 

used were of lower resolution, which missed details in KWK.   

Studies report the significant attenuating trend in the investments in the management and 

development of water resources within the Weruweru-Kiladeda sub-catchment in 

Kilimanjaro (Chiwa, 2012). Some of the most recent studies around Kilimanjaro systems 

focused on its impact on water quality (Mckenzie et al., 2010), surface water abstraction 

(Chiwa, 2012), and glacier retreat (Agrawala et al., 2003; Hemp, 2005). However, the link 

between the present and the future land use/cover changes and water balance over 

Kilimanjaro taking into account population and food production, is missing in all studies.  

Kilimanjaro region was named the eighth most densely populated region with 124 people per 

square Kilometer and a 1.8% average annual population growth rate from the year 2002-2012 

(National Bureau of Statistics [NBS], 2012). This creates pressure on water resources which 

directly impact the hydrological system (Mul, 2009). Population pressure creates a demand 

for more shelter, fibre and water for various uses, which in turn, leads to changes to forests, 

farmlands and waterways (Byerlee et al., 2014; Foley et al., 2005).  

Kilimanjaro functions as a water tower of the East Africa region; hydrological balance of 

Mount Kilimanjaro is reported to be seriously affected by forest fires (Agrawala et al., 2003), 

which resulted from a loss of nearly a third of the Kilimanjaro forest cover during the last 70 

years (Hemp, 2005). This resulted in replacing the fog intercepting cloud forests, which is 

important in the mountains water budgets  (Agrawala et al., 2003; Fairman et al., 2011). It is 

postulated that changes in specific humidity are likely linked to the ongoing glacier 

imbalance.  

The local communities have increasingly continued converting the land to agricultural land; 

the assumption has been that the more land is converted to agricultural land, the higher the 

crop production. Reports show the conversion of other forms to agricultural land on the 

Kilimanjaro slopes at different spatial and temporal scales (GITEC, 2011; Mbonile et al., 

2003; Misana et al., 2012; Soini, 2005b). However, the effectiveness of this conversion in 

terms of actual yield and potential projections in maintaining the production of the main 

staple food crops is poorly known.  

The limits to the current knowledge discussed above trigger the need to study the impacts of 

present and future climate and land use/cover changes on the surface and groundwater 
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hydrology of Kilimanjaro and its future implication. This research, therefore, is proposed to 

develop a conceptual understanding of the impacts of present and future climate variability 

and human activities on surface and groundwater resources on the Mount Kilimanjaro slopes 

and identify sustainable management options. Detailed analysis of the impacts of changing 

climate and land use in hydrological processes in Kilimanjaro will account for the 

vulnerability of the Kilimanjaro water catchments (Chiwa, 2012). Also, and a conceptual 

understanding of the overall availability and predictability of water resources in rivers and 

groundwater of the Kilimanjaro for sustainable improved livelihood and food security 

(Rowhani et al., 2011) are discussed in various sections of this study.    

1.3 Rationale of the Study  

There exist divided opinions on the effectiveness of expanding agricultural land for 

increasing food production. This phenomenon has never been tested before; thus, this 

phenomenon creates the need to assess the link between expansion in agricultural land and 

food production. Furthermore, the land use/ cover classes exhibit multicollinearity; hence 

changes in one or more classes will necessitate changes in other classes. These changes might 

also necessitate changes in the hydrological parameters of the catchment. Thus, addressing 

current and future issues of optimal water use, demand and supply, and prioritization will 

require a thorough analysis of the link between land use/cover changes and the water balance 

of the catchment. Climate and land use/cover changes occur in tandem; thus, there is a need 

for creating an understanding of the water availability under the current climate change 

scenario. This information will help in addressing future issues of water availability, energy 

production, and environmental sustainability. On the other hand, crop yield requires good 

quality water for irrigation, soil productivity, soil structure, and permeability. All these are a 

subject of the exchangeable ions present in irrigation waters.  This phenomenon creates the 

need for assessing irrigation water quality for sustainable food production and environmental 

protection. Thus, this study is important not only for the scientific community but also to 

water managers, the farming community, and policymakers.  
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1.4 Objectives of the Study 

1.4.1 General Objective 

The general objective of this study was to develop a conceptual understanding and 

management of the impacts of present and future climate variability and anthropic activities 

on food production, surface, and groundwater resources on the southern slope of Kilimanjaro. 

1.4.2 Specific Objectives 

(i) To assess the historical and future land use/cover dynamics and association to food 

production on the slopes of Mount Kilimanjaro. 

(ii) To evaluate the impacts of the present and future land use/cover changes on the water 

budget of Mount Kilimanjaro slopes. 

(iii) To assess the impacts of the present and future land-use changes on water quality, 

surface-groundwater interactions, and suitability of water for irrigation on the slopes 

of Mount Kilimanjaro. 

(iv) To assess the impact of past, present, and future climate changes on the water budget 

(surface and groundwater) of the Mount Kilimanjaro slopes. 

1.5 Research Questions  

The following research questions guided this study:  

(i) How is/are the historical and future land use/cover changes, and what is the 

association with food production on the slopes of Mount Kilimanjaro.  

(ii) How do the changes in land use/cover impact the surface and groundwater hydrology 

of the southern slopes of Mount Kilimanjaro? 

(iii) How do spatial and temporal land use/cover changes influence the surface and 

groundwater resources of Kilimanjaro, and how are the surface and groundwater 

suitable for irrigation? 
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(iv) How do surface and groundwater hydrology respond to changes in future climate on 

the selected rivers and aquifers of the Kilimanjaro? 

In order to achieve the aforementioned objectives and answer the research questions, several 

activities and methods were adopted and parameterized, as summarized in Fig. 1. 
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Figure 1: The conceptual framework of data, activities, steps and processes used in this study 
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1.6 Significance of the Study 

1.6.1 Overall Significance 

This study is expected to contribute knowledge to the local and regional hydrogeological 

information and provide an in-depth understanding of surface and groundwater vulnerability 

to human activities and climate change on the southern slope of Kilimanjaro. However, some 

of the proposed methods have been applied in parts of the study area before; a combined 

approach of the techniques is viewed to provide a more comprehensive understanding of the 

local and regional responses to climate change and anthropogenic activities. Understanding 

the hydrology of the area will identify the recharge zones and most vulnerable areas for 

pollution through human actions and changes in climate variables; this will help water 

managers and users design effective conservation and water management strategies. 

Furthermore, this study will provide the future hydrological situation based on the future 

projected precipitation, land-use changes, and changes in population.   

The projected surface and groundwater scenario will help develop the management plans for 

sustainable supply; this will help address issues related to optimum use, land use plans, and 

pollution management. Also, the findings of this study are useful for the advancement of our 

policies, practices, and management practices aimed to attain environmental and water 

resources sustainability. Moreover, the information gathered in this study can be used to help 

drive progress toward the Sustainable Development Goals (SDGs) and the objectives of the 

Paris Agreement (COP 21). 

1.6.2 Scientific Contribution 

Prior to this study, the relationship between expansion in agriculture land and increase in 

food production, land use/cover changes and hydrological fluxes, land use/cover changes and 

water quality and climate change and hydrological fluxes on the southern slopes of 

Kilimanjaro were of limited understanding. Limited previous studies were conducted on 

spatial and temporal scales (Agrawala et al., 2003; Mmbaga et al., 2017; Soini, 2005b); 

however, none of these studies linked ongoing land use/cover trend to food production. This 

study brought in the confirmation that the expansion of agricultural land does not necessarily 

guarantee an increase in crop production. 
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This study argued that studying the current state of the art is not just enough. A detailed 

analysis of the future drivers and trends of land use/cover and climate changes were assessed 

and documented. Furthermore, the future implication of these drivers to hydrological fluxes 

was also analyzed and documented. Noticeably, the future of water resources in terms of 

quality and quantity under the current land use/cover drivers and climate changes necessitate 

replanning. These management strategies need to be integrated into and implemented in soil 

and water management plans to sustain food production, hydropower plants and water 

resources. 

It is a common understanding that modelling a mountainous watershed is a challenging 

activity. However, taking into account the vast ecosystem services offered at the Mount 

Kilimanjaro slopes, it was necessary to understand the current and future watershed dynamics 

for proper management. For the first time, this study brought a high-resolution analysis of 

the current and future land use/cover and climate changes using the current drivers. This 

study provides an opportunity for water users on the mountain slopes to integrate specific 

measures precisely for the sustainability of water-intensive activities that account for the day-

to-day livelihood on the mountain slopes. 

In most cases, the focus of the current study was to use primary data than historical 

information. The generated data added knowledge on the mountainous watershed with 

hydrological fluxes of limited understanding. Also, most of the deep and shallow wells used 

for irrigation activities are of unknown water quality with regard to irrigation suitability. This 

study brought in the information on the quality of water for irrigation suitability, providing 

useful information that is informative for small- and large-scale irrigation activities on the 

mountain slopes. 

Furthermore, the hydrology of the East African region is reported to be impacted by land use 

and climate changes. However, most of these studies are site-specific due to the site-specific 

nature of drivers. However, illegal wells development increases the data collection challenge 

due to fear of legal actions. Yet, it was necessary to engage local residency under current and 

future sustainability to gather enough information for analysis.  Thus, this study challenges 

that in order to balance between conservation and utilization of water resources, water users 

and water managers need to work together to understand the needs and challenges and design 

a sustainable management framework. However, in most cases, the two are difficult to meet 

and plan together due to little understanding of the future implications of the current actions 
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(in users) and enforcement of the laws and regulations (on the managers' side) without mutual 

agreement.  

1.7 Delineation of the Study 

This study aims to develop an understanding of the surface and groundwater dynamics under 

changing climate and increased anthropogenic pressure on the southern slopes of Mount 

Kilimanjaro, Tanzania. Historical and near future land-use changes and their impacts on the 

surface water and the groundwater dynamics are discussed in detail. This dissertation is 

divided into five chapters; Chapter one consists of the background information, statement of 

the research problem, rationale of the study, objectives, research questions, and the 

significance of the study. Chapter two presents the literature review in which major issues 

impacting surface and groundwater on the slopes of Mount Kilimanjaro are discussed. 

Chapter three covers the methods and techniques used to investigate land use, surface, and 

groundwater changes under changing climate and anthropic activities. Chapter four presents 

the results and discussion of changes in climate and land use/cover and the association to 

food production, surface, and groundwater dynamics. Chapter five presents the conclusion 

and recommendations. Although translating the results of this study into an integrated climate 

and anthropogenic resilient water management system would have produced impressive 

output, this component has not been carried out. This limitation makes a research gap for 

future studies of this type. The scope of this study spanned towards understanding changes 

in surface and groundwater dynamics under the influence of climate and anthropogenic 

pressure. However, it is worth mentioning that the studied watershed is located on the 

southern slopes of Kilimanjaro, which makes it a component of the northern part of the 

Pangani Basin. This equally forms the limitation of the study; further studies could focus on 

the entire basin to obtain the complete scenario throughout the basin and other similar basins.  
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Introduction 

Climate change is a challenge afflicting human beings, animals, and plants worldwide; its 

associated impacts and susceptibility vary from country to country and even from individual 

to individual. Developing countries are the most affected by climate change impacts 

(Kurukulasuriya & Mendelsohn, 2008). East Africa region is among the regions reported to 

be impacted by changes in climate (Adhikari et al., 2015). The rainfall pattern over the 

eastern Africa region is highly fluctuating both on temporal and spatial scales. The 

consequences of unpredictable climatic conditions range from floods to droughts, likely 

linked with regional climate changes (Anyah & Qiu, 2012).  

Climate change and quantified impacts on river basins is a global challenge. Climate change 

is observed, and its presence is identified globally. Scientific evidence of climate change and 

its importance first came into the picture by the first IPCC reports of 1990. Later the second 

in 1995, third in 2001, fourth in 2007, and fifth (AR5) was published in parts between 

September 2013 to November 2014, based on the representative concentration pathways 

(RCPs). Many climate change evidence studies are available regionally, countrywide, and 

globally (Hijioka et al., 2014; IPCC, 2014c; Otte et al., 2016).  

In tropical Africa, climate change is predicted to cause adverse impacts on freshwater 

resources (Pervez & Henebry, 2015; Serdeczny et al., 2016). Tanzania is one among African 

countries with the most substantial climate change impacts (Hatibu et al., 1999); whereby  

shifting of cropping season and reduced water availability is expected to impact the farming 

sector. However, little consideration is given to the impacts in planning future water resource 

use and management (McCartney et al., 2012). As a result, studies of the impacts of climate 

change on water resources are promoted in order to ensure their long-term viability. 

Furthermore, it is expected that the farming sector will be impacted more, resulting in 

decreased crop production.  

Climate variability has affected food security in Tanzania by directly impacting agricultural 

production (Munishi et al., 2015). The impacts are more felt due to the fact that 80% of 

agricultural production in the country is rainfall-dependent (Shemsanga et al., 2010). The 
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majority of the country’s population is ranked to have low means of adapting to the impacts 

of climate change and variability (Agrawala et al., 2003). Climate change results in a spatial 

and temporal shift in rainfall regime, affecting natural recharge, soil cover properties, and 

land cover (Shah, 2009). Modern climate change is hypothesized to be dominated by 

anthropogenic influences, hence inducing changes in atmospheric composition that exceed 

natural variability (Karl & Trenberth, 2003). 

Historical analysis of climate trends in Tanzania shows evident areas of drying in northeast 

parts and much of southern Tanzania between 1981 and 2016 (Hemp, 2005). Simultaneously, 

reasonable wetting trends occurred in central parts and remarkable wetting trends in the 

northwest of the country (Conway et al., 2017). This triggers the need to generate a site-

specific analysis and future precipitation and temperature projections to ascertain the impacts 

on water resources and food production. However, IPCC (2014b) shows the reduced focus 

on research that links the climate change impacts on groundwater. Moreover, only a few 

results were site-specific (Kundzewicz et al., 2009), calling for more information and data 

from other areas of the world. 

The efforts to study the impacts of climate change in the Kilimanjaro glacier started in 1887  

(Kaser, 1999). Records indicate the decreases in rainfall observed in the three stations around 

Kilimanjaro mountain by 34%, 27%, and 39% for the periods 1902–2004, 1911–2004 and 

1922–2004, respectively (Hemp, 2005). This decrease reflects changes in river flows in 

response to changing rainfall regime and its variability, which in turn influences the natural 

recharge rates of Kilimanjaro (Kundzewicz et al., 2009). It is reported that changes in 

temperatures and rainfall influence growth rates and leaf size of plants affect groundwater 

recharge (Kundzewicz et al., 2009). The impact on groundwater recharge will be reflected 

by crop failure due to low rainfall and the emergence of animal, crop, and human diseases 

(Mtalo et al., 2005b). Changes in mountain weather and climate are hypothesized to cause 

significant implications for regional water resources and ecological sustainability. Thus, 

understanding the magnitude of the damage by anthropogenic and natural climate forcing 

and their relations is therefore significant (Fairman et al., 2011).   
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2.2 Land use Change on Mount Kilimanjaro Slopes 

Land use change has the potential to impact the regional climate of Kilimanjaro (Nair et al., 

2010). Studies indicate that the weather and climate of the mountain respond to climate 

variability and change. It is hypothesized that both natural and anthropogenic forcing are 

responsible for accounting for the current trend (Nair et al., 2010). However, the information 

on the nature and magnitude of these forcing is missing (Nair et al., 2010). Climate-induced 

forest fires and montane forest losses through anthropogenic activities resulted in a notable 

drop and increased the variability of the Kilimanjaro catchments’ water yields. This is due to 

the loss of the most effective water source in the fog interception zone, affecting the water 

needs of over 1million people hence going beyond the hydrological magnitudes of the loss 

of the glaciers to the greater extent (Hemp, 2005). 

Most of the previous land use characterization only partially accounts for the additional land 

use change that has occurred in recent years (Fairman et al., 2011).  However, integrating 

simulation of future changes in land use into management plans is expected to address future 

management plan issues. Fairman et al. (2011) simulated hypothetical deforestation to study 

the impact of the land use change in Kilimanjaro climate using one dry month of August. 

However, the simulations did consider predicting future land use/cover scenarios using the 

current land use/cover change drivers. It is worth noting that changes in government policies, 

socio-cultural, climate, and population increase influence land use/cover changes on the 

slopes of Kilimanjaro (Mbonile et al., 2003).  

2.1.1 Land Use and Hydrology of Kilimanjaro 

Land use change has significant impacts on water resources. However, quantifying its 

impacts is among the challenging activities in hydrology (Stonestrom et al., 2009). Data 

scarcity is among the research problems during the quantification of land use impacts on the 

hydrology of a watershed. The tropical environment experiences a high degree of 

hydrological data scarcity. However, it is worth mentioning that most of the data generating 

hydrological studies are focused on large rivers (Example Pangani river), leaving behind 

small streams that supply water for a large populace dwelling on mountainous slopes (Mölg 

et al., 2012). Thus, the knowledge on the hydrology of small tropical mountainous 

watersheds is still limited. 
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The hydrological balance of Mount Kilimanjaro is seriously affected by forest fires 

(Agrawala et al., 2003). Nearly a third of the Kilimanjaro forest cover was lost during the 

last 70 years (Hemp, 2005). This land cover conversion resulted in the replacement of the fog 

intercepting cloud forests, which is essential in the mountains water budgets  (Agrawala et 

al., 2003; Fairman et al., 2011), and it is postulated that changes in specific humidity are 

likely linked to the ongoing glacier imbalance. There is a need to develop a conceptual 

understanding of the overall availability and predictability of water resources in rivers and 

groundwater aquifer of the Kilimanjaro for sustainable improved livelihood and food security 

(Rowhani et al., 2011).  

Mount Kilimanjaro slopes are typical landscapes with the highest recorded land cover 

dynamics, and their consequences on water resources, food, and energy production have been 

reported in previous studies (Said et al., 2019). Changes in land cover in most of the areas 

surrounding Mt. Kilimanjaro slopes have the potential to impact water resources (Chiwa, 

2012; Mbonile et al., 2003; Misana et al., 2012; Mmbaga et al., 2017; Ngugi et al., 2015; 

Soini, 2005a). These changes trigger the need to understand land cover change trajectories 

and surface-groundwater interaction among the critical requirements in water management 

practices in the area. Surface-groundwater interaction affects water management and water 

rights, nutrients loading from aquifers to streams, and in-stream flow requirements for aquatic 

species at a watershed scale (Bailey et al., 2016). The knowledge regarding land use/cover 

changes in relation to water balance components on the slopes of Mt. Kilimanjaro is of utmost 

importance due to limited information regarding groundwater flow (Mckenzie et al., 2010).  

Land degradation and land cover changes have contributed to the decline in surface water 

resources around Mount Kilimanjaro slopes (Ngugi et al., 2015). Human activities are 

reported as the main contributor to the rapid land cover changes around the same area. The 

activities include encroachment due to logging, agricultural expansion, and settlements, 

which in turn have created significant changes in the land cover (Shishira & Yanda, 2018). 

Indeed, the increased anthropogenic activities are mainly driven by the fast-growing 

population, which also strengthens the pressure on the available water resources on a day-to-

day basis (Gao et al., 2017). Other drivers include socio-economic development and land 

pressure for expansion in agriculture (Lambin et al., 2003).  

Management of the surface and groundwater resources at a catchment level requires a deep 

understanding of the hydrological processes; this can improve the productivity in smallholder 
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farms (Bohté et al., 2010). The chief factors affecting the predictability of hydrological 

responses in sub-Saharan Africa include increasing population densities and the resultant 

land-use changes and spatial and temporal climate variations (Mul et al., 2007b). Also, 

inadequate observed discharge data because most of the catchments are ungauged due to 

limited resources (Mazvimavi, 2003). The composition of runoff components affects the 

pollution of waters (Bishop, 1991). The pathway length and permeability of the respective 

flow system affect the chemical reaction of the infiltrating waters in the organic and mineral 

matrix of the soil (Hooper & Shoemaker, 1986). 

In the Mount Kilimanjaro slopes, pollution of water sources is substantial at varying amounts 

despite the regulation governing the conduction of activities close to the water sources. 

Discharges from residents along the river banks are the main source of liquid and solid-waste 

pollution in water sources along the Rau, Weruweru, and Kikuletwa rivers, among others. 

This results from discharges released from major settlements living along the river banks 

(Mbonile et al., 2003). The local populace relies on streams and rivers as a primary water 

source for their daily water needs (Mckenzie et al., 2010). The water needs range from 

domestic, industrial, and agricultural needs. More than 200 million m3 of water is extracted 

through 1800 km of channels to meet their domestic and agricultural needs (Grove, 1993).  

2.3 Groundwater-Surface Water Interaction 

Understanding Surface water-groundwater interaction is one of the key requirements in water 

management, taking into account that there is very little information with regards to 

groundwater flow in Kilimanjaro (Mckenzie et al., 2010). Estimating groundwater recharge 

is an important water management practice that habitually denotes the success or failure of 

the groundwater management pattern (Van Camp et al., 2013). Despite all the initiatives so 

far, the recharge is not measured directly to date. Estimation of recharge is more challenging 

in semi-arid regions; this is because, in some instances, recharge could be as low as 1% of 

the total precipitation (Andersen, 2008). In these regions, evapotranspiration takes a 

countable amount of water infiltrating the soil, and effective recharge depends largely on 

solely extreme rainfall events (Andersen, 2008).  

Stable isotopes complement the traditional physical and chemical groundwater data by 

delineating the provenance and movement of both solute and water masses (Clark & Fritz, 

2000; Hchaichi et al., 2014). Stable isotopes of H2O (δ18O & δD) provide past groundwater 
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behaviour and provides an easy prediction of the future groundwater understanding of surface 

water-groundwater dynamics (Kendall & MacDonnell, 1998). Isotopic signatures of water 

change significantly as water moves between reservoirs as a result of fractionation; this 

makes it easy to trace its provenance and dynamics (Clark & Fritz, 2000).  

The use of stable isotopes of hydrogen and oxygen is due to their resistance to environmental 

changes and water quality degradation (Barbieri, 2019). Therefore, the behaviour of water 

body movement, assessment of hydrological environments (Kendall & McDonnell, 2012), 

and interactions between various water bodies can be established using these isotopes. 

Changes in the natural hydrological environment can be studied through isotope ratios of 

hydrogen and oxygen. Isotopes can be applied in recharge processes and groundwater flow 

mechanisms (Liu et al., 2016), atmospheric precipitation models (Gorski et al., 2015), 

establishing mutual surface-groundwater interactions (Zhan et al., 2016), and groundwater 

salinization mechanisms (Carreira et al., 2014). Isotopes of oxygen and hydrogen may chiefly 

be used to examine the movement of water in the soil and the source of moisture in soil 

absorbed by plants (Wu et al., 2016). Furthermore, Isotopic studies can be applied in 

monitoring groundwater flow pathways (Ma et al., 2017) and unsaturated porous layers 

(Rothfuss et al., 2015). 

Dating together with isotopic abundances of H and O have been used to trace temporal and 

spatial water circulation in various reservoirs (Al-Manmi, 2008). This makes isotopes an 

essential tool in studying ground-surface water interaction. The basis behind this is that the 

isotopic content of rain is primarily affected by altitude, latitude, air temperature, and ocean 

proximity (Al-Manmi, 2008). Hence, this technique is important in establishing groundwater 

recharge, even if it took place far away. Thus, aquifers recharged by local precipitation could 

be demarcated from the ones recharged by local lakes and rivers, known to have different 

isotopic compositions due to evaporation effects (in the lake) or river meandering through 

different altitudes and latitudes (Clark & Fritz, 2000).   
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2.4 Land Use and Crop Production on Mount Kilimanjaro Slopes 

Agricultural production on the slopes of Kilimanjaro is a historical phenomenon, with small-

scale agriculture production to sugarcane and rice plantations along the southern plains. 

Previous reports show rapid expansion in agricultural land along the mountain slopes 

(Mbonile et al., 2003; Misana et al., 2012; Soini, 2005b). Drivers towards the escalation of 

agricultural production along the mountain slopes are water availability in rivers and streams, 

especially on the southern slopes (Mckenzie et al., 2010). Further, fertile soils rainfed 

agriculture is still supporting a relatively large group of smallholder farmers and agro-

pastoralists, occupying around 85% of the arable land (Fisher et al., 2010; Lein, 2004). 

However, information on the contribution of the expansion in agriculture land on staple food 

production is scanty or missing. 

Agriculture is an essential factor that influences communities’ livelihood prosperity in 

villages and suburbs on the slopes (Munishi et al., 2015). Factors affecting crop production 

per unit area include rises in ambient temperature, reductions in precipitation, and uneven 

spatial distribution of rainfall during the cropping season (Munishi et al., 2015). Further, 

inadequate land management due to flood and drought (Mbonile, 2005).  Further, lack of 

agricultural inputs affects production per area (Mbonile 2005). However, the efforts of the 

farming community seem to be focused on expanding the farm area rather than addressing 

these challenges to intensify production per unit area. 

2.5 Changes in Forest Land and Agricultural Land Conversion 

Mount Kilimanjaro is a unique ecosystem harbouring natural vegetation, home gardens, 

agroforest trees, and savannah in the lowlands. Previous reports in the study area show 

increased forest degradation on the southern slopes from 1606 ha to 5170 ha between 1973 

and 2000 (Mbonile, 2005). Reports further show closed and open forests decreased by 56% 

and 64%, respectively (Munishi et al., 2009). Degradation of more than 41 km2 of the forest 

between 1952 and 1982 (Yanda & Shishira, 2001). Land under agroforestry decreased by 

25%, while that under annual crops increased by 41%. Grasslands increased by 116%, and 

riverine vegetation decreased by 53% (Munishi et al., 2009). These changes trigger the need 

to establish past and future LULC trends on the southern slopes of Mount Kilimanjaro. 

Conversion of other LULC types to agricultural land is a continuous phenomenon. Reports 

show the conversion of 53 km2 of shrub and grassland and sparse vegetation to maize and 
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vegetable cultivation from 1987 to 2005 in Kahe plains (GITEC, 2011). Further, about 49.97 

km2 (32.8%) of shrubs and bushland was converted to agriculture and other uses from 1961 

to 2000 in the Kirua Vunjo division (Soini, 2005b). In the southern slopes, cultivated land 

increased from 54% (in 1973) to 63% in 2000 on the southern and eastern slopes (Misana et 

al., 2012). Also, conversion of about 39.5% of bushland to agriculture between 1973 and 

2000 (Mbonile et al., 2003). This conversion prompts the need to establish a link between 

increased agricultural land and food production. 

2.6 Land Use/Cover Changes Detection 

On the southern slopes of Mt. Kilimanjaro, several LULC change studies have been 

conducted on various spatial and temporal scales (Fairman et al., 2011; Mbonile et al., 2003; 

Misana et al., 2012; Mmbaga et al., 2017). However, none of the previous studies took into 

account the potential LULC scenario in the area. Furthermore, local communities have 

continued to convert land to agriculture, with the presumption that the more land (from other 

types such as a forest) converted to agricultural land, the higher the yield. However, the 

success of this conversion in terms of actual yield and potential projections in maintaining 

the production of the main staple food crops is poorly known. Thus, it is necessary to 

ascertain the future land use/cover dynamics for sustainable water, food, and energy 

production through hydropower dams. 

The past land use changes may be used to establish a model to predict the future land use 

change trend (Liping et al., 2018). In doing this, land-use change models may be used 

(Verburg et al., 2004). The LULC change models may be classified into; Empirical and 

statistical models, such as Markov chains and regression models. Dynamic models, such as 

the Cellular Automata (CA) model, and integrated models, such as the integrated Grey wolf 

optimizer (GWO) and Cellular Automata (CA) model (Cao et al., 2019a), as well as the 

Conversion of Land Use and its Effects model (CLUE-S) (Guan et al., 2011), may also be 

used. The best models for predicting potential LULC changes are dynamic and 

interconnected models like CA.  

Since the Markov Chain Analysis method alone has been found to have shortcomings, recent 

studies have used a combination of Cellular Automata and Markov Chain Analysis. Markov 

Chain is a statistical method that explains the likelihood of land-use change from one time to 

the next through statistical relationships, according to Al-Bakri et al. (2013) and Memarian 
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et al. (2012), but it is rather insensitive to space and has a high degree of inefficiency in 

accounting for the causes of land cover change. As a result, the combination of Cellular 

Automata and Markov Chain (CA-Markov) aids in the avoidance of constraints. Although 

CA-Markov can simulate multiple land cover and complex patterns, it is also simple to use 

(Memarian et al., 2012). However, CA Markov does not have the capacity to integrate the 

social and economic dynamics in its simulations (Arsanjani et al., 2013), but the addition of 

logistic regression will improve CA-Markov’s ability to model urban expansion (Arsanjani 

et al., 2013). Due to its capacity to account for both spatial and temporal components of land 

cover dynamics, the CA-Markov model has been suggested for land cover change detection 

and simulations (Baysal, 2013; Behera et al., 2012). Furthermore, CA-Markov is effective in 

simulating multiple land cover, and complex patterns have a high level of effectiveness in 

data-scarce areas and need little calibration (Memarian et al., 2012). 

2.7 Climate Change and its Impacts 

The impacts of climate change are pronounced in all sectors; the impacts in agriculture and 

food production, precipitation, temperatures, and water resources, land cover distribution, 

glacier retreat, and provision of ecosystem services are pronounced and detailed in sections 

2.7.1-2.8. 

2.7.1 Climate Change and Hydrology on the Southern Slopes of Kilimanjaro 

Kilimanjaro region keeps meticulous records of fluctuations in precipitation and temperature. 

This is due to the fact that rainfed and irrigated agriculture requires different amounts of 

rainfall. According to meteorological records on the mountain slopes and proxy data analysis, 

the annual precipitation trend is declining. The above decline indicates a 150 mm drop in 

annual precipitation between 1880 and 1900 (Agrawala et al., 2003). Four stations on the 

slopes of Mount Kilimanjaro have shown a decrease of between 2.5 and 12 mm per year over 

the last 60–100 years (Agrawala et al., 2003; Hemp, 2005). The Lyamungo station on Mount 

Kilimanjaro's southern slope (about 1200 meters above sea level) also shows an increased 

number of dry months with less than 30 mm of precipitation (Agrawala et al., 2003). 

According to Hay et al. (2002) spatially averaged temperatures in Kilimanjaro rose between 

1951 and 1960, and between 1981 and 1995, with the period in between showing relatively 

stable temperature patterns. The records reveal a correlation between temperature inversion, 
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precipitation decline, and the occurrence of wildfires. Climate change causes the latter, which 

is exacerbated by anthropogenic activities (Agrawala et al., 2003). In most parts of the 

country, the recorded trends have resulted in significant changes in the yields of important 

crops. The decrease in maize yields in Hai district was recorded by Munishi et al. (2015). 

Increased temperature and decreased precipitation, as well as spatial distribution, are related 

to the pattern. This has implications for the region's food security and puts the livelihood of 

the local population in jeopardy. 

Precipitation, land cover, recharge and discharge all change at the same time. Rainfall, which 

is affected by changes in the climate of a region, is needed for both recharge and discharge 

(Kundzewicz et al., 2009).  In Tanzania, there is mounting evidence of diminishing dry 

season discharges for some perennial rivers (Ndomba et al., 2008b; Valimba, 2007; Yanda 

& Munishi, 2007). Physical entities such as the reduction in river flow discharges and water 

levels in rivers, the decline in domestic and agricultural water supplies, and the intensification 

of drought all contribute to community perceptions of climate change and water resources 

(Kangalawe, 2017; Tagseth, 2010). These entities directly impact water supply, food 

production, and power generation, and thus on the livelihood of a large population that relies 

on these services. In Kikuletwa, along the Pangani River Basin, a major reduction in river 

discharges has been recorded (Lalika et al., 2015). According to projections, the annual 

runoff in the Kikuletwa river within the Pangani basin is expected to decrease by 9% for all 

months. Monthly variations are expected in the Pangani basin, with an annual runoff 

reduction of around 6% (Agrawala et al., 2003). Both of these are located on Kilimanjaro's 

southern limb. Mahoo et al. (2015) emphasize the importance of comprehending rainfall and 

water distribution on the decadal scale in Tanzania. This is due to the inadequacy of such 

studies in the country and the suitability of decadal-scale knowledge in evaluating rainfall 

dynamics (Brunsell, 2010).  

Irrigation agriculture and domestic uses are the two main water users along the mountain 

slopes (Viviroli et al., 2007). According to reports, 13 000 hectares of forest were converted 

to agricultural land between 1976 and 2000. The reduction in surface runoff of approximately 

58.4 hm3/year is related to this conversion (Grossmann, 2008). Clouds water intercepted by 

trees and other plants provides a significant portion of overall runoff and may also contribute 

to groundwater recharge, as observed elsewhere (Prada et al., 2009; Prada et al., 2010). 

Between 1973 and 2000, 39.5% of the bushland was converted to agricultural land (Mbonile 
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et al., 2003). As a result, it is clear that these massive changes had a direct impact on 

groundwater recharge and surface runoff in Kilimanjaro's lower plains. 

Water resource disputes are increasing, resulting from increasing demand and decreasing 

supply. Water allocation conflicts, for example, between the Lower Moshi irrigation scheme 

built in the 1980s and the restoration of the Pangani fall hydropower project, between the 

rural and urban population in water use, between upstream and downstream users, farmers 

and pastoralists (Mbonile, 2005) demonstrate increased water demands and decreased 

availability. As a result, changes in water supplies have an effect on food, water, and power 

generation, impacting the livelihoods of thousands of people living downstream.  

2.7.2 Mount Kilimanjaro Glacier as an Indicator of Climate Change 

Researchers have been studying the effects of climate change on Kilimanjaro glaciers for 

decades (Cullen et al., 2013; Kaser et al., 2004; Mölg et al., 2008; Thompson, 2000), for 

aesthetic purposes (Adhikari et al., 2015) and as a tourist attraction. Conceivably, the 

contribution of the glaciers to the region's hydrology should be the most important subject. 

According to studies, the glaciers of Kilimanjaro contribute just 5% of the annual water input 

to the region's hydrology (Hemp, 2005). This percent implies that the importance of glaciers 

as a water source is either marginal or non-existent (Mölg et al., 2014). The dense 

Kilimanjaro forest reserve, on the other hand, is the source of many rivers and streams 

(GITEC, 2011), and draws in more moisture than the lower mountain areas.  

While the use of glaciers as a global warming proxy has been challenged (Mote & Kaser, 

2007), historical observations continue to point to Kilimanjaro Mountain as one of the 

region's climate change hotspots. Perhaps this is because glaciers of recent origin are known 

to be particularly vulnerable to climatological variables. This is due to year-round ablation 

below the glacier equilibrium line in tropical glaciers, as well as a strong vertical balance 

gradient in each individual type, resulting in a significantly high sensitivity to the Equilibrium 

Line Altitude increase. As a result, changes in basic climate parameters are reflected in the 

variability of tropical glaciers (Kaser, 1999).  

Since 1887, researchers have been studying the retreat of Mount Kilimanjaro's glaciers. 

Researchers have focused on the effects of forest cover shifts on glacier retreat (Kaser, 1999; 

Kaser et al., 2004; Mölg et al., 2008; Mölg et al., 2009; Mote & Kaser, 2007; Thompson, 
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2000; Thompson et al., 2002) and the influences of forest cover changes on glacier decline 

(Fairman et al., 2011; Hemp, 2005). For decades, most research focused on the effects of 

climate variability on Kilimanjaro's glacier retreat, such as solar radiation, humidity, and 

temperature.  

Kaser et al. (2004) observed that the glacier retreat on Kilimanjaro Mountain may have been 

caused by an extreme decrease in atmospheric moisture at the end of the 19 th century. The 

estimated loss of a third of Kilimanjaro's forest cover over the last 70 years has been linked 

to the mountain's glacier retreat (Hemp, 2005). Global glacier retreat has also been related to 

air temperatures. However, scientific evidence of this relation in tropical glaciers is thought 

to be lacking (Houton et al., 2001) and can only partially explain the retreat of Kilimanjaro's 

glaciers (Kaser, 1999). The ongoing glacier imbalance has also been attributed to changes in 

air moisture, but there is insufficient evidence of this connection in the Kilimanjaro glaciers 

(Cullen et al., 2013). However, Kaser et al. (2004; 2010) and Mölg et al. (2003) have 

recorded compelling evidence of a correlation between solar radiation and plateau glacier ice 

mass shrinkage.  

The rapid decline in precipitation (Cullen et al., 2006; Kaser et al., 2004) and air temperature 

inversion are responsible for the “named” faster recession of Kilimanjaro's glacier. The latter 

has been suggested as a major factor in the decline of Kilimanjaro's ice mass. However, 

Duane et al. (2008) vote no confidence because the ice field's observed air temperature was 

too low to affect glacier loss. This ensures that cloud cover and humidity play a key role in 

Mount Kilimanjaro's ice mass retreat. In some cases, the retreat of the Kilimanjaro glaciers 

is seen as a melting process, with a downhill flow likely to recharge groundwater and lead to 

springs and river discharges. Nonetheless, the isotopic composition of glacial meltwater 

varies significantly from that of lowland spring water (Mckenzie et al., 2010). However, 

according to Mote and Kaser (2007) sublimation is the primary cause of glacier loss on 

Kilimanjaro. The mass balance of the mountain tops and a decline in atmospheric moisture 

support this theory as the cause of the observed glacier recession. 

Depending on their forms, glaciers respond to changes in climate variables in a variety of 

ways (Kaser, 1999). As a result, glaciers can be classified according to their shapes: Bed and 

slope shapes. Similarly, the thickness of the glaciers must be considered (Cullen et al., 2013). 

In Kilimanjaro, there are two types of glaciers: Tabular-shaped plateau glaciers (mostly 
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formed at 5700 m.a.m.s.l) and slope glaciers (mostly formed at less than 5700 m.a.m.s.l) 

(Geilinger, 1936).  

Some estimates suggested that the Kilimanjaro glaciers would completely disappear between 

2015 and 2020 (Thompson et al., 2002), perhaps due to the generalization of glacier forms. 

Plateau and slope glaciers, on the other hand, respond to climate change in different ways 

(Geilinger, 1936). As a result, the expected time for tabular-shaped glaciers to vanish is 2046 

(Kaser et al., 2010). However, slope glaciers have been confirmed to have a slight tendency 

to disappear as a result of climate change, implying that complete deglaciation of Kilimanjaro 

glaciers in the next decade is unlikely (Kaser et al., 2010).  

This ambiguity (Table 1) indicates that the accuracy of prediction using physically based 

models is uncertain, especially in the tropical region, and that the mechanisms of Mount 

Kilimanjaro's deglaciation are not well understood. This ambiguity reflects the difficulties in 

establishing long-term sustainability in Water-Energy-Food (WEF nexus) stability in the 

Kilimanjaro community. 

Table 1: Glacier and ice cover retreat in the Mount Kilimanjaro 

Reported scenario Timeframe            References 

The ice cover decreased by 75% 1912 and 1989 Hastenrath and Greischar 

(1997) 

The ice cover decreased by 79% 1912 – 2003 Cullen et al. (2006)  

The ice cover decreased by 85% 1912 – 2007 Thompson et al. (2009) 

The ice cover may disappear Within the next 

two decades 

Thompson et al. (2009) 

Tabular shaped glaciers will 

disappear 

By the year 2046 Kaser et al. (2010) 

Complete deglaciation of 

Kilimanjaro glacier is uncertain  

In the next decade Kaser et al. (2010) 

The notable surface runoff across the mountains rainforest belt originates in the centre of the 

highest rainfall elevation (Røhr & Killingtveit, 2003), implying that glacial melt has a minor 

impact on the discharge (Mckenzie et al., 2010). However, permanent streams are said to link 

the Weru-Weru and Kikafu Rivers, which join the Pangani River, to glaciers on the Kibo 

peak's southwest side (Agrawala et al., 2003). Furthermore, the report by Mckenzie et al. 

(2010) used isotopic signatures to demonstrate that the contribution of ice melt to river 

discharge is negligible. The small number of springs between the ice cap and the forest belt 

suggests that meltwater percolation through the permeable surface volcanic ash is also 
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limited. As a result, the valleys above 3600 meters are dry for the majority of the year, except 

below the southwest Kibo glaciers (Downie & Wilkinson, 1972).  

2.7.3 Climate and land Use/Cover Changes and Implication on Food Production along 

Kilimanjaro Slopes 

Food production and ecological systems are chiefly affected by changes in cultivated land 

(Cao et al., 2019b). Studies indicate the increasing urbanization, farming, and demand for 

more water to satisfy the needs of a growing population. The eighth most densely populated 

Kilimanjaro region has an annual growth rate of 1.8% and 124 people per square kilometer 

(National Bureau of Statistics, 2012). Increased farm fragmentation due to the applicable land 

tenure system in the region, soil erosion, and land degradation (United Nations Development 

Programme [UNDP], 2014) are among the essential factors that can largely explain this trend. 

The observed sharp decrease in banana production may have resulted from converting banana 

farms into short seasonal crops such as maize and bean fields due to low prices in the world 

market, which rendered banana unprofitable (Soini, 2005a). 

An increase in the population is expected to increase food demand. As a result, the future 

agricultural expansion would not be a strange phenomenon. Instead of increasing the area 

under agriculture, the best farming technologies can be used to increase production per unit 

area, thereby meeting high food demand. The majority of grassland, desert land, and lower-

elevation forests are expected to be converted to built-up and agricultural lands. Rapid 

population growth and agricultural expansion, especially in the lowlands, have also been 

recorded in previous studies (Chiwa, 2012; Mbonile et al., 2003; Misana et al., 2003; Soini, 

2005b). 

Increased pressure on arable land leads to increased land degradation and lower agricultural 

yields (Country Environmental Profile [CEP], 1995). The declining productivity of highland 

gardens has changed the balance, and lowland plots have taken on greater significance in 

recent years, providing food for both livestock and people. The lowlands, on the other hand, 

are much drier and necessitate modern agronomic techniques. Significant nutrient mining, 

combined with high inputs, fertilizer, and seed costs, has resulted in declining soil 

productivity in the lowland, accelerating soil degradation in the area (UNDP, 2014). To 

improve fertility and productivity in the lowlands, restoration and fertilizers are needed, but 
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most smallholder farmers cannot afford the associated costs. As a result, the available land 

for crop production becomes less productive and usable. 

Land use and environmental degradation are two factors that could reduce the amount of 

water available in the Pangani basin for food production (De Wit & Stankiewicz, 2006). 

Munishi et al. (2015) found that a decrease in precipitation and unequal rainfall distribution 

during the cropping season are important determinants of maize, bean, and banana yield in 

the region. Hemp (2005) found that annual precipitation levels on Mount Kilimanjaro have 

decreased by 600-1200 mm over the last 120 years, while temperatures have risen 

dramatically since 1976. These would result in a major increase in irrigation demand, which 

would have an impact on crop production in the region (Munishi & Sawere, 2014).  

Small-scale farming and mostly rainfed agriculture are the most common forms of agriculture 

in Kilimanjaro, resulting in a major mismatch between cropping area and crop yield. 

According to Mmbaga et al. (2017) climate change has resulted in an increase in minimum 

temperatures, which has resulted in local coffee extinction. Apart from impacting food crops 

(Munishi et al., 2015), cash crops like coffee have also been confirmed to be severely 

impacted (Craparo et al., 2015). Coffee production is expected to decline much further into 

the 2060s if current land use changes and climate change patterns are not reversed (URT, 

2012). A more integrative study based on the generation of high-quality data on food 

production, food demand, climate, pests, and diseases is needed to bring issues closer to 

practice. 

The impact of climate change directly affects rain-fed crops and water supply; this will 

intensify the pressure on the water availability for irrigation (Rao et al., 2007). Thus, posing 

a direct and indirect impact on the supply of the basic needs for the increasing population, 

socio-economic activity across the continent. However, it is worth mentioning that the main 

challenge in coping with increased demand for food lies in production practices (Lyle, 1996). 

It is necessary to adjust production techniques in order to achieve a balance between 

environmental land use and food production. Rather than expanding farm scale, the emphasis 

should be on developing more innovative techniques that increase productivity in small areas. 

However, as the core issues of sustainability, sustainable land use necessitates consideration 

of environmental, social, and economic concerns (Loures, 2019). On the southern slopes of 

Kilimanjaro, low rainfall, particularly in drier lowlands, combined with poor agronomic 

practices can lead to nutrient mining and, as a result, lower per capita output. The survey, 
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however, reveals that the dynamics of land use for agriculture on Kilimanjaro's slopes are all 

about intensification on the higher slopes and expansion on the lower slopes. This means that 

the adaptive capacity of the smallholder farmers will be equally reduced (Eriksen et al., 

2008). Farming systems will compete with other uses of water to complement the limited 

water availability. This triggers the need for Land use options that increase the adaptive 

capacity of smallholder farmers, and are less vulnerable to climate change impacts (Berrang-

Ford et al., 2011). 

Climate change has resulted in drastic shifts in the yields of important crops in most of the 

regions in the country. The decrease in maize yields in Hai district was recorded by Munishi 

et al. (2015). Increased temperature and decreased precipitation, as well as spatial 

distribution, are related to the pattern. This has implications for the region's food security and 

puts the livelihood of the local population in jeopardy. Globally, land use and climate change 

are projected to have an effect on food production, posing a threat to food security (Lobell & 

Field, 2007). This necessitates the creation of a research translation program aimed at 

converting research-based evidence of locally adapted sustainable food production practices 

into community-led behaviour. 

2.7.4 Climate Change and its Implications on River Discharge  

Climate change is projected to significantly lower water availability in the watersheds (IPCC, 

2007, 2014e). Projections show that between 75 to 250 million people in developing 

countries will be exposed to climate change-induced water stress (IPCC, 2007). Rainfed and 

irrigated agriculture both rely on rainfall in varying amounts in the Kilimanjaro region, so 

records of precipitation and temperature changes are significant. According to meteorological 

records on the mountain slopes and the study of proxy data, the annual precipitation trend is 

decreasing. Between 1880 and 1900, annual precipitation decreased by 150 mm (Agrawala 

et al., 2003). For the last 60–100 years, four stations on the slopes of Mount Kilimanjaro 

have shown a decrease of between 2.5 and 12 mm per year (Agrawala et al., 2003; Hemp, 

2005). On the southern slope of Mount Kilimanjaro, the Lyamungo weather station (about 

1200 meters above sea level) reports an increase in the number of dry months with less than 

30 mm of precipitation (Agrawala et al., 2003). As a result, there is a chance that river flow 

will change as rainfall decreases, necessitating a review of current conditions and projections 

for the future. Climate change changes the flow system of rivers (Conway et al., 2017); this 
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includes the magnitude, duration, frequency, rate, and timing of discharge events (Kiesel et 

al., 2019). Studies show that the future precipitation dynamics in the Kilimanjaro region will 

primarily be regulated by both global climate and local land-cover change (Otte et al., 2016). 

Generally, Climate change results in changes in precipitation regime and evapotranspiration 

rates; thus, they are expected to affect surface water resources in time and space (Kumar et 

al., 2017). These changes are expected to affect both ecosystem services provision, water 

availability, food and energy production. This triggers the need to generate high-resolution 

spatial data for the overall availability and predictability of water resources at the watershed 

scale. 

Hay et al. (2002) found that spatially averaged temperatures in Kilimanjaro rose between 

1951 and 1960 and 1981 to 1995, with the period in between showing relatively stable 

temperature patterns. The records show a correlation between temperature inversion, 

precipitation decline, and the occurrence of wildfires. The latter is a product of climate 

change and is aided by anthropic activities at the same time (Agrawala et al., 2003). Increased 

temperature levels are expected to impact the hydrological cycle by increasing 

evapotranspiration regimes. Thus, affecting the hydrological cycle. In the long run will affect 

water availability, food, and energy  production. 

Precipitation, land cover, recharge and discharge all change at the same time. Rainfall, which 

is affected by changes in the climate of a region, is needed for both recharge and discharge 

(Kundzewicz et al., 2009).  In Tanzania, there is mounting evidence of diminishing dry-

season discharges for some perennial rivers (Ndomba et al., 2008b; Valimba, 2007; Yanda 

& Munishi, 2007). Physical entities such as the reduction in river flow discharges and water 

levels in rivers, the decline in domestic and agricultural water supplies, and the intensification 

of drought all contribute to community perceptions of climate change and water resources 

(Kangalawe, 2017; Tagseth, 2010). These entities directly impact water supply, food 

production, power generation, and the survival of a large population that relies on these water 

resources.  

 Changes in precipitation in the Kilimanjaro forest reserve are linked to past and ongoing 

land use/cover changes, which triggers the need for further investigation (Mölg et al., 2012). 

The observations in other mountains of the earth indicate potential impacts on water 

reservoirs and runoff variability (Roa-García et al., 2011). Fluctuations in water balance are 

of particular interest; since variations in the local hydrological cycle will likely have a wide 
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range of effects on the ecosystem, local populace's livelihood on the mountain slopes, and a 

wide range of regional ecosystems  (Mölg et al., 2012). This takes into account the 

communities living within the catchment and surrounding suburbs.  

Changes in rainfall patterns and humidity within the past 80 years have led to anomalies in 

vegetation and ecology in many parts of Mount Kilimanjaro, especially at lower altitudes and 

on the northern slope of the mountain (Hemp, 2005). These irregularities mostly take the 

form of delayed rainfall onset, which extends the dry season and creates agricultural yield 

uncertainties and food insecurity in the agrarian society that has depended on mountain 

amenities for centuries (Agrawala et al., 2003). 

In Kikuletwa, along the Pangani River Basin, a major reduction in river discharges has been 

recorded (Lalika et al., 2015). According to projections, the annual runoff in the Kikuletwa 

river within the Pangani basin is expected to decrease by 9% for all months. Monthly 

variations are expected in the Pangani basin, with an annual runoff reduction of around 6% 

(Agrawala et al., 2003). Both of these are located on the southern limb of Mt. Kilimanjaro. 

Both of these falls on the southern limb of Kilimanjaro Mountain. Due to the suitability of 

decadal-scale knowledge in assessing the dynamics of rainfall (Brunsell, 2010) and the 

inadequacy of such studies in Tanzania. Mahoo et al. (2015) insist on the need to understand 

rainfall and water discharge predictability on a decadal scale in Tanzania. 

Irrigation agriculture and domestic uses are the two main water users along the mountain 

slopes (Viviroli et al., 2007). According to reports, 13 000 hectares of forest were converted 

to agricultural land between 1976 and 2000, resulting in a drop in surface runoff of 

approximately 58.4 hm3/year (Grossmann, 2008). Clouds water intercepted by trees and other 

plants provides a significant portion of overall runoff and may also contribute to groundwater 

recharge, as observed elsewhere (Prada et al., 2009; Prada et al., 2010). Between 1973 and 

2000, about 39.5% of the bushland was converted to agricultural land (Mbonile et al., 2003). 

As a result, it is clear that these massive changes had a major impact on groundwater recharge 

and surface runoff in Kilimanjaro's lower plains. 

Conflicts over water resource are increasing, resulting in increased demand and reduced 

supply. Water allocation conflicts, for example, between the Lower Moshi irrigation scheme 

built in the 1980s and the redevelopment of the Pangani fall hydropower project, between the 

rural and urban population in water use, between upstream and downstream users, farmers 
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and pastoralists (Mbonile, 2005) demonstrate increased water demands and decreased 

availability. As a result, changes in water supplies have an effect on food, water, and power 

generation, impacting the livelihoods of thousands of people living downstream. 

2.8 Climate and Land Use Change and Implications on Water-Food-Energy (WFE 

nexus) 

Land use and climate change are unarguably connected through the hydrologic cycle 

(Stonestrom et al., 2009). The past and future land use and precipitation patterns are used to 

address issues related to the hydrologic cycle, and human sustainability in a broad 

perspective. In areas where surface water is insufficient, water users have shifted to 

groundwater uses to sustain their demand. Although, groundwater is still impacted by climate 

change mostly through recharge, and evapotranspiration. However, natural groundwater 

recharge solely depends on precipitation patterns (Shah, 2009). As a result, water managers 

have shifted the focus into the development of the groundwater system for domestic uses and 

agricultural production (Kumar, 2016).  

The decrease in frequency and increase in severity of precipitation events are also projected 

in future. These changes will impact freshwater ecosystems and water availability for 

humans. There is now a shred of growing evidence showing that even at +2ºC levels of 

warming, agricultural productivity is expected to decline across the globe, but mostly 

throughout tropical areas (Challinor et al., 2014). In most African countries, food production 

would necessitate more research on drought-resistant crops (Ramírez & Thornton, 2015). 

These changes trigger the need to consider the projected future climate changes in future 

water resource planning and food production. 

The link between climate and land use and hydrology of  an area appears both intuitive and 

complicated (Schulze, 2000). Røhr (2003) describes the dynamic and unknown processes of 

interdependence and control between irrigation, vegetation, and river discharge. Since 

climate change, water supply conditions, and land use/cover changes all affect one another, 

understanding the effect of climate change on the water cycle necessitates a multifaceted 

study of its dynamic and nonlinear interrelated processes (Xia et al., 2017). Many possible 

impacts on the hydrological system are anticipated as a result of ongoing local and global 

changes in the climate system of Kilimanjaro, according to researchers (Mckenzie et al., 

2010).  Studies show that population pressure creates a demand for more shelter, fibre, and 
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water for various uses, which in turn leads to changes in forests, farmlands, and waterways 

(Byerlee et al., 2014; Foley et al., 2005; Mul, 2009). However, the country highly depends 

on rainfed agriculture; climate change increases the risk of crop failure due to a shortage of 

water as a result of reduced precipitation (Enfors et al., 2011; Makurira et al., 2011). Reduced 

precipitation is expected to affect water availability for ecosystem supports and human needs. 

Mckenzie et al. (2010) postulate that projected climate changes and variability will impact 

water resources over Kilimanjaro. There is a need to incorporate future climate changes in 

future water resource management. Therefore, a need for a study that will integrate the 

population in addressing the future state of surface and groundwater resources over 

Kilimanjaro is therefore important. 

Missing/flimsy knowledge on hydrology, meteorology, and groundwater exploration 

discovery of the Kilimanjaro slopes hindered economic planning for water supplies in the 

Kilimanjaro slopes (Mwende, 2009). Initial runoff forecasts display monthly variations in 

both time and space. The Pangani and Kikuletwa rivers, on the other hand, are expected to 

have a decrease in discharge by around 6% and 9% annually, respectively (Agrawala et al., 

2003). However, by the 2050s, precipitation amounts along the Pangani river are expected to 

increase by 16 to 18%, resulting in a 10% increase in runoff despite lower peak flows 

(Kishiwa et al., 2018). This mismatch in runoff estimation highlights the need for high-

resolution impact studies in order to improve management strategies. 

For domestic and agricultural needs, the local population on the slopes of Mt. Kilimanjaro 

depend solely on streams and springs (Mckenzie et al., 2010). Smallholder farmers and 

conventional agro-pastoralists, who depend primarily on rainfed agriculture, control about 

85 percent of arable land (Lein, 2004). Weather and climate changes on Mt. Kilimanjaro 

would have an effect on regional water supply and ecological sustainability (Fairman et al., 

2011). This shift affects water and water use, which is related to social, economic, political, 

and historical ties and processes in Kilimanjaro and the Pangani River (Lein, 2004). This 

necessitates the creation of a conceptual understanding of water resources overall availability 

and predictability (Rowhani et al., 2011).  

Agriculture, with small-scale to large-scale rice plantations and sugar cane irrigation 

plantations along the Kahe plains, is the largest water extractor along Pangani and the region. 

(Lalika et al., 2015). However, the Pangani basin's water supply capacity is less than 1200 

m3 per person per year (water-stressed), and irrigation system water efficiency is less than 
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15% (PWBO/IUCN).  This necessitates a replan of the water sustainability for commercial 

agriculture. 

Population growth and immigration in the Pangani basin are linked to the availability of 

fertile soil and rainfall for staple food production along the Pangani basin (Fisher et al., 2010). 

Among the climate-dependent practices, Turpie et al. (2003) identified zero grazed livestock 

on densely populated mountain slopes. These various activities need much water to run, 

putting pressure on both rain-fed and irrigated agriculture, resulting in increased water 

demand and conflicts among water users in the area (Andersson et al., 2006; Burton & Chiza, 

1997; Tagseth, 2010). As a result, climate change would have an effect on a wide variety of 

community members, from households to plantation agriculture. As a result, there is a 

pressing need to discuss future resilience. 

Climate change has hampered food production and causing drying that has harmed regional 

life forms, agriculture, and vegetation (Mölg et al., 2009). Other considerations include 

decreased river discharges and water quality in the Pangani river during both the dry and wet 

seasons (Mtalo et al., 2005a). As factors affecting output per unit farm area, rainfall 

fluctuations, floods, and drought have an effect on land management (Mbonile, 2005). 

According to Mbonile et al. (2003), the southern slope of Kilimanjaro has an over-

dependence on agriculture and a lack of agricultural inputs, which affects output per field. 

Crop failure and reduced water availability for hydropower generation, industrial and 

domestic needs are affecting the livelihoods of the surrounding population and industries 

(Mbonile, 2005). 

According to Mbonile et al. (2003), the southern slope of Kilimanjaro has an over-

dependence on farming and a lack of agricultural inputs, which affects output per farm area. 

Crop failure and reduced water availability for hydropower generation, industrial and 

domestic needs are affecting the livelihood of the local population and industries (Mbonile, 

2005). Munishi et al. (2015) reported a significant and robust correlation between climate 

change and lower maize, bean, and banana yields in Hai district. According to the study, the 

pattern is caused by increases in air temperature, decreases in precipitation, and unequal 

spatial distribution of rainfall during the cropping season. Compared to 2011, the water 

demand deficit for irrigation and livestock production is expected to rise by 71.12% and 

1.41%, respectively, by the 2060s (Kishiwa et al., 2018). This means that people in the 
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lowlands who depend on irrigation for food and commercial farming must reconsider their 

livelihoods. 

Crop failure would have a greater effect in these areas because the agriculture sector employs 

more than 80% of the local population. The study goes on to state that consistent agriculture 

output is the most important factor affecting the region's livelihood prosperity (Munishi et 

al., 2015). As a result, it is critical to comprehend the current situation and establish long-

term strategies to ensure food security in the future. 

Since the country is heavily reliant on hydroelectric power, climate change will have an equal 

effect on the energy sector as it will on agriculture (Munishi et al., 2015). Water efficiency 

for hydropower production is currently as low as 35% of full capacity, which means that as 

climate change impacts become more serious, future environmental degradation and disputes 

among water users are almost certain (PWBO/IUCN).  

In Tanzania, Cole et al. (2014) projected a rise in the average hydropower power output from 

dams. Their study goes on to state that the only factor that must be addressed when building 

hydropower dams is climate instability. The findings under this study suggest that 

anthropogenic influence has a significant effect that should not be neglected. The findings by 

Cole et al. (2014) also contradict those of Lalika et al. (2015) on the declining trend in rainfall 

and river discharges. Kishiwa et al. (2018) used 2011 as a base year to estimate future water 

supply for hydropower development along the upper Pangani river (in the 2050s).  However, 

despite increased stream flows of 10%, the study predicts that future water demands for 

hydropower output will decrease by 27.47% due to lower peak flows. This finding differs 

from that reported by Cole et al. (2014), which was likely due to the use of a coarser 

resolution dataset. Given the country's desire to develop an intensive industrial economy, the 

expected hydropower output deficit would have a major impact on meeting the intensive 

industrial economy's energy demands. As a result, prospective government and private 

proposals should include an emphasis on renewable energy sources to meet future demand. 

This also emphasizes the importance of gathering high-quality data for high-resolution 

impact studies in order to determine the reality of future scenarios. 

A few studies in Tanzania have attempted to measure the hydrological responses to potential 

climate conditions (Adhikari et al., 2017). However, in many parts of the country, the scarcity 

of high-quality data remains a major issue. This makes it challenging to comprehend the 
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observed changes and improve the efficiency of hydrological models around the world. This 

phenomenon hampers gaining a better understanding of the observed changes and improving 

the efficiency of hydrological models around the world (Kundzewicz et al., 2007). Runoff 

reconstruction, for example, is hindered by both data access and data quality (Gedney et al., 

2006; Peel & McMahon, 2006).  

Water, food, and energy resource availability and suitability projections for the Kilimanjaro 

slopes under climate change and anthropogenic activities is hampered by several factors. One 

of the most significant factors is a lack of ground-based data from which to deduce 

temperature patterns at various altitudes on the mountain (Agrawala et al., 2003; GITEC, 

2011; Mckenzie et al., 2010). Furthermore, there is a scarcity of data on rainfall distribution 

with elevation, with just a few observations made above 1500-1600 m.a.m.s.l (Røhr, 2003). 

In most of the models, the details of water demand for each land use plan and representation 

of each vegetation type are approximate and mostly generalized (Røhr, 2003). Future 

research should focus on generating high-quality hydrological data at the watershed scale and 

incorporating local mitigation and adaptation strategies into future decision support systems. 

2.9 Motivation  

As a water tower, Mount Kilimanjaro feeds major river systems, especially on the southern 

slopes. The mountain supplies water for agriculture activities along the highly populated 

southern slopes (Hemp, 2005). Moreover, the mountain harbours a wide range of endemic 

species (Hemp, 2006b; Myers et al., 2000). Thus, variation in precipitation and the future 

climate dynamics in the region are of particular interest.  

The tropical river basins are facing hydrological extremes (Drought and floods), increased 

water conflicts and water quality due to anthropogenic activities. Climate and land use 

changes are linked through its impacts on the hydrologic cycle of the watersheds. The 

hydrological balance of Mount Kilimanjaro watersheds has been seriously affected by forest 

fires that are responsible for the loss of a third of the Kilimanjaro forest cover during the last 

70 years. Furthermore, there is an expansion in agricultural land driven by the passion for 

increasing food production to feed the rapidly expanding population. However, the concept 

of increasing production by expanding agricultural land has never been tested in the KWK 

watershed. It is evident that there is scope for developing an understanding between climate, 

human activities, and sustainable water management under climate and land use change 
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scenarios. Further, an understanding that will enhance agricultural production to feed the 

increasing population in these river basins under changing climate. The management 

framework in these river basins needs to incorporate parameter and operational uncertainties 

for sustainable agriculture production.  

Quantification of ground and surface water resources is the first step of the conjunctive water 

use plan.  Further, quantifying the impacts of climate change on hydrological fluxes (both 

surface and subsurface) has not been done for the KWK watershed. Moreover, the 

identification of agriculturally suitable water potential zones is required for sustainable 

irrigation practices. Thus, a set of methodologies were developed, including performance 

evaluation, to address the aforementioned issues. 

2.10 Evaluation of the Impacts of Climate and Land Use Changes on Water 

Resources 

A modelling approach is typically the best method to assess the impacts of land use/cover 

and climate changes on the water balance. Models can be used to evaluate the historical and 

future implications of land use/cover changes on the hydrology of a catchment (Huisman et 

al., 2009). This study used the soil and water assessment tool (SWAT) to assess the impacts 

of land cover and climate changes on the water balance components of the KWK watershed 

on the southern slopes of Mt. Kilimanjaro. The  SWAT has been tested and used to solve 

complex watershed management problems in many regions all over the world (Anand et al., 

2018b; Hyandye et al., 2018; Kishiwa et al., 2018; Shawul et al., 2019; Twisa et al., 2020). 

Further, partial least square regression (PLSR) can be used to investigate the impact of land 

cover changes on the streamflow and establish the impact of the individual land cover type 

on the streamflow using PLSR modelling. This study provides a comprehensive analysis of 

the historical and future land cover dynamics and their impacts on the hydrological processes. 

Further, future climate scenarios can be generated by using Regional Climate Models 

(RCMs). 

2.10.1 The Hydrologic Simulator  

Soil and Water Assessment Tool (SWAT) is one of the popular physical-based hydrological 

models. It is used to simulate hydrologic processes within the watershed (Gassman et al., 

2007). The SWAT was developed by the United States Department of Agriculture (USDA). 
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Since its development, SWAT has been used to predict the impact of management practices 

on water, sediments, and agricultural chemical yields in large data-scarce basins (Arnold et 

al., 2012). The  SWAT provides a flexible framework that allows the simulation of watershed 

processes under a wide range of watershed management practices (Ullrich & Volk, 2009). 

The SWAT has been used to assess the impacts of anthropogenic activities that degenerate 

the natural river basin systems. Land-use and cover changes being the primary factor 

impacting the water balance of a watershed (Lam et al., 2011; Yevenes & Mannaerts, 2011). 

The application of SWAT has been successful in many parts of the world. In recent years, 

the SWAT has been widely used in many countries (Hyandye et al., 2018; Meaurio et al., 

2015; Shawul et al., 2019; Twisa et al., 2020; Wang et al., 2014); and has been tested to 

inspect the management strategies on watershed hydrology, and water quality (Shawul et al., 

2013).  SWAT operates on a daily time step with optional monthly or annual output. The 

model divides a catchment into a set of a unique combination of soil and vegetation types 

which provides the basic unit for computation of flow accumulation. The SWAT simulates 

the hydrological cycle using the water balance equation (Equation 1). 
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Where SWt (mm) is the final soil water content, SW0 is the initial soil water content on day 

i, t is the time, Ri is the precipitation amount on the day i. Qi (mm) is the amount of surface 

runoff on day i, ETi (mm)  is the evapotranspiration (ET) amount on day i. Gi (mm) is the 

amount of water entering the vadose zone from the soil profile on day i, and Bi is the amount 

of return flow on day i. 

The snow module in SWAT captures and simulates the snowmelt hydrology. The module 

allows delimitation of up to ten elevation bands with different precipitation and temperature 

lapse rates (Grusson et al., 2015; Qi et al., 2016). In this process, SWAT uses the temperature 

of the near-surface air to characterize liquid and solid rainfall. During this process, the 

snowfall and snowmelt are estimated when the temperature drops below the snowfall 

threshold. These processes can be distinguished in space using the elevation, which allows 

users to add lapse rate for both precipitation (PLAPS in mm H2O/km/yr), and temperature 

(TLAPS in ºC/km). However, previous studies suggest the absence of isotopic signatures in 

springs and river discharges of the study area (Mckenzie et al., 2010). Thus, the contribution 

of snow was not accounted for its contribution to the annual runoff in this study.  Variation 

of temperature and precipitation with elevation and spatial variability due to complex terrain 

are challenges during estimation of the model parameters (Anand et al., 2018a).  
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2.10.2 Partial Least Squares Regression Analysis 

Partial least squares regression (PLSR) analysis of Land Cover change impact on water 

balance components is widely applied in performing multivariate regression analyses for 

collinear predictors (Shi et al., 2013b). In PLSR modelling, two data matrices X and Y are 

related by a linear multivariate model. A model parameter is estimated as a slope of a simple 

bivariate regression between a matrix column or row as the Y-variable; and another 

parameter vector as the X-variable; this is done for each variable (Wold et al., 2001). The 

PLSR offers a quantitative modelling platform for complex relationships between predictor 

variables with problems (Wold et al., 2001). The background of the statistics behind PLSR 

modelling is well documented in the previous studies (Abdi, 2010; Godoy et al., 2014; 

Tenenhaus et al., 2005; Wold et al., 2001). The PLSR is an extension of a multiple linear 

regression model. In the simplest form, a linear model specifies the relationship between a 

dependent variable y, and a set of predictor variables x, as shown in Equation 2. 

0 1 1 2 2 .... n ny k k x k x k x                      (2) 

Where; k0 is the regression coefficient for the intercept, and ki values are the regression 

coefficients (for variables 1 to n) computed from the data.  

The predictive quality of the model can be improved by running a series of PLSR models. In 

each run; the Q² cumulated (Q2
cum) can be used to eliminate variables with the least influence 

until the largest Q2
cum was attained. Generally, Q2

cum above 0.5 is considered an excellent 

predictive power (Shi et al., 2013b). The cross-validated root mean squared error (RMSECV) 

was used to avoid skewness by the data points, especially when there are outliers. The 

Model’s predictive power was measured by using the global goodness of fit (R2) and the 

cross-validated model quality index (R2
cross). The R2 is a fraction of variance in the dependent 

variable which can be predicted by the model; whereas, R2
cross measures prediction goodness. 

Generally, the importance of predictors (for all variables) is measured by the variable 

importance for the projection (VIP), where the larger the values, the higher the predictor 

relevance. 

In determining the land use types that interact with hydrological components than the other, 

the regression coefficients (RCs) and the variable importance of the projection (VIP) are 

used. Those predictors with large VIP values can best explain the dependent variable (Ai et 
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al., 2015; Wold, 1995), the values >0.8 are most pertinent, whereas the values <0.5 show 

insignificance in explaining the variable (Shi et al., 2013b; Wold, 1995; Woldesenbet et al., 

2017). For the RCs shows the direction and strength of the impact of each independent 

variable. Generally, a small RC and large VIP show the importance of the variable in 

prediction in that direction, whereas the small RC and small VIP indicate insignificance of 

the particular variable, thus, it can be omitted from the model.  

The PLSR method associates Principal component analysis (PCA) and multiple linear 

regression features (Abdi, 2007). The method is suitable when the predictors show 

multicollinearity.  Generally, land use data exhibit collinearity because an increase in the 

percentage/area of one type will automatically decrease the percentage/area of one or more 

of the other land use types (King et al., 2005). Thus, it is appropriate in many studies because 

it eliminates co-dependence among the variables; further, it provides a more unbiased view 

of the contribution of the changes in water balance components at the watershed scale.  

2.10.3 Historical and Future Climate Change Simulation 

The ongoing impacts of climate change are expected to substantially impact water resources 

in many regions of the world (MacDonald et al., 2009a). Because the future climate 

parameters like precipitation and temperature are vital parts of the water cycle, modelling 

these impacts needs high-resolution regional rainfall scenarios as input to impact models.  

The General Circulation Model (GCMs) have been used to model future global-scale climate 

change trends. However, the current generations of GCMs have a major weakness in 

producing information at a coarser resolution in impact studies (Hu et al., 2012a; Schmidli 

et al., 2006). Furthermore, GCMs cannot represent sub-grid scale features and dynamics, 

namely topography and convections, all of which are vital in climate change impacts on a 

basins scale (Hu et al., 2012b).  In order to overcome these shortcomings, downscaling 

methods have been established to correlate coarser GCMs data to finer scales relevant for the 

basin level (Hu et al., 2012b; Hu et al., 2012a; Schmidli et al., 2006).  

Downscaling refers to the general term used to name a procedure used to make predictions 

at a catchment scale by taking information known at large scales (Wilby & Wigley, 1997). 

The GCMs downscaling approaches can be classified into dynamic and statistical 

downscaling (Tripathi et al., 2006). Dynamic downscaling uses Regional Climate Models 

(RCM) or Limited-area Models (LAM), which is embedded into GCM to produce high-
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resolution outputs (Mearns et al., 2003); these are believed to better represent topography 

and land use as compared to GCM (Sunyer et al., 2010). However, it has some limitations 

that it strongly depends on GCM boundary forcing and has a limited number of scenarios 

ensembles, computationally intensive and initial boundary conditions affect final results 

(Wilby & Wigley, 1997).  

On the other hand, statistical downscaling models use the fundamental concept that regional 

or local climate strongly depends on large scale atmospheric variables (such as mean sea 

level pressure, geopotential height, and wind fields). It has advantages of having the ability 

to directly incorporate observations into the method, easily transferability to other regions, 

and the ability to provide point scale climate variables (Wilby & Wigley, 1997). One 

advantage of the statistical downscaling method is that they provide site-specific information 

which can be used in many climate change studies (Wilby et al., 2004). The procedure 

involves screening of potential downscaling predictor variables, assembling and calibration 

of Statistical Downscaling models, then ensembles of current weather data are synthesized 

using GCM-derived predictor variables and finally, the observed data and climate change 

scenario (Wilby et al., 2004). 

The RCMs have gained the attention of recent researchers due to their capacity to provide 

high-resolution climate simulations (Pan et al., 2012; Roux, 2009). However, these 

simulations are subject to various uncertainties arising from boundary conditions, domain 

integration size and natural variability within the RCMs and RCM formulation (Min et al., 

2013). For example, evaluation in East Africa reported better RCMs simulation in one region 

and poor in another region within the same temporal scale (1990 to 2008) (Endris et al., 

2013). Also, in Southern Africa, the report shows that the performance of the RCMs in 

simulating precipitation differed over different regions (Shongwe et al., 2014). 

The use of RCMs (Regional Climate Models) has been one of the best and robust methods to 

obtain high-resolution climate information, taking into account regional patterns and 

indigenous knowledge. The  RCMS runs on a limited geographical area using boundary 

conditions from GCMs (Daniels et al., 2012; Min et al., 2013). The lateral boundary 

conditions hardly affect the bias of the RCM for all seasons and over most of the African 

continent. For example, even when numerous GCMs are downscaled, RCA-RACMO is 

independent of the driving GCM dry over equatorial Africa; in contrast, Climate Limited area 

Modeling (CCLM) shows a dry bias over the eastern coast of Guinea Gulf (Dosio et al., 
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2019). The finer spatial resolution of RCMs allows simulation of local climate under greater 

detail through taking into consideration orographic impacts (coastlines, mountains, water 

bodies, vegetation) and land-use, and small scale dynamical and boundary layer processes 

(Luhunga et al., 2016). 

One major proposed strategy to minimize the impacts of climate change on water resources 

is to develop a working adaptation plan (Mutayoba et al., 2018). However, insufficient 

evidence on the future climate change impacts on water resources afflicts the development 

of water resources adaptation strategies. Furthermore, developing evidence of climate change 

on water resources is one among the challenging activity (Muerth et al., 2013). For example, 

many uncertainties are worth considering when simulating the impacts of climate change on 

streamflow (Melsen et al., 2018). These climate models perform differently among 

ecoregions (Kotlarski et al., 2014). Thus, it is necessary to assess these models in different 

regions.  

Thus, it is necessary to assess the performance of climate change data in different ecoregions. 

One of the best methods to analyse climate change impacts in a watershed is to use a 

combined analysis of both Climate and hydrologic models. However, hydrologic models 

themselves introduce uncertainty through parameters (Merz et al., 2011), and model 

conceptualization. This means care should be taken during model parameterization scenario 

simulation at the watersheds.  
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 The Study Area Characteristics 

3.1.1 Background Characteristics 

The mount (Mt.) Kilimanjaro is the highest peak in Africa at 5895 m.a.s.l., located 300 km 

south of the equator in Tanzania on the border with Kenya between 2°45´ and 3°25 South 

and 37°00´ and 37°43´ East (Fig. 2). It is located in the northern part of the Pangani River 

basin (Røhr & Killingtveit, 2003). The Mountain is surrounded by natural forests belt with 

an area of around 1000 km2 (Hemp, 2005). The slopes are dominated by the eroded remnant 

of an ancient volcano, starting from the savanna plains (700 m. a.s.l) to 5895 m elevation, 

which is snow and ice (Hemp, 2005).  

The Kikafu, Weruweru, and Karanga (KWK) watershed originates from the pick of Mount 

Kilimanjaro and extend southwards through the thick mountain forest on the Mount 

Kilimanjaro slopes (Fig. 2). The watershed joins the Kikuletwa networks before entering the 

Nyumba ya Mungu dam. The area is mostly under rainfed and irrigated agriculture as the 

primary means of production. The KWK watershed is one of the mountainous watersheds 

along the southern slopes of Mount Kilimanjaro and the northern part of the Pangani river 

basin. Being located on the mountain slopes with greater human activities, KWK experiences 

tremendous changes in its land cover (Fairman et al., 2011; Mbonile et al., 2003; Mmbaga et 

al., 2017; Soini, 2005b). Further, climate change has for long named to influence the supply 

of ecosystem services at varying degrees (Mckenzie et al., 2010; Misana et al., 2003; Mölg 

et al., 2008; Mulangu & Kraybill, 2013; Munishi et al., 2015; Thompson et al., 2002). Thus, 

necessitating quantifying the impacts of climate and land use/cover changes on the water 

balance for sustainable water resources management.  

3.1.2 Rainfall and Temperatures 

The climate of Mount Kilimanjaro is influenced by its proximity to the equator. Thus, its 

climate is influenced by trade winds and controlled by meridional displacement of the 

intertropical convergence zone (Duane et al., 2008). It is typical of an equatorial climate; the 

rainfall and temperatures vary with elevation (Hemp, 2005). The rainfall pattern follows the 
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bimodal regime and is influenced by trade winds (Coutts, 1969). Generally, the precipitation 

in the Kilimanjaro tropical rainforests comprises a mixture of rainfall, throughfall, and fog 

(Otte et al., 2017). There are two distinct seasons in the hydrological year, the March to May 

(Masika) and October to December (vuli) wet seasons and the January to February and June 

to September dry seasons (Appelhans et al., 2015; Otte et al., 2016). Variations of the rainy 

season from one year to another are controlled by Indian Ocean Dipole (IOD) and meridional 

displacement of Intertropical Convergence Zone (ITCZ) (Otte et al., 2016). Precipitation on 

the southern slopes is approximately 2500 mm compared to less than 1000 mm on the 

northern slopes (Hemp, 2005). On the southern slopes, the annual precipitation amount varies 

with elevation, 900 mm at 800 m.a.s.l. Thereafter, increasing linearly to a maximum of 

approximately 2700 mm/year at 2200 m. a.s.l dropping linearly until the freezing point level 

to 750 mm at roughly 3750 m.a.s.l with a continual decline up to the summit (Hemp, 2005).  

The Mean annual temperature is 23.4°C at 813 m elevation in Moshi (Walter et al., 1975), 

decreasing to about -7.1 at the summit (Thompson et al., 2002). The mean annual temperature 

decreases linearly upslope with a lapse rate of 0.56°C per 100 m (Hemp, 2006a), from 23.4°C 

at the foothills in Moshi at 813 and declining to 7.1°C at the top of Kibo. The daytime 

variability ranges between 23°C and 9°C along the elevation gradient (Otte et al., 2017), and 

derives the mean annual temperatures more than seasonality (Duane et al., 2008), and range 

between 23 and 9 °C along the elevation gradient.  
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Figure 2:    The study area, weather and gauging stations (a), features and elevation (b), and annual rainfall distribution (c)
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3.1.3 Geology and Soils 

The Geology and soils of the KWK watershed are depicted in Fig. 3 (d) and 3 (e), 

respectively. The soil erosion is high on the higher slopes as most of the soils are carried to 

the lower slopes making more than 200 m thickness of unconsolidated materials as 

overburden (Mwende, 2009). The report by Mwende (2009) further shows that the weathered 

mantle has been eroded and transported to lower plains. Glacial sands obscure the volcanic 

rock near the summit from around 3000 to 5000 m.a.s.l (Downie et al., 1956).  

According to Food and Agriculture Organization (FAO), the soils of the Kilimanjaro region 

are categorized into four groups which makes the basis of the variation in soil fertility. The 

Humic nitisols and humic andosols; chromic cambisols and associated eutric cambisols; 

orchric and andosols, and chromic cambisols and vitric andosols; mollic andosols and 

associated eutric nitosols (Fig. 2(b)). The soils are chiefly of volcanic origin, mostly rich in 

Mg and Ca (Nkya et al., 2015), and silica which might be originating from chemical and 

physical weathering of rocks and high in water and organic matter (Mwende, 2009). Thus, 

the soils are predominantly clay, with gravel beds deposits in some areas (GITEC, 2011). 

Clay soils are predominant throughout most parts of the plain, and the gravel bed is formed 

as a fan deposit in some areas. 

The rocks around Mt. Kilimanjaro are mainly nephelinites, phonolites, olivine and alkali 

basalts, pyroclastics and trachytes (Schlüter, 2006). Many of the subsequently developed 

soils are Andosols formed on top of lava and ash flows (Little & Lee, 2006). According to 

lithological classification criteria by Meinzer (1923), the aquifer is chiefly composed of 

Neogrene alluvials, weathered Neogene volcanics, and fissured Precambrian metamorphics. 

Most of the lowland areas are covered by alluvial plains, resulting from huge deposits from 

floods during heavy storms; for example, the alluvial deposits are mostly concentrated on the 

lowland areas along Kikuletwa River and Kahe plains. Kahe plains are chiefly formed by 

Kilimanjaro volcanics and alluvial deposits resulting from erosion in highland areas and 

rivers (GITEC, 2011). The large smooth mass of Kibo lahar is a boulder deposit with typical 

mouded that covers a large area of the plains south-west of Moshi at heights of below 915 m. 

In places, it shows a typical mounded landscape,this deposit was formed by enormous debris 

flows during the development of the Kibo. The southern slopes are dominated by a mass of 

glaciated valleys that dissect along the southern slopes compared to other slopes, these mass 

sections increases in depth southwards.  
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3.1.4 Hydrogeological Setting 

Theoretically, the Kilimanjaro aquifer is composed of Neogene alluvials, the weathered 

Neogene volcanic, and fissured Precambrian metamorphics (Mwende, 2009). The 

Kilimanjaro groundwater system behaves comparably to that of the regional Pangani (Mul et 

al., 2007) with shallow (through sediments) and regional flow systems (controlled by regional 

geology) (Mckenzie et al., 2010; Mul et al., 2007a). The groundwater system is older with 

connection to the surface water system. The river system is inextricably linked to 

groundwater and precipitation (Mckenzie et al., 2010). Submontane (1600 m.a.s.l), montane 

zone (1600–2800 m. a.s.l), subalpine zone (2800–3900 m. a.s.l), and alpine zone (>3900 m. 

a.s.l) climatic zones result from temperature and precipitation stratification with elevation on 

Mt. Kilimanjaro (Hemp, 2006b).  

The southern slopes of Mount Kilimanjaro are home to rivers and streams that contribute 

significantly to the Pangani river basin, as well as hydropower generation at Nyumba ya 

Mungu, Pangani, and Hale stations, as well as Tanganyika Planting Company (TPC). Small 

to large scale agriculture production projects and rice production at the lower Moshi 

Irrigation scheme are also found in the study area (Sarmett & Faraji, 1991). Fishing is also 

enhanced by the Nyumba Ya Mungu Dam, which has a maximum catch yield of around 4000 

tonnes per year. The Amboseli ecosystem, which supports Masai pastoralists and a diverse 

wildlife population, receives water from the northern slopes as well (Agrawala et al., 2003). 

In comparison to the other slopes, the southern slope of Mount Kilimanjaro is more fertile 

and wet. As a result, the southern slope is relatively densely populated and intensive 

agricultural practices (National Bureau of Statistics, 2012, 2018; Røhr & Killingtveit, 2003).  

3.1.5 Population and Economic Activities 

The population of the Pangani catchment area has grown by 32% in the last decade and a 

half, from 2.4 million people in 1988 reaching 3.2 million people (Fisher et al., 2010). The 

slopes of Mt. Kilimanjaro have been continuously inhabited by humans for over 2000 years 

(Schmidt, 1989). The slopes of Mt. Kilimanjaro are currently surrounded by five 

neighbouring districts (Moshi Rural, Moshi Urban, Rombo, Hai and Siha districts).  The total 

population of the districts has increased over time (Table 1), indicating increased demand on 

land, which contributes to environmental degradation (Daluti, 1994; Tagseth, 2010). This 
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means that land cover shifts, changes in surface and groundwater quantity and quality, and 

soil degradation are more likely to increase. 

The population of the Kilimanjaro region has an average annual growth rate of 1.8%, making 

it the country's eighth most densely populated region (National Bureau of Statistics, 2012). 

The population density in the area is 124 people per square kilometer (National Bureau of 

Statistics, 2012), increasing to 650 people per square kilometer on the southern slopes 

(Zongolo et al., 2000), and nearly 300 people per square kilometer on Mount Kilimanjaro's 

southern slopes (Mbonile et al., 2003). In an ideal world, population pressure leads to 

increased demand for shelter, fibre, and water for different purposes, resulting in changes in 

forest, farmland, and water supplies (Byerlee et al., 2014; Foley et al., 2005). This 

demonstrates the presence of water resource pressures that have a direct effect on the region's 

hydrological system (Mul, 2009). The characteristic compacted surface of urbanized areas 

raises surface runoff and decreases groundwater recharge to a greater degree (Zomlot et al., 

2015). As a result, population patterns and behaviour must be considered because they affect 

land use/cover change and, as a result, potential water supply.  

The Pangani river basin and the Kilimanjaro region population are centered on the 

Kilimanjaro and Pare mountain slopes and flat highlands, with sparsely populated lowlands 

(Adams et al., 2010; Tagseth, 2010). In lowland areas, the majority of farms and intensive 

irrigation activities are carried out; furrow irrigation with small farms is a dominant historical 

water usage on Mt. Kilimanjaro slopes (Gillman, 1932; Raum, 1940), and mixed 

rainfed/plantation irrigation is common in lowland areas. According to Teale and Gillman 

(1935), the settlement's geographical setting on Kilimanjaro is influenced by water 

availability Teale and Gillman (1935). This means that changes in water management will 

affect how Kilimanjaro region residents interact with nature and the environment; as a result, 

the observed hydrological changes are a result of historical and current water management 

practices.
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Figure 3:   Geology (d), Soils (e) and Slope (f) maps of the study area 
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3.2 Assessment of the Historical and Future Land Use/Cover Dynamics on Mt. 

Kilimanjaro Slopes 

In this objective, the main targets were three folds: (a) to map LULC in three historical 

periods (1993, 2006 and 2018) on the southern slopes of Mt. Kilimanjaro, (b) to project 

LULC in 2030 and to assess variations from the current LULC conditions, and (c) to 

investigate the impact of the LULC changes on the selected staple food production. The past 

LULC maps were extracted from satellite images through image classification, then aligned 

with population data, mean annual rainfall data, and other factors and constraints (Table 4) 

to generate suitability maps that were used for future (2030) LULC prediction.  

In general, the procedures for this objective were as follows: (a) land-cover mapping in 1993, 

2006, and 2018 using time-series satellite images (Maximum likelihood), (b) Calculation of 

transition area matrix obtained from the Markov procedure, which indicates the number of 

pixels that are likely to migrate from each land-cover class to another class over a given time 

interval (1993-2006), (c) Using Markov chain and Multi-Criteria Evaluation (MCE) model 

to prepare LULC transition suitability images. The suitability images depict the cells that are 

suitable for a specific land cover, (d) Comparing observed and predicted maps for the year 

2018 to assess the model's predictive power, (e) Using the CA–Markov module in integrated 

geographic information system (GIS) and remote sensing software (IDRISI software) to 

simulate the land-cover change of 2030. Furthermore, (f) Using historical and current crop 

production data and potential agricultural land to align the results of available cropland and 

selected staple food production using linear interpolation. Figures 2 and 3 show a summary 

of these procedures. 

3.2.1 Data Acquisition and Image Pre-Processing 

The historical land-use data (1993, 2006, and 2018) of the catchment were obtained by 

classifying their respective Landsat (4, 7, and 8) level 1 images. The satellite images were 

freely available on the United States Geological Survey (USGS) website's Global 

Visualization Viewer (https: glovis.usgs.gov/). Landsat images from the Operation Land 

Imager (OLI) for 2018, Landsat 7 for 2006, and Landsat 4 for 1993 were used for land 

use/cover classification in this study. To reduce seasonal variability, all the images used in 
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this analysis were from the same season. Both images were resampled to a cell size of 30 m 

x 30 m, and atmospheric and geometric errors were corrected in ArcGIS.  

The projections of these images were converted to local projections of the study area spatial 

data, as defined previously by Liang et al. (2018), in order to align them with other spatial 

data from the study area, including ground-truthing coordinates for accuracy assessment. 

Before extracting the necessary study area using the polygon boundary, individual bands 

from the images were extracted, and band composites were created. Mount Kilimanjaro and 

the dense forest of Kilimanjaro National Park occupy the upper part of the study area due to 

its geographical setting. Most of the time, particularly during the rainy season, this area is 

obscured by clouds. As a result, cloud-free images were difficult to acquire, particularly 

during the rainy season of 2018. To address this data quality issue, the cloudy areas of the 

image (which are mostly rock and snow that do not change significantly over time) were 

sliced out and replaced with cloud-free observations extracted from the satellite image of 

September 23, 2016 using ArcMap's Mosaic feature (Said et al., 2021). Before the images 

were transferred to ArcGIS for further processing, the Landsat 7 scan line errors were 

corrected by filling in the missing data with scan line correction data using the "fill no data" 

feature in Quantum GIS (QGIS). 

Other data used in this analysis included the Digital Elevation Model (DEM), road and stream 

networks, railway lines, and Protected areas shapefiles, in addition to satellite photos. These 

data came from a variety of sources. The data types used, and their characteristics are 

summarized in Table 2.  
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Table 2: Characteristics of the data used 

Category Data Year Data source 

Satellite 

image 

LT04-1993-02-17 (path 168/row062) 1993 https: glovis.usgs.gov/ 

Satellite 

image 

LC07-2006-02-05 (path 

168/row062) 

2006 https: glovis.usgs.gov/ 

Satellite 

image 

LC08-2016-09-23 (path 

168/row062) 

2016 https: glovis.usgs.gov/ 

Satellite 

image 

LC08-2018-02-29 (path 

168/row062) 

2018 https: glovis.usgs.gov/ 

DEM Digital elevation model  2018 https: glovis.usgs.gov/ 

Roads All main and minor roads 2018 Survey and Mapping 

unit 

Streams  All streams and rivers 2018 Pangani Basin Water 

office 

Parks Protected areas 2018 Tanzania National 

Parks 

Demographic Crops production 2018 Statistics Unit-

Ministry of Agriculture 

Field surveys were conducted to collect ground-truthing points with a hand-held GPS 

receiver in order to validate the land-use and land-cover change (LULCC) categories created. 

A set of 50-70 points (depending on accessibility) were randomly collected for each land 

use/cover class with uniform distribution in the area. These points were used to determine 

land use/cover classification accuracy, which was done by combining expert knowledge with 

field observations. It was possible to confirm the cover types and match them with the 

processed data from satellite images. Using Google Earth, the coordinates of features in 

remote montane forests, Kilimanjaro National Park, and high mountain areas were collected. 

The image processing software used in this analysis was ArcGIS 10.6 student edition and 

IDRISI Selva v17.0. 

3.2.2 Image Classification and Accuracy Assessment 

Land cover was divided into ten (10) major categories (Table 3), which include both natural 

and non-natural protected areas. This means that both natural and human-induced changes 

were included. Prior to image classification, the expert was guided by ground-truthing points 

to make an on-screen selection of the areas to select pixels to be used as training samples. 

Where identifying a land cover class on a satellite image was difficult or features were 

ambiguous, ground truth points were overlaid on Google Earth images to identify ambiguous 

features and train the past (1993 and 2006) images, allowing the opportunity to mark the 
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training sample and assign a particular land class. Following that, the signature file was 

generated using the training samples. The images were then created using a supervised 

classification algorithm with a maximum likelihood algorithm to generate land cover maps 

for the region in 1993, 2006, and 2018. Since supervised classification resulted in certain 

pixels being positioned in incorrect spatial areas; for example, agricultural land on top of Mt. 

Kilimanjaro, expert knowledge was used to correct these wrongly classified features. A raster 

calculator feature was used in this study to determine at what elevation a specific land-use 

class should appear. Expert classification was used because it is based on expert knowledge 

of the study field. The procedure is outlined in detail by Taweesuk and Thammapala (2005). 

To enhance classification accuracy, expert classification was used to combine remote-sensed 

data with other georeferenced data sources such as DEM, land use data, and spatial texture.  

Table 3: Land use/cover classes and their description 

S/N Land use/cover class Description 

1 
Built-up area (BU) Tarmac and gravel roads, concrete areas, urban and 

rural settlements 

2 
Agricultural land (AGR) All land with crops 

3 
Water (WAT) Water in wetlands, rivers, fishponds, and water in 

agricultural areas. 

4 
Forest (FOR) Thick canopy, areas with closed trees, both natural 

and planted forests. 

5 
Bare land (BAR) Quarry areas, bare soils, eroded soils, and sands.  

6 
Grassland (GRA) Tall to short grasses, sometimes bare soils in the dry 

season. 

7 
Wetland (WET) Areas with lands partially submerged in water and 

grasses. 

8 
Shrubland (SHB) Wooded areas with a more open canopy. 

9 
Rocky surface (ROS) Areas covered with bare rock and less vegetation 

10 
Glacier ice (GLI) Areas covered with Glacier ice 

To determine the degree of agreement between the classified images and the ground features, 

an accuracy assessment was performed. Ground truthing points and other reference points 

found from satellite and Google Earth images were used as ground-truthing points. In 

addition, interviews with local residents were conducted with the aim of enhancing the 
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accuracy of historical images classification (1993, 2006). During fieldwork, a total of 50 to 

70 ground-truthing points were obtained and used to determine the precision of each land-

use class. The producer’s, user’s and overall accuracy, as well as Kappa coefficient, were 

determined. The number of samples correctly identified divided by the reference totals was 

used to determine producer accuracy, while the number of samples correctly identified in 

each class was divided by the classified totals to determine consumer accuracy (Foody, 

2008). The total number of correctly classified pixels divided by the total number of sample 

points used in accuracy assessment yielded the overall classification accuracy of each image 

(Foody, 2008). The coefficient of agreement, or Kappa statistics, was calculated using 

Equation 3. The Kappa coefficient is a measure of the overall statistical accuracy of an error 

matrix between a classified map and reference data; it accounts for non-diagonal components. 

Figure 4 summarizes the image classification and accuracy evaluation method.  
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Where N is the total number of observations in the entire error matrix, n is the number of 

rows, xii is the number of points correctly classified for a specific land use category, xi+ and 

x+i are marginal sums for raw and column i associated with the category (Bishop et al., 

1975).  

Figure 4:  Image classification and accuracy assessment workflow  
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3.2.3 Data Preparation and Future Land-Use and Land-Cover Projection  

(i) Criteria Development and Generation of Land-Use Suitability Maps 

The factors involved in the simulation of land-use change were identified by Barredo et al. 

(2003). A factor is a criterion that influences the suitability of a specific land cover in a 

specific location. The values of the factors differ, but land use cover change forecasts are 

typically stretched from 0-255 (Musa et al., 2018). Environmental factors, that is, constrained 

areas, local-scale neighbourhoods, that is, one land use influenced by another, and spatial 

characteristics of towns, that is, distance and access to the city centre, are the five categories 

of factors. Other factors include land-use zoning status, urban planning regulations, and 

factors related to individual interests, social-economic development, and political systems, 

such as population growth trends. These variables were evaluated in order to monitor their 

behavior in the study area; however, the current model does not account for potential changes 

in urban plans and policies. 

Since they drive the spatial patterns of the simulations, land-use class suitability maps are 

important and play a central role in CA-Markov modeling. Suitability images are used to 

determine the suitability of each cell for a specific land cover. As a result, much like the other 

phases in modeling, their training necessitates detailed awareness and technique (Tattoni et 

al., 2011). Suitability maps were created in this study using factors and constraints gathered 

from field surveys in the study area. For each land-use class, factors and constraints were 

created (Table 4). 
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Table 4: The criteria used in the preparation of suitability maps 

LULC suitability 

class 
Factors 

Membership 

function 

Membership 

function 

shape 

Control points Constraints 

Built-up area 

Distance from built-up area MD J shaped c = 200, d =Maximum 

Existing water surfaces, river 

course(60 m buffer), protected 

areas 

Distance from the road MD Linear a = 1, b =6800 

Slope MD Linear c= 0.1, d =35 

Elevation MD Linear c= 600, d =1900 

Distance from the river MI S shaped a = 60, b =11 000 

Agriculture land 

Slope MD Linear c= 0.1, d =20 
River course (60 m buffer), 

existing built-up area, existing 

road network, existing 

protected area 

Distance From built-up area Symmetric Linear a = 50, b =500, c= 4000, d =7500 

Elevation Symmetric Linear a = 300, b =1000, c= 1200, d = 1700 

Population MD Linear c= 12300, d =16 000 

Distance from the river MI Linear a = 60, b =10 000 

Water 
Existing water network 

(Boolean) 
No fuzzy - - River course network 

Forest 

Distance from the road network MI Linear a = 100, b =10 000 

Existing agriculture land, road 

network, existing buildup area 

Slope Symmetric Linear a = 10, b =30, c= 40, d =68 

Elevation Symmetric Linear a = 1700, b =2300, c= 2300, d =3200 

Annual rain MI Linear a = 600, b =1000 

Barren land 

Slope MD J shaped a= 10, b =30 

River course network, road 

network, existing built-up area 

Distance from Built-up area Symmetric Linear a = 20, b =40, c= 40, d =5500 

Elevation Symmetric S shaped a= 700, b =800, c= 800, d =1000 

Annual rain MD Linear c= 400, d =1200 

Soil types Do not fuzzy - - 

Grassland 

Distance from the road MI J shaped a= 30, b =maximum 
Existing built-up area, 

river course network. 
Slope MD Linear c= 0.3, d =30 

Elevation MD J shaped c= 800, d =1100 

 

Wetland 

Population MD Linear c = 4000, d =26 000 Existing agriculture land, 

existing built-up area, river 

course network, existing road 

network 

Elevation MD S shaped c = 400, d =980 

Slope MD Linear c = 0, d =2 

Shrubland 

Distance from the road MI S shaped a = 50, b =maximum 
River course network, road 

network, existing built-up area 
Distance from built-up area MI Linear a = 1000, b = 13 000 

Elevation Symmetric S-Shaped a = 2000, b =3500, c= 3500, d =3700 

Rocky surface Elevation Symmetric Linear a = 3800, b = 4300, c= 4300, d =5800 
Existing shrub land, existing 

forest 
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LULC suitability 

class 
Factors 

Membership 

function 

Membership 

function 

shape 

Control points Constraints 

Glacier ice Elevation MI J shaped a = 3800, b = maximum 
Existing shrub land, existing 

forest, existing built-up area 
MI-Monotonically increasing; MD- Monotonically decreasing
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The approach used to prepare the factors and constraints has been well outlined by Hyandye 

and Martz (2017). To arrive at the person assessment index (suitability maps), the Multi-

Criteria Evaluation (MCE) function was used to combine information from different criteria 

(El-Hallaq & Habboub, 2014).  

Factor maps were generated in ArcGIS v.10.6 and then imported into IDRISI Selva v.17 for 

further processing. In Idrisi Selva, all constraint maps were generated by editing the existing 

values in the feature class(es) and setting the targeted constraint of the feature class to zero. 

Tanzania National Roads Agency, Pangani Basin Water Office (PBWO), classified satellite 

photos, and Tanzania National Parks GIS unit provided vector layers of proximity to 

highways and waters, accessibility to existing settlements, and forest reserves, respectively. 

Before importing the DEM data into Idrisi Selva, the slope map was generated in ArcGIS. 

The Tanzania Meteorological Agency (TMA) provided annual precipitation records for the 

stations in the study region, while soil types were created using soil data from PBWO. The 

population density map was generated using the formula in Equation 4 and population figures 

projected from the 2012 National Population Census. 

rt

tN =Pe                     (4) 

Where Nt is the population at a future date, P is the current population, e is the natural 

logarithm base of 2.71828, r is the rate of increase divided by 100, and t is the time.  

In ArcGIS, all vector files were rasterized and imported into the IDRISI Selva software. 

Factor maps were standardized and given a continuous suitability scale from 0 to 255, with 

0 representing unsuitable sites and 255 representing the most suitable sites, using a decision 

support tool in IDRISI Selva Software.  

This was accomplished by employing various fuzzy memberships and control points (Table 

4). There are no medium values in constraint maps since they apply to the restricted areas for 

growth. The values are either 0 (inappropriate) or 1 (appropriate) (Eastman, 2012). In these 

characters, the constraints were allocated as Boolean images characters of 0 and 1, with 0 

indicating areas not suitable for future development and 1 indicating area suitable for future 

development. The control points were used to assess a pixel's degree of membership in a 

factors layer; they were chosen based on the relationship between a factor and urban 

development (Eastman, 2012).  
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In this analysis, Sigmoidal, J-shaped, and Linear membership functions were used as fuzzy 

membership functions. These shapes typically determine the shape and pattern (decreasing, 

increasing, or symmetric) (Eastman, 2012; Eastman, 2009). When the factor value rises and 

the suitability of a specific land cover rises, the pattern is said to be 'monotonically 

increasing'. When the value of the factor rises and the suitability of a specific land cover class 

falls, it is said to be 'monotonically decreasing'. As the value of the factor increases, the 

suitability of a given land cover class increases from a given point reaches maximum 

suitability at a given point and then starts to decrease; it is said to be 'symmetric'. 

Suitability maps (Fig. 6) were created using standardized factors and constraints for each land 

cover group.  Using the Analytical Hierarchy Process (AHP) and pairwise comparisons, 

weights were allocated to each factor to show their relative importance. Other methods can 

be customized or equal weights (Eastman, 2012). Each factor's importance was determined 

by assigning values ranging from 1/9 (less significant) to 9 (extremely important). The final 

weights of each factor were then calculated using the principal eigenvector. The pairwise 

matrix was evaluated using a consistency threshold of less than 0.10, with everything above 

the threshold requiring re-evaluation (Lin et al., 2014).  

 

Figure 5:    A summary of the procedures used to simulate land-use and land-cover map 

of the year 2030 
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The MCE module was used to combine all the factor layers to create the suitability maps for 

each land-cover class (Fig. 6).  In this study, Weighted Linear Combination (WLC) was used 

(Fig. 5). The WLC (Weighted Linear Combination) was used in this analysis (Fig. 5). The 

WLC uses linear features to overlay standardized factors based on their significance weight 

of importance, where total factor weights equal one (Eastman, 2012).  

Figure 6:  Land use/cover classes suitability maps for Built-up area (a), Agricultural 

land (b), Water (c), Forest (d), Barrenland (e), Grassland (f), Wetland (g), 

Shrubland (h), Rocky surface (i), Glacier ice (j) 

(ii) Future Land Use/Cover Changes Prediction and the Relationship with Crop 

Production in the Kikafu, Weruweru and Karanga Watershed 

A Markov model was run using the 1993 land cover image (t-1) and the 2006 land cover 

image (t=1), which produced two files: Transition probability and transition areas. The 

transition probability indicates the likelihood that a pixel will change land use/cover in the 

future (or remain constant). A transition area matrix, on the other hand, displays a total area 

with the probability of changing the next time (Eastman, 2012). Table 5 displays the 1993 (t-

1) categories in rows, with the 2006 (t=1) categories in the column. The CA-Markov model 

was run using a 5 x 5 contiguity filter using the Markov model outputs together with the 

suitability maps. The simulated map for the year 2030 is the model's production. 

The validation of models is an essential part of the modeling process (Memarian et al., 2012). 

The kappa coefficient and Cramer's V are two of the several methods for conducting model 

validation that is available in the literature (Baysal, 2013). Among the available validation, 
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methods are quantity and distribution disagreements (Brown et al., 2013), chi-square, and F-

test of observed and simulated images (Katana et al., 2013), as well as relative operating 

characteristics (ROC) (Pontius & Schneider, 2001). The Validate feature embedded in 

IDRISI selva software was used to investigate quantity and allocation disagreements in this 

analysis. The simulated and observed land cover maps had a kappa coefficient of 0.61 or 

higher, which was considered sufficient agreement (Eastman, 2012). After reaching the 

minimum kappa coefficient, the model was deemed suitable for further processing and was 

used to simulate the future land cover map of 2030. According to  Eastman (2012) this 

approach involves using statistical algorithms to analyze both the degree of agreement in 

quantity and the position of cells between the simulated and observed land cover maps. 

Integrating model results with agriculture production for the selected staple food crops is 

critical in determining the viability of expanding cultivated land for production. Because of 

the high fragmentation and complexity of the farming system practiced in the study field, 

secondary data were used to divide agricultural land into LULC for each of the selected crops. 

These figures were obtained from the Kilimanjaro region's agriculture division, which 

produced estimates of cultivated land and crop yields for each crop. Thus, the crop production 

and agricultural land were linked from the model performance by computing the proportion 

of land size for each crop from the known proportion of arable land from the Kilimanjaro 

region's agriculture department's long-term records of agricultural production. 

3.3 To assess the Impacts of the Present and Future Land Use/Cover Changes on 

the Water Budget of Mount Kilimanjaro Slopes 

The main targets of this objective were, therefore, three folds, namely: To set-up, 

parameterize and calibrate the SWAT model in terms of streamflow. Further, to investigate 

the impact of land use/cover changes on the streamflow and establish the impact of the 

individual land use/cover type on the streamflow using partial least square regression 

modelling. 

The approach in this study employed both the historical and the near future (2030) land-use 

change analysis (from section 3.3). Several studies suggest that there might be potential 

impacts of land-use changes on the hydrology of Mt. Kilimanjaro that is of limited 

knowledge. Thus, with a high population rate in the KWK watershed, it was worth to analyze 

these impacts. This study is an integrative work done in a GIS environment and statistical 
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analysis at a watershed scale. Field surveys and the interviews (not shown here) were also 

done to acquire community information on water demand, withdrawal and crop management. 

Where necessary, precise locations of some of the features were determined using a hand-

held Garmin global positioning system (GPS) for further analysis. The ArcSWAT embedded 

in ArcGIS version 10.5 was used to build the model, and calibration was done in 

SWAT Calibration and Uncertainty Procedures (SWAT CUP). The PLSR was done using 

the statistical package for social science (SPSS) version 21 and XLSTAT add-in tool.  

3.3.1 Input Data Collection and Processing 

The Model inputs required to run SWAT include the Digital Elevation Model (DEM), land 

use, soil, and weather data. The Arc GIS interface of the SWAT model was used to discretize 

the catchment area and extract the input files to be used in SWAT12.  All data types are 

summarized in Table 5. 

(i) Digital Elevation Model 

The 30 m resolution topography data used for this study was obtained from the Shuttle Radar 

Topography Mission (SRTM) accessed freely from the USGS database at 

https://earthexplorer.usgs. The DEM was used to delineate the watershed, generate a stream 

network, and provide topographical parameters, such as overland slope and slope length for 

each catchment of the basin. Burning of the digitized stream network from the Google earth 

interface was opted to eliminate errors due to DEM. In this option, the stream network was 

overlaid onto DEM to force alignment of the stream to follow the specific path. This was 

done to resolve discrepancies in the topographic and hydrographic data. 

(ii) Land Use/Land Cover 

Land use/cover is another vital segment of data that is essential for hydrological simulation 

of the basin. The land use maps for the years 1993, 2006, and 2018 were classified from 

satellite images. Further, the near future (2030) land use map was predicted using the Markov 

Chain, and Cellular Automata (CA) models embedded in Idrisi Selva; this procedure is 

detailed in Said et al. (2021). These maps were independently used to simulate the 

hydrological impacts of land-use changes at the watershed scale. The SWAT codes were 

given for all land use classes in order to meet the SWAT model requirement of four digits 

land-use codes.   

https://earthexplorer.usgs/
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(iii) Soil Type and Characteristics  

Soil data is essential for hydrological simulations with SWAT. Soil physical and chemical 

properties (texture, organic carbon, bulk density, soil available water content, hydraulic 

conductivity and bulk density) in soil layers help as determining factors for surface runoff 

(Gashaw et al., 2018). Harmonized World Soil Database v 1.21 Soil data was freely accessed 

online through http://www.waterbase.org/download_data.html,  the FAO Harmonized global 

soils database website. The soil data from the FAO soil database of the African soils slice 

was extracted using the watershed boundary. Due to the fact that the ArcSWAT12 soil 

database's "user soil" table only includes USA soils, the attributes of these soils in Fig. 7 were 

modified using a "user soil" table from the MapWindow SWAT12 database. The lookup table 

contains files that link soil map and soil database in SWAT as described by Abbaspour et al. 

(2019). 

(iv) Weather Data 

Precipitation data was obtained from the four ground-based weather stations (Kilimanjaro 

International airport (KIA), Lyamungu, Moshi Airport, and Kibosho Mission); these were 

combined with the Climate Forecast System Reanalysis (CFSR) global weather data for 

SWAT. The KIA is slightly out of the watershed; but, it contains good quality and is located 

in influential area data that necessitated its inclusion in this study. The Tanzania 

Meteorological Authority provided the ground-based gauging station data, whereas the CFSR 

weather data were freely accessed from http://globalweather.tamu.edu/. The use of the CFSR 

data was due to the unavailability of some parameters (wind speed, solar radiation, and 

relative humidity) in the three stations which are within the watershed. The CFSR data often 

captures the rainfall pattern very well; however, it often overestimates the gauged rainfall 

(Worqlul et al., 2017). Hence, Kilimanjaro and Lyamungo stations were used to perform bias 

correction of the CFSR precipitation data. The CFSR of the National Centres for 

Environmental Prediction (NCEP) provides ready to use weather data with a good resolution 

between 1979 and 2014 (Roth & Lemann, 2016). The bias of the CFSR data was corrected 

by a linear bias correction approach which is well described by Worqlul et al. (2017). This 

approach reduces the volume difference between CFSR and gauged rainfall data while 

keeping the pattern. The two datasets (uncorrected CFSR and gauged rainfall data) involved 

in the linear bias correction process covered the same time window (1979–2014). The annual 

volume difference between the observed and bias-corrected data was minimized to zero. The 

http://www.waterbase.org/download_data.html
http://globalweather.tamu.edu/
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collected data were added to the SWAT weather database table (User-made). The stations are 

as observed in Fig.  1.  

(v) Discharge Data 

The discharge data for model calibration and validation period with varying time length 

ranging from 1979 to 2018 for Kikafu, Weruweru and Karanga rivers at their gauging station 

were obtained from the Pangani Basin Water Office. Data cleaning revealed two anomalies; 

the data discontinuity (gaps) which might be due to inadequate gauge reading and or records 

keeping and abnormally high discharge values. The abnormal high discharge values were 

deleted during data cleaning, and gap-filling was done using the simple interpolation and 

linear regression methods (Koch & Cherie, 2013). However, calibration was only done at one 

station in the outlet due to data quality issues. The data types and the sources are summarized 

in Table 5. 

Table 5: Description of data types and sources 

Data type Description   Resolution Source 

Topography map Digital 

Elevation Model 

30*30 m ALASKA satellite facility 

Land use Land use maps 30*30 m Classified image 

Soil Map  Soil types  https://www.2w2e.com/home/Gl

obalSoil 

Weather data Daily 

precipitation 

6 stations Tanzania Meteorological Agency 

(TMA) 

Weather data Max and Min air 

temp 

6 stations Global weather data for SWAT 

Weather data Relative 

humidity 

6 stations Global weather data for SWAT 

Weather data Solar radiation 6 stations Global weather data for SWAT 

Hydrometric Daily 

streamflow 

4 stations Pangani Basin Water Office 

(PBWO) 

  

https://www.2w2e.com/home/GlobalSoil
https://www.2w2e.com/home/GlobalSoil
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Figure 7: Slope and soil maps 

 

Figure 8: Land use map for the year 2006 
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3.3.2 Model Set-up and Parameterization 

A total of 33 sub-basins and 532 Hydrologic Response Units (HRU) were delineated. The 

HRU are the areas with a combination of unique soil, slope and land use. This unique 

combination helps to account for differences in evapotranspiration and other hydrological 

conditions with different land covers, soils and slopes (Setegn et al., 2008). The model was 

edited to include management activities such as cropping season in the watershed area, 

especially in agricultural land. The Digitized stream network was extracted from the 

topographic data; this network was used to construct a hydrographical network and discretize 

the sub-basins. Land-use maps were prepared and classified into ten (10) categories, whereas 

soil map comprised six categories. The slope map was reclassified into five categories, i.e. 

<0-8%, 8–15%, 15-25%, 25-45% and >45%. Runoff is the most important factor for 

management in the whole catchment since the catchment falls under mountains area with 

higher runoff, especially in the pick rain seasons. Estimation of the potential 

evapotranspiration was done using the Hargreaves method, while the runoff was estimated 

using the curve number method. 

3.3.3 Calibration and Validation of the Soil and Water Assessment Tool Model 

The SWAT model calibration and uncertainty procedure (SWAT-CUP) (Abbaspour, 2011) 

was used for calibration of the model. Model calibration and sensitivity analysis were done 

at the outlet due to data quality issues. Simulations that were set up using the 2006 LULC 

map were used to calibrate monthly and daily streamflow from 1987 to 1993. After 

calibration, the simulations that were set up using the same LULC map were used to validate 

the monthly and daily streamflow from 1994 to 2000. Sensitivity analysis was carried out in 

SWAT CUP, 22 flow parameters were used, and the model was run for 1000 iterations. The 

significance of sensitivity was determined using t-stat and p-value (Chanapathi et al., 2018).  

The higher the absolute t-stat values among the parameters and the smaller p-values, the 

higher the sensitivity, usually close to 0; and 0.05 acceptable (Abbaspour, 2015). The t-stat 

is used to identify the relative significance of the parameter, whereas the p-value is used to 

ascertain the sensitivity significance (Chanapathi et al., 2018). After automatic calibration 

using SWAT CUP, the final calibrated model was attained by multiplying, adding, or 

subtracting the default values by a factor guided by a manual calibration helper. 



73 

 

Generally, the calibration process was based on varying the hydrological parameters 

iteratively. The simulated and observed streamflow agreement was used as a decision tool 

for the final parameter variation. The model performance was evaluated comparatively using 

the streamflow hydrograph for simulated and observed streamflow for both calibration and 

validation periods. Statistical evaluation of the model was done using per cent bias (PBIAS), 

Coefficient of determination (R2), the Nash and Sutcliffe simulation efficiency (NS) as shown 

in Equation 5, 6, and 7. The root means square error (RMSE)-observations standard deviation 

ratio (RSR). The R2 is a measure of the extent of uniformity between observed and simulated 

data, R2 ranges from 0 to 1, with higher values indicating high suitability; however, values 

higher than 0.5 are considered acceptable for simulation (Van Liew et al., 2003). The NS 

show the extent that observed and simulated data fit each other (Nash and Sutcliffe, 1970), 

where NSE = 1 is the best value. Per cent bias (PBIAS) measures the average tendency of 

the simulated data to be larger or smaller than their observed values for a given quantity over 

the calibration or validation period; the value becomes the best as it comes to zero. The 

RMSE-observations standard deviation ratio (RSR): Standardizes RMSE using the 

observations standard deviation; generally, the best simulation performance is considered to 

have relatively lower RSR and hence lower RMSE. The details of model evaluation can be 

found in Moriasi et al. (2007).  
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Where, n is the number of measured/observed data; Oi and pi are measured and predicted data 

at the time i, respectively; O’ and P’ are the mean of observed and predicted data, 

respectively. More near the value of NSE and R2 to 1, the better the model performance. The 

NSE lies between -∞ and 1, with more positive values indicates very good agreement between 

observed and simulated values. Also, co-linearity between simulated and observed values 

was interpreted using R2, the range is from -1 to 1. The higher the value indicates better 

performance. The PBIAS positive value indicates an underestimation of bias and the negative 

value indicates an overestimation of bias (Abbaspour, 2015). 

3.3.4 Streamflow Validation  

The calibrated flow parameters were used to check the model capacity to simulate measured 

streamflow results. The streamflow validation of the model was done using a new streamflow 

dataset without any adjustment in the calibrated flow parameters. Evaluation of the Model 

performance was done using PBIAS, R2, and ENS, respectively.  

In this study, PLSR modelling was used to determine the association between the simulated 

hydrological components and land use/cover classes. The predictors are the land-use classes, 

while the response function is meant to be the annual hydrological components. The PLSR 

is one of the robust multivariate regression methods, especially when there are collinear 

predictors, high correlated predictors, numerous predictors equal to or higher than 

observations and many independent variables (Shi et al., 2013). Thus, the predictors in this 

work are land-use classes, whereas the response function was annual hydrological 

components. Land use/cover types are colinear when the fraction of one type increases, the 

fraction of one or more land use/cover types will also be affected (King et al., 2005). These 

analyses were done using the statistical package for social science (SPSS) version 21 and the 

XLSTAT add-in tool (Huisman et al., 2009). 

3.3.5 Model Application for Scenarios Simulation  

The impacts of LU changes on the hydrological variability was based on historical LU inputs 

for the years 1993, 2006 and 2018; the future LU scenario analysis was done using the LU 

map for the year 2030. The calibrated and validated SWAT model was used to perform these 

analyses. The impacts of land management practices at Scenario analysis concerning LC 

change is essential to understand the effect of land management practices at the basin and 
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subbasins scale; these practices increase the impact of hydrologic variability on the society 

and ecosystem (Shawul et al., 2019). The analysis of LC changes on the water balance of a 

watershed was done using both temporal and spatial variation of land-use scenarios.  In 

introducing the scenarios in the SWAT model, the land use/cover maps were varied (1993, 

2006, 2018, and 2030), simulations were done for each land use/cover and the results were 

recorded. Where comparison was necessary, the changes in water balance components were 

done using consecutively two land cover maps and the corresponding simulated water 

balance components. 

 

Figure 9:  Conceptual diagram for application of soil and water assessment tool 

model in assessing impacts of land cover on the hydrology of Kikafu, 

Weruweru and Karanga watershed 

3.4 To Assess the Impact of Past, Present, and Future Climate Changes on the Water 

Budget (Surface and Groundwater) of the Mount Kilimanjaro Slopes 

3.4.1 Climate Data from the Coordinated Regional Climate Downscaling Experiment 

Regional Climate Models 

This objective has three targets: (a) to assess how precipitation and temperature (maximum 

and minimum) have changed in the past 30 years, (b) to assess how precipitation and 

temperature will change in the future period, and (c) to assess the implication of the changes 

in precipitation and temperature (maximum and minimum) on the hydrology of the KWK 
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watershed. Specifically, it has the following objectives: (a) evaluate the historical runs of two 

RCMs–GCMs at the catchment scale; (b) analyze the climate change signal for the future 

period of 2021–2100 compared to the reference period of 1979–2005; (c) evaluate the ability 

of the climate models to reproduce the historical discharge; and (d) assess the impacts of 

climate change on the hydrology of the KWK watershed by the middle of the 21st century. 

Two regional climate models in the Coordinated Regional Climate Downscaling Experiment 

(CORDEX) database were used to generate rainfall simulation data. The online repository 

http://cordexesg.dmi.dk/esgf-web-fe/ was used to access the data. The CORDEX RCM 

outputs are quality checked and should be used in accordance with the terms of use 

(http://wcrp-cordex.ipsl.jussieu.fr/). Monthly rainfall data were extracted from two 

CORDEX RCMs stated in Table 6 over a 35-year period (1971-2005). 

The choice of regional climate models was based on their ability to simulate the historical 

(1971-2005) climate condition in most regions over Tanzania with relatively minimum error 

(Luhunga et al., 2016). According to the evaluation by Luhunga et al. (2016) RACMO2T 

driven by Irish Centre for High-End Computing (ICHEC)  show better rainfall simulation 

results in most of the unimodal and bimodal regions as compared to other RCMs regardless 

of the driving GCM. The study further recommends that CCLM4 and RCA4 RCMs driven 

by MPI, CNRM and ICHEC GCMs can be used to simulate temperature over most stations 

in Tanzania. The choice of these models is due to relatively similar errors among the 

evaluated models. Details of the regional climate models and their driving general circulation 

models are described in Nikulin et al. (2012). Thus, in this study, CCLM4 and RACMO 

CORDEX RCMs and their driving GCMs written in short forms as (CNRM) for the CNRM- 

CERFACS-CNRM-CM5, and (ICHEC) for the ICHECEC-EARTH respectively were used 

(Table 6). The RACMO22T Regional Climate Model from the Coordinated Regional 

Climate Downscaling Experiment (CORDEX-RCM) was retrieved from the Royal 

Netherlands Meteorological Institute (KNMI) node, whereas CCLM4 was retrieved from 

Climate Limited-Area Modelling (CLM) Community node.   

Two-time slices were chosen to attain these targets, with the historical period spanning from 

1970-2005 while the future period spans from 2020-2100.  Moreover, “all regional climate 

models use a similar domain and spatial resolution of 0.44˚ by 0.44˚ which correspond to 

approximately 50 km by 50 km, and are driven by the European Centre for Medium-Range 

Weather Forecasts Interim Re-Analysis (ERA-Interim from 1989 to 2008) as lateral 
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boundary conditions” (Nikulin et al., 2012). Simulations were run under the Representative 

Concentration Pathway (RCP) 4.5 (intermediate emissions) and RCP 8.5 (business as usual). 

The selection of the two RCP was based on the realization that the differences in outcomes 

between the RCPs are often minimal until mid-century. The climate system responds 

relatively slowly to changes in greenhouse gas concentration. So the choice of RCP is not 

essential until midcentury. For analyses after mid-century, it is essential to distinguish 

between different RCPs. The RCP8.5 gives a much more rapid warming and more 

pronounced changes in important indicators such as river flow, water temperature and 

precipitation. The nature of the study area did not favour the use of RCP 2.6, although its 

difference with 4.5 remains relatively small until the end of the century. Thus RCP 4.5 and 

8.5 were analysed to produce a more pronounced view of the changes to the selected water 

balance components. The RCP is labelled after a possible range of radiative forcing value in 

the year 2100 relative to pre-industrial values. 

Table 6:  Coordinated regional climate downscaling experiment regional climate 

modelling used in the study 

No. RCM  Model Centre 
Short Name of 

RCM 
GCM 

1 

RACMO22T 

Royal Netherlands 

Meteorological 

Institute (KNMI) 

RACMO22T ICHEC 

     

2 

COSMO-CLM 

(CCLM4) 

Climate Limited-

Area Modelling 

(CLM) 

Community 

CCLM4 

 
          CNRM 

Bias correction of the RACMO22T and CCLM4 simulations under RCP 4.5 and RCP 8.5 

were performed by using Climate Model for hydrological modeling (CMhyd) software. 

Moreover, bias correction requires daily precipitation and temperature (maximum and 

minimum), which were acquired from Tanzania Meteorological Authority (TMA) (Table. 7). 

The information in Table 7 assisted in the creation of the location files (for precipitation and 

temperature) that were loaded into the CMhyd software during bias correction. The choice 

of these stations was based on the availability of long-time data and altitudinal spatial 

distribution.  
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Table 7:  Daily weather data used in the study area 

Station 

code 
Name Lat Long Elevation (m) Period Source 

9337004 Moshi  -3.35 37.33 813 2004-2009 TMA 

9337005 Kibosho -3.25 37.32 1478 1979-2014 TMA 

The Coordinated Regional Climate Downscaling Experiment (CORDEX) program, founded 

by the World Climate Research Program, provides high-resolution regional climate 

projections. These projections can be used to evaluate future climate change impacts at the 

regional level (Giorgi et al., 2009). However, RCMs has to be bias-corrected before they are 

used for generating downscaled projections of the future climate. 

3.4.2 Bias Correction 

Bias correction in climate change modeling reduces problems associated with Regional 

Climate model outputs such as under or overestimation of rainfall, maximum and minimum 

temperatures (Christensen et al., 2008). Thus, bias correction methods assist the adjustment 

of simulated temperature and precipitation in the RCM. The corrected biases may develop 

due to systematic model errors resulting from imperfect conceptualization, discretization and 

spatial averaging within grid cells (Teutschbein & Seibert, 2012). Furthermore, bias 

correction was performed through a specific algorithm that is specific for each climate 

variable (i.e. precipitation and temperature) as described in equation 8 and 9. In this study, 

linear scaling (multiplicative) and linear scaling (additive) method were adopted for bias 

correction of precipitation and temperature (maximum and minimum), respectively. 

3.4.3 Linear Scaling for Precipitation  

Linear scaling for precipitation uses monthly correction values resulting from the differences 

between observed and present-day simulated values. The ratio is calculated from long term 

observed monthly mean precipitation and that of RCM simulations (control run data) (Zhang 

et al., 2018). The corrected RCM simulations should perfectly agree in their monthly mean 

values with the observations (Teutschbein & Seibert, 2012). Equations 8 were used to 

perform linear scaling for precipitation.  
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Where,  

Pcon, cor(d) = Corrected daily rainfall in the corresponding month during the control period. 

Psec, cor(d) is the same as Tcon, cor(d) during the future period.  

Pcon(d) =Uncorrected daily rainfall in the corresponding month during the control period. 

Psec(d) is the same as Pcon(d) during the future period. 

Pobs(m) = Observed monthly mean rainfall in the corresponding month during the control 

period. 

Pcon(m) = Simulated monthly mean rainfall in the corresponding month during the future 

period. 

3.4.4 Linear Scaling for Temperature  

Bias correction for temperatures was achieved with an additive term, which represents the 

difference between long-term monthly mean observed temperature and control run data 

(Teutschbein & Seibert, 2012). The factors applied are supposed to remain the same even for 

future conditions (i.e. stationarity). Equation 9 was used to perform linear scaling for 

temperature. 

 

 

con,cor(d) con(d) obs(m) con(m)

sec,cor(d) sec(d) obs(m) con(m)

T =T + T -T

T =T + T -T






                 (9) 

Where,  

Tcon, cor(d) = Corrected daily temperature in the corresponding month during the control period. 

Tsec, cor(d) =Same as Tcon, cor(d) during the future period. 

Tcon(d) = Uncorrected daily temperature in the corresponding month during the control period. 
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Tsec(d)= Same as Tcon(d)  during the future period. 

 Tobs(m) = The observed monthly mean temperature in the corresponding month during the 

control period.  

Tcon(m) =The simulated monthly mean temperature in the corresponding month during the 

future period. 

3.4.5 Trend Analysis 

Trend analysis was performed using a non-parametric test, the Mann-Kendall trend test 

(Rodrigo & Trigo, 2007). This rank-based procedure is widely used to assess the influence 

of the outliers and extreme values. In this test: 

The null hypothesis H0 is that there is no trend in the data, is tested against. 

The alternate hypothesis H1 is that there is a trend in the data.  

Thus, the alternate hypothesis assumes that the data are independent and identically randomly 

distributed. The Mann Kendall is estimated using a time series of n data points and two 

subsets of data, xi, and xj, where i=1, 2, 3,….., n-1 and j=i+1, i+2, i+3,…, n. As an ordered 

time sequence, the values were evaluated. Each data value is compared to all subsequent data 

values, and the statistic K is increased by one if a data value from a later time period is higher 

than a data value from an earlier time period. Similarly, if a later period's data value is lower 

than an earlier period's data value, K is decremented by 1. The final value of K is the sum of 

all such increments and decrements. Equation (10) is used to calculate the Mann-Kendall K 

Statistic, and the test is calculated using Equation (11): 
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1 1
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             (11) 

where xi, and xj are annual values in years i and j, are the annual values in years i and j, ji>  

respectively. When the sample size n is less than 10, the value of K, is compared directly to 

the theoretical distribution of K derived by Mann and Kendall (calculated using Equations 
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(10) and (11)) and is asymptotically normal (Hirsch & Slack, 1984). The two-sided test is 

used, at certain probability level, H0 is rejected in favour of H1 if the absolute value of K 

equals or exceeds a specified value Kα/2, where Kα/2 is the smallest K which has the 

probability less than α/2 to appear in case of no trend. A positive value of K designates an 

“increasing trend”; likewise, a negative designates decreasing trend. For n  ≥  10 the statistic 

K is approximately normally distributed with the mean and variance as follows:  

E(K) = 0; the variance δ2, for the K statistic, is defined as follows: 

( 1)(2 5) ( )( 1)(2 5)

(K)
18

i

t
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Where ti,  is the number of ties to the extent i. The summation term in the numerator is used 

only if the data series contains tied values. The standard test statistic Zk is calculated as 

follows:  
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The test statistic Z is used as a measure of the significance of trends. In fact, this test statistic 

is used to test the null hypothesis, H0. If Zk is greater than Zα/2, where α represents the chosen 

significance level (e.g. 5% with Z 0.025 = 1.96) then the null hypothesis is invalid, implying 

that the trend is significant. In this study, the Mann-Kendall test is used to detect if a trend in 

rainfall in monthly time series is statistically significant at 99% and 95% levels over the 

period of 1979-2005. 

The SEN’s Slope Estimator is used to estimate the gradient of the trends in rainfall (Sen, 

1968). This method provides a more robust slope estimate than the least square method 

because it is sensitive to outliers or extreme values. The slope is estimated as follows: 

 for i 1,2,3....i

xi xy
T N

j y
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where xj and xy are data values at time j and y and j > y correspondingly. The median of these 

N values of Ti is considered as Sen’s estimator of the slope which is given as: 
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             (15) 

Sen’s estimator is calculated as =Qi=T(N+1)/2 if N is odd, furthermore, Qi = [TN/2+T(N+2)2]/2 if 

N is even. Also, Qi is estimated by the two-sided test by 100 (1 − α)% confidence interval. 

Furthermore, a true slope can be derived by the non-parametric test Qi with a positive value 

indicating an upward or increasing trend. In contrast, a negative value of Qi signifies a 

downward or decreasing trend in the time series.  

3.4.6 Assessment of the Impacts of Climate Change on the Hydrology of Kikafu, 

Weruweru and Karanga Watershed 

In this study, the impacts of climate change on the hydrology of KWK watershed was carried 

out by comparing the parameters simulated from historical (1971-2005) and the future (2006-

2030, 2031-2050, 2051-2070, 2071-2100) under two emission scenarios (RCP 4.5 and RCP 

8.5). However, it is worth mentioning that one of the uncertainties may arise from the 

tendency of the different CORDEX regional climate models to simulate the climate variables 

at one location differently (Dosio et al., 2019).  Thus, this may be one of the potential sources 

of uncertainty in hydrological parameters simulation. This tendency necessitated the 

ensemble average of two CORDEX regional climate models driven by two different GCMs 

was built. Outputs from the constructed ensemble average for RCP 4.5 and RCP 8.5 emission 

scenarios were used as input into the SWAT model to simulate the stream flows and water 

balance components during historical (1971–2005), and future (2006-2100) climate. The 

SWAT model was calibrated using the procedure described in section 3.4.3. The calibrated 

SWAT model was used to simulate the historical and future hydrology of KWK watershed 

under RCP 4.5 and 8.5, respectively. 

In simulating the hydrological parameters under RCP 4.5 and 8.5, ensemble outputs were 

used. The projected dataset involving four-time slices and two RCP scenarios (a total of four 

datasets) were used to derive hydrological fluxes using the SWAT model. This procedure 

was done by upgrading its climate-specific input parameters as scheduled. The projected 
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changes of all hydrological parameters are subject to the changes in the projected rainfall and 

precipitation patterns under 4.5 and 8.5 RCPs. 

3.5 To Assess the Impacts of the Present and Future Land-Use Changes on Water 

Quality on the Slopes of Mount Kilimanjaro 

3.5.1 Sample Collection 

Surface and groundwater samples were collected from rivers, boreholes, shallow wells, and 

reservoirs, making a total of 54 stations. These stations were sampled twice, during the dry 

season (August 2019) and the rainy season (April 2019). The  GPS (global positioning 

system) was used to locate sampling sites. High-density polyethylene (HDPE) sampling 

bottles of 1L size were used for sampling, and amber glass bottles of 10 mL size were used 

for isotope samples. Duplicate samples were collected from the middle of the rivers and 

reservoirs so as to avoid local anthropogenic influence in the river/reservoir banks, and 

pumping for 15 minutes was effected before sampling in deep wells aiming to avoid sampling 

the stagnant water. The sampling bottles were rinsed thrice using distilled water, deionized 

water and finally sampled water before sampling. Isotope samples were filled and caped 

while in water to avoid air bubbles. The Hanna multiparameter probe (model number HI-

9829) was used to measure physical parameters such as pH, temperature (°C), Electrical 

conductivity (EC) (µS/cm), dissolved oxygen (DO)(mg/L), and total dissolved solids at the 

point of collection. 2mls Nitric acid was used to acidify samples for cations analysis, whereas 

no acid was added in samples for isotopes analysis. Cool boxes with ice packs were used for 

temporary sample storage during transportation, and samples for NO3
- and NO2

- were 

analysed in the same day. Further, samples were refrigerated at 6ºC before analysis. The steps 

applied in this objective are summarized in Fig. 10.  
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PI- Permeability Index, MAR- Magnesium Adsorption Ratio, SAR-Sodium Adsorption Ratio, KR- Kelly Ratio, RSC- Residual Sodium 

Carbonate, %Na-Sodium Percent 

Figure 10:  Summary of the methods applied in determining the impacts of land use 

on water quality 

3.5.2 Samples Analysis  

(i) Laboratory Analysis  

Determination of the composition of Stable isotopes of Oxygen and Hydrogen was done 

using an off-axis integrated cavity output spectroscope (OA-ICOS); model DLT-100, laser 

isotope analyzer at the Department of hydrological investigations, the National Institute of 

Hydrology, Roorkee-India. The results are reported in -notation relative to Vienna Standard 

Mean Ocean Water (VSMOW). The δ18O and δD results were compared with the Local 

Meteoric Water Line (LMWL) which was established using isotope data in precipitation from 

different parts of Tanzania. The precipitation isotopes data were freely sourced from the 

Global Network for Isotopes Precipitation (GNIP), available online through 

www.iaea.org/water, and previously published works (Ghiglieri et al., 2012; Mckenzie et al., 

2010; Nkotagu & Mwambo, 2000).  

Determination of the major dissolved ions (K+, Na+, Mg2+, Ca2+, Cl-, CO3
2- , SO4

2- , F-, and 

was carried out at the water laboratory located at the Ngurdoto Defluoridation Research 

station, in northern Tanzania. The samples were measured twice to increase the precision and 

accuracy of the results. Atomic absorption Spectrophotometer(AAS), and spectrometer were 

used to determine ions concentration in water. Also, Titration was used for total alkalinity, 
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total hardness, Cl-, Ca2+, whereas spectrophotometer was used for SO4
2-. The K+ and Na+ and 

Mg2+ were analyzed using Atomic Absorption Spectrophotometer (AAS), while, HCO3
- and 

CO3
2- were determined using equation 17 and 18 (Trussell et al.,1989). Piper trilinear, Wilcox 

and Durov diagrams were plotted in Schlumberger Aquachem 2011.1 software package. 

Determination of irrigation suitability parameters was done by calculation using the relations 

equations 19-25 (meq/L). Various water quality standards were used to determine the quality 

of water for irrigation suitability: 

( 10)

( 103 )

 5.0*10
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pH

pH
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30.94* HCO *10 pHCO                           (18) 

(ii) Geostatistical and Spatial Data Analysis Framework 

Multivariate statistical analysis and Cluster analysis were carried out in Statistical Package 

for Social Science (IBM SPSS v26) and Paleontological Statistics (PAST) Software Package 

(Hammer et al., 2001). This analysis aims to uncover the relationship or differences between 

variables from different sampling sites in terms of water quality. The correlation analysis was 

carried out for hydrogeochemical characteristics of analyzed water samples, and the 

significance of correlation coefficients was tested using the statistical software. A 

geographical Information System (GIS) Software Package, ArcGIS version 10.6, was used 

to generate various maps in this study. Clusters were established based on similarities of 

variables under consideration. One-way ANOVA, single factor was used to compare means 

of various parameters between river and groundwaters.  

(iii) Data Quality Assessment  

All devices were calibrated before use in order to ensure the quality of hydrochemical data. 

All titration samples were standardized prior to use; thereafter, a control sample (of a known 

concentration) was analysed before analysis of other samples. Deionized water was used as 

a blank sample during calibration spectrophotometer. For the isotopes samples, the results 

were checked using the standard deviation. The quality of isotopic water analysis results was 

checked by using the standard deviation values (18O<0.3‰ and H<2‰), whereby 

samples with a standard deviation greater than these values were reanalyzed. The accuracy 

of geochemical analysis was done through the water balance calculation of the ion balance, 
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and a range of ± 0.01% was used (Aleke et al., 2016). The equation according to Hounslow 

(1995) is represented as: 

Individual Parameter
%Parameter= *100

Total Parameter
              (19) 

Where the cation-anion ratio of 1:1 ± 0.01, the geochemical analysis was regarded as 

accurate. 

3.5.3 Groundwater Quality for Irrigation Assessment 

The quality of irrigation water is important for ensuring crop maximum productivity. The 

groundwater suitability for irrigation in this study area was evaluated using residual sodium 

carbonate (RSC), sodium absorption ratio (SAR), sodium percentage (Na%), magnesium 

hazard (MH), and permeability index (PI). Other measures were Wilcox Diagram and Kelly's 

ratio (KR).  

(i) Residue Sodium Carbonate  

Residual sodium carbonate is used to identify carbonate and bicarbonate hazards. The CO3
2+ 

and HCO3
- react with Ca2+ and Mg2+ and precipitate as calcite and magnesite. The presence 

of exchangeable Sodium per cent and sodium hazard in the soil is enhanced by residual 

sodium carbonate (RSC), which is expressed by equation 20 and ions concentrations were 

expressed in meq/l. The  RSC is calculated using Equation 20: 

   2 2 2

3 3( ) (CO )RSC HCO Ca Mg                         (20) 

Irrigation water can be categorized into four categories based on RSC values, the value less 

than zero (No hazard), the value between 0 and 1.25 (safe for irrigation), the value between 

1.25 to 2.5 (Slight to moderate carbonate hazard), and a value greater than 2.5 (unsuitable for 

irrigation). 

(ii) Sodium Adsorption Ratio (SAR) 

This is the measure of the amount of Na+ in water relative to Mg2+ and Ca2+ for irrigation 

purposes.  Sodium Adsorption Ratio (SAR)was calculated using Equation  21  (Bashir et al., 

2013):   
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                (21) 

The introduction of water quality classes with regard to the sodicity hazard is challenging 

than salinity problem.The  SAR=0-10, indicate low sodium water (S1) and can be used for 

irrigation for all types of soils. Nevertheless, sensitive crops may be affected by the 

continuous application of low concentrations of sodium water. The SAR value ranging from 

10-18 indicates medium sodium water (S2), which possesses sodium hazard for certain crops 

in fine-textured soils. The medium sodium water may be used on course textured soils and 

organic soils with good drainage conditions. High SAR (18-26) water (S3) can potentially 

release a harmful amount of exchangeable sodium for uptake by plants, which can hinder 

plant growth. Thus, it requires special soil management strategies, such as high drainage and 

organic manuring. Very high sodium (SAR>26) is unsuitable for irrigation because it will 

affect crop growth, reducing yield.  

Salinity is represented by the electrical conductivity of water (EC), expressed in dS/m, or in 

mS/m or μS/cm at a standard temperature of 20ᵒC. Based on the ranges of electrical 

conductivity value, salinity status was categorized into four classes (Richards, 1954). Low 

salinity (EC<250 μS/cm) water (C1) can be used for all crops in all soil types for irrigation 

purpose. Medium-salinity (EC to 750 μS/cm) water (C2) can be utilized to moderately salt 

tolerance crops in soil types with a moderate amount of leaching capacity. High salinity (750 

<EC < 2250 μS/cm) water (C3) can be used only for salt tolerance plants with high drainage 

facility. Very high salinity (EC >2250 μS/cm) water (C4) is not suitable for irrigation under 

ordinary conditions. Water having high salinity, negatively impacts crop yield, degrade the 

land and finally pollute the groundwater. 

(iii) Magnesium Adsorption Ratio  

The Magnesium hazard (MH) or Magnesium Adsorption Ratio (MAR)  index was developed 

by Paliwal (1972) to quantify magnesium hazard in the water. Usually, calcium and 

magnesium maintain a state of equilibrium in most of the natural waters (Nagaraju et al., 

2014). With the presence of dolomite, the chance of magnesium hazard is more likely. The 

magnesium content in water is related to infiltration during irrigation, and the chance of the 

presence of magnesium (mg2+) is more for water-rock dominance areas. The crop yield is 

highly affected by more magnesium in water. It is essential to quantify magnesium with 
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respect to calcium (Ca2+) (meq/L) to save the crop from magnesium hazard. Magnesium 

hazard is given by Equation 22: 

2
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(iv) Exchangeable Sodium Percent  

Wilcox diagram (Wilcox, 1948) is widely used for the evaluation of groundwater suitability 

for irrigation use. It is a scatter chart of exchangeable sodium per cent (ESP) on Y-axis versus 

salinity hazard (EC) on X-axis. The ESP determines the ratio of exchangeable sodium to total 

capacity (Total cations including sodium, potassium, calcium and magnesium) expressed in 

equivalents per million. Equation 23 was used to calculate ESP: 
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              (23) 

For irrigation uses, ESP in water should not exceed 60%. The ESP value greater than 15 

results to the soil being saline-sodic to sodic. The  ESP <15 indicates saline soil. Using 

Wilcox (based on ESP and EC values), groundwater can be classified as Excellent to good, 

good to permissible, permissible to doubtful, doubtful to unsuitable and unsuitable for 

irrigation based. 

(v) Kelly’s Ratio 

Kelly's ratio (Kelley, 1963) is an important indicator for irrigation water quality measures. 

Kelly's ratio is measured considering ions concentration (meq/L) of sodium against calcium 

and magnesium. Kelly's ratio (KR) was calculated by using Equation 24: 
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Generally, Kelly’s ratio of more than 1 indicates an excess level of Na+ in water. If Kelly’s 

ratio is more than 3, the water is considered unsuitable for irrigation. Water with Kelly’s ratio 

less than one is considered suitable for irrigation.  
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(vi) Sodium Per cent (Na%) 

Kelly (1940) and Wilcox (1958) have also been used to ascertain the hazardous effect of 

sodium on water quality for irrigation usage in terms of Kelly’s ratio (KR) and sodium 

percentage (SP/Na%). Sodium per cent relates directly to soil structure and is computed 

using Equation 25. 
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(vii) Permeability Index  

Permeability index (PI) is calculated using Equation 26. Soil permeability is affected by long 

term use of high salt irrigation water. The presence of Na+ Ca2+, mg2+ and HCO3
- (meq/L) in 

irrigation water influences PI. Classifying water based on PI was proposed by WHO aimed 

at assessing the suitability of groundwater for irrigation purpose. The classes are as follows, 

class I is the water with more than 75% of the maximum permeability, which is the best 

quality for irrigation. Further, class II is the water with PI ranging between 25 and 75% of 

the maximum permeability is acceptable and can be applied for irrigation with certain 

measures, class III is the water with less than 25% of the maximum permeability is unsuitable 

for irrigation. 
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3.5.4 Data Analysis  

Hydrochemical analysis of water chemistry data was done using Principal Component Factor 

Analysis (PCA), Hierarchical Cluster Analysis (Yidana et al., 2008), and Analysis of 

Variance (ANOVA). The ANOVA test was followed by a Tukey HSD test to compare means 

of the water chemistry data. Furthermore, Piper trilinear (Piper, 1944) was used to classify 

water based on major cations and anions contents. The Gibbs diagram (Gibbs, 1970) and 

ionic ratios of some parameters such as Ca2+/Mg2+, Na+ /Cl-, Na+ versus Cl-, and Durov 

diagram were used to determine the chemical and ionic exchange processes controlling 

dissolved ions content of water. The bivariate scatter plots of 18O versus H were used to 

assess the source of water in various water sources as well as the mixing pattern among them. 
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This was done so as to establish hydrological characteristics of the watershed such as the 

flow patterns, source origins, hydrological connections and chemical histories of surface and 

subsurface water masses.  
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 Current and Future Land Use/Cover Changes and the Association to Food 

Production 

4.1.1 Assessment of Classification Accuracy and Generation of Land-Cover Maps 

The overall accuracy assessment of the supervised image classification by maximum 

likelihood algorithm was 85.32%, 87.23%, and 88.77% for the years 1993, 2006, and 2018, 

respectively (Table 8). These percentages meet the minimum accuracy requirement of 85% 

for effective and accurate land use/cover change analysis and modeling (Ahmed et al., 2013; 

Araya & Cabral, 2010). According to Jensen (2007) the findings of this analysis are suitable 

since the Kappa values are greater than 80%. 

Table 8: Accuracy assessment results of the classified images 

Year Overall Accuracy (%) Kappa Coefficient 

1993 85.32 0.9012 

2006 87.23 0.9231 

2018 88.77 0.9621 

Clouds patching at high altitudes can affect the classification of images and, as a result, the 

discrimination of glacier ice on Mount Kilimanjaro. In the long run, this has an effect on how 

training samples are prepared, which has an impact on classification accuracy. Clouds and 

cloud shadows block the glacier, snow cover, and glacier surface debris cover in most 

instances (Rastner et al., 2019). Despite the fact that the results of satellite image 

classification accuracy exceed the minimum criteria of 80%, it is worth noting that the 

interpretation of the glacier ice results in this study may have been influenced by the clouds 

cover problem. This problem can be solved by finding a new image date that is close to the 

desired year (i.e. 1994, not 1993, but the same season); or, more possibly, by collecting high-

resolution clouds free satellite images, which are usually not free. 
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4.1.2 Patterns of Land Use/Cover Changes 

Figure 12 shows the maps of the KWK watershed's classified land use/cover images. Table 

9 summarizes the findings of the historical land use/cover change study, which included 

selected spatial area gain/loss. In general, the land use/cover change results (Table 9) show 

an exponential rise in built-up area from 1993 to 2018, a gain of 7.59% of the total watershed 

area, and a nearly identical pattern for agricultural land, with a gain of 10.94% of the total 

watershed area. According to the findings, water and rocky surface areas have decreased 

slightly (0.06% and 0.24%, respectively). When grasses covering the rocks decrease, most of 

the rocky area is exposed; hence spectral signatures under the rocky category are recorded, 

which count on increasing the rocky surface. The areas of all other groups suffered losses of 

varying degrees. For example, barren land and grassland suffered the greatest overall losses 

(4.51% and 8.50%, respectively). Forest, wetland, shrubland, and glacier ice have lost a small 

amount, with losses of 2.28, 1.62, 1.43, and 0.29%, respectively. 

Table 9: Losses/gains in land use/cover areas (km2) 

LU Classes 
Year  Percent change  

1993 2006 2018  1993-2006 2006-2018 1993-2018 

Built-up area 32.88 59.57 89.85  3.56 4.03 7.59 

Agricultural land 80.26 118.68 162.40  5.12 5.82 10.94 

Water  11.84 10.32 11.36  -0.20 0.14 -0.06 

Forest 242.33 231.77 225.22  -1.41 -0.87 -2.28 

Barren land 78.84 69.27 44.95  -1.27 -3.24 -4.51 

Grassland 167.12 140.82 106.31  -3.50 -4.60 -8.10 

Wetland 21.96 17.08 9.80  -0.65 -0.97 -1.62 

Shrubland 42.23 35.76 31.53  -0.86 -0.56 -1.43 

Rocky surface 69.32 65.36 67.55  -0.53 0.29 -0.24 

Glacier ice 3.84 1.99 1.65  -0.25 -0.05 -0.29 
Negative sign means loss 

The growing population trend is reflected in the rise in built-up area (Fig. 12). According to 

studies, future population growth in the catchments is linked to the urbanization of more 

land, including areas along sideways, the road network, and urban suburbs (Hyandye & 

Martz, 2017). The development of the Siha district is proof of this; studies show that several 

new villages have sprouted along the road on Mt. Kilimanjaro's slopes (Soini, 2005b).  

It is also worth noting that the population coincides with rising food demand, resulting in 

increased agricultural production. There was a slight proportional (7.04%) reduction of forest 

land from 1993 to 2018, compared to what was present in 1993 (2.28 km2). This may be due 
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to the growth of settlements along the forest buffer zone region, as well as the shrinking of 

the riverine forest as agriculture land expands. In some areas of Mt. Kilimanjaro's slopes, 

encroachment into the forest reserve and the replacement of natural vegetation with farmed 

crops has been recorded (Mbonile et al., 2003).  

The findings of this research support the notion of revisiting the enforcement of laws and 

regulations regulating protected areas. Evidence from other countries on land use change, 

particularly near protected area boundaries, indicates research directions and the need for 

policymakers to re-design policies and their implementation in protected areas (Tesfaw et al., 

2018). Drought may be to blame for the 1.62% decrease in wetlands, particularly in lowland 

areas. Drought is one of the main causes for farmers and pastoralists invading wetlands 

(Mbonile et al., 2003). Furthermore, prolonged drought can result in drying wetlands. 

Similar LULCC trends were observed on the slopes of Mt. Kilimanjaro in other studies. 

Between 1987 and 2005, the Kahe plains lost 53 km2 of shrub and grassland, as well as sparse 

vegetation, to maize and vegetable cultivation (GITEC, 2011); increased forest loss on the 

southern slope from 1606 ha to 5170 ha between 1973 and 2000 (Mbonile, 2005); and 

conversion of about 39.5% of bushland to agriculture between 1973 and 2000 (Mbonile et 

al., 2003). Furthermore, between 1952 and 1982, more than 41 km2 of the forest was 

degraded (Yanda & Shishira, 2001); between 1961 and 2000, about 49.97 km2 (32.8%) of 

shrubland and bushland in the Kirua Vunjo division was converted to agriculture and other 

uses (Soini, 2005b); and on the southern and eastern slopes, cultivated land increased from 

54 percent in 1973 to 63% in 2000 (Misana et al., 2012). Bushland is being replaced by 

cultivated fields on a regular basis. Bushland occupied 40% of the area in the Kirua Vunjo 

division on the southern slopes in the early 1960s, but had been reduced to 7% by 2000 due 

to conversion to cultivated fields (Soini, 2005b). 

In the past, the highlands were more densely populated than the lowlands, this is because the 

lowlands are relatively dry as compared to highlands. Agriculture expansion is said to have 

produced a new and distinct community of farmers who have settled in the dry lowlands 

previously deemed unsuitable for permanent settlement by the Chagga due to insufficient 

rains and malaria (Soini, 2005b). Despite the low rainfall levels in the lowlands, the lowlands 

are actually home to the majority of intensive agriculture activities. Floods and flowing rivers 

make the lowlands the most active and productive areas in irrigated areas throughout the 

season and throughout the year. As a result, there is a need to invest in advanced agrarian 
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technology in order to increase output per unit area. It is also important to concentrate on 

non-agricultural activities to complement agricultural production (Soini 2005; Mbonile 

2003). 

Due to increasing demand for cultivable land, the scarcity of the land increased; even the 

most peripheral areas were cultivated, such as along riverbanks, despite existing bylaws. 

Agriculture expansion took its path to the lowlands at a high pace after the enactment of the 

agriculture policy in 1983 (Mbonile et al., 2003), the policy aims to promote food production 

in the Tanzania. Annual crops such as maize and horticultural crops have largely replaced 

perennial crops, this is due to decrease in prices of the perennial crops such as coffee. 

Lowlands and highlands have been intensively cultivated since that period. 

The patterns found in this study are similar to those recorded globally. According to previous 

studies, tropical savannas have declined by more than half due to conversion to cultivated 

land (Assessment, 2005). About 20% of the savanna vegetation in Sub-Saharan Africa has 

been transformed to cropland (UNDP, 2000). In addition, the Food and Agriculture 

Organization (FAO) predicts that natural savanna areas will continue to be converted to 

small-scale subsistence agriculture (Zhou, 2011). Agricultural land, plantation forests, and 

settlement all increased by 18%, 93%, and 125%, respectively, in Ethiopia's upper Suha 

watershed. The study also indicates a 54%, 82%, and 16% decline in natural forest, 

shrubland, and grassland, respectively (Mekuriaw et al., 2019).   

4.1.3 Projection and Validation of Land Use/Cover Change on the Slopes of 

Kilimanjaro 

By contrasting the observed and simulated land use/cover maps of 2018 (Fig. 11), the model's 

ability to accurately simulate the year 2030 (Fig. 13) land use/cover maps were validated. In 

terms of the spatial distribution of all land use categories, the two maps have a fair degree of 

similarity. With slight adjustments in intensity and alignment, the corresponding land 

use/cover groups in Fig. 6 d and e showed a strong fit in terms of spatial distribution. 

The Validate module in IDRISI Selva generated the kappa coefficients (κ), which were used 

to assess the predictive power of the simulation model. The overall simulation accuracy (κ-

no) was found to be 78.78%; the model's ability to accurately specify the location (κ-location) 

was found to be 73.86%. Table 6 depicts the agreement and disagreement measures between 
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the observed and simulated LULC of 2018. The total agreement between the simulated and 

observed maps (κ-standard) was found to be 0.7286. The quantity and allocation 

disagreements were low (12.83% and 14.31%, respectively).  

 

Figure 11:  Observed (left) and simulated (Right) land-use and land-cover maps for 

2018 

The kappa coefficients (k), which were used to assess the simulation model's predictive 

ability, were developed by the Validate module in IDRISI Selva. The model's ability to 

correctly specify the position (-location) was found to be 73.86%, and the overall simulation 

accuracy (-no) was found to be 78.78%. The agreement and disagreement indicators between 

the observed and simulated LULC of 2018 are presented in Table 11. The cumulative 

agreement (-standard) between the simulated and observed maps was 0.7286. Disagreements 

in quantity and distribution were minimal (12.83% and 14.31%, respectively). 

Table 10:  Components of agreement/disagreement between the observed and 

simulated Land-use and land-cover maps of 2018 

Agreement/disagreement Value 

Quantity disagreement 0.1283 

Allocation disagreement 0.1431 

Quantity agreement  0.5073 

Allocation agreement 0.1064 

Change agreement 0.1149 
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In terms of the quantity and position of cells in each land use category, the accuracy values 

during validation indicate that the simulated map did not vary significantly from the observed 

map. The error (disagreements) may have resulted from the transient nature of most LULC 

classes, with the exception of a few that are permanent and often located in the upper part of 

the Kilimanjaro National Park, which is protected by law. Memarian et al. (2012) found a 

similar level of quantity and allocation inconsistency. In most cases, errors are caused by 

inadequate land use suitability maps and image classification overgeneralization. The shape 

of the chosen contiguity filter also has an effect on the suitability maps. This may be due to 

inefficient digitization of some of the dataset, as well as other variables and limitations that 

could have affected the outcomes (Musa et al., 2018). Inefficient georeferencing and 

geometric correction of the comparison map are another popular source of cell-by-cell error 

(Eastman, 2012). High-quality datasets, such as satellite images and other spatial data, are 

needed to enhance these validation results. In addition, advanced methods must be 

incorporated into the development of more accurate suitability maps; logistic regression is 

one of the suggested methods. However, the findings of this study follow the criteria for use 

set forth by Pontius and Millones (2011), and are suitable for use in simulating potential land 

use/cover for 2030. 

Before being used for land use forecasting, suitability maps can be checked. Relative 

Operating Characteristic (ROC) method can be employed. The spatial structure of the model's 

achievements and errors is not taken into account by ROC, however. All of the data for the 

ROC comes from contingency tables, which display only cell-by-cell analyses of the 

relationship between a map of real change and a map of simulated change, with each grid 

cell representing a single homogeneous category (Pontius & Schneider, 2001). 
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Figure 12: Classified land use/cover image maps for the year 1993 (a), 2006 (b) and 2018 (c) 
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The ROC approach is unable to show a spatially based uncertainty in the prediction maps. To 

show the magnitude of the agreement between the maps, ROC includes other statistics such as 

Cohen's kappa index (Vakhshoori & Zare, 2018). As a result, a visual comparison and additional 

measures of association that account for the spatial pattern must be supplemented to ROC 

(Costanza, 1989). As a result, the model was validated in this work using a methodology 

proposed by Pontius and Millones (2011), which advocates for quantity and allocation agreement 

and disagreement for accuracy evaluation. However, it is worth noting that suitability maps were 

twisted several times (as depicted in the procedure in Fig.  5) before arriving on the acceptable 

Kappa index.  

4.1.4 The Transition Matrix of Land Use/Cover Change on the Slopes of Kilimanjaro 

Table 10 shows the probability transition matrix created by the Markov model for the land 

use/cover maps of 1993 and 2006. The total cells to be converted into another group in the next 

time period are shown in the transformation matrix areas (Eastman, 2012), it is a stochastic 

matrix whose (i, j) entry gives the probability that an element moves from the jth category to the 

ith category during the next phase of the process (Andrilli & Hecker, 2010). The LULC for the 

year 2018 was simulated using this probability transfer matrix. Table 10 displays the land 

use/cover classes for the earlier date t-1 (1993), while the columns show the likelihood of the 

current date's land use/cover classes. Table 10 shows the land use/cover classes for t-1 (1993) 

(earlier date), while the columns display the likelihood of the land use/cover classes for the 

current date, t=1 (2006).



99 

 

Table 11:  Probability transitional matrix of Land-use and land-cover of 1993 and 2006 for simulation of land-use and land-

cover of the year 2018 

Built 

Given: Probability to change to: 

Built Agric Water For Barr Gra Wet Shr Rock Glac 

0.2371 0.2124 0.0000 0.0012 0.0529 0.4103 0.0092 0.0319 0.045 0.0000 

Agric 0.0508 0.4010 0.0012 0.0041 0.3122 0.2232 0.0001 0.0035 0.0039 0.0000 

Water 0.0008 0.4134 0.1634 0.0000 0.0041 0.2807 0.099 0.001 0.0376 0.0000 

For 0.0076 0.1384 0.0082 0.6537 0.0001 0.1093 0.0000 0.0795 0.0032 0.0000 

Barr. 0.4364 0.278 0.0000 0.0000 0.1093 0.1181 0.0014 0.0132 0.0436 0.0000 

Gra 0.1100 0.3126 0.0001 0.0000 0.1857 0.3345 0.001 0.0081 0.048 0.0000 

Wet 0.0872 0.3639 0.011 0.0351 0.0562 0.3798 0.0167 0.0266 0.0235 0.0000 

Shrubland  0.0033 0.0043 0.0006 0.0044 0.0001 0.0116 0.0000   0.7818 0.1939 0.0000 

Rocky 0.0000 0.0000 0.0011 0.0000 0.0000 0.0001 0.0003 0.0057 0.9791 0.0137 

Glacier 0.0000 0.0000 0.0033 0.0000 0.0000         0.0000 0.0052           0.0000 0.7460 0.2455 
Built =Built-up area, Agric =Agricultural land, For =Forest, Barr =Barrenland, Gra =Grassland, Wet. =Wetland, Shr =Shrubs, Rock =Rocky surface, Glac =Glacier ice. 
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The majority of the LULC classes were unstable. However, for rock surface (0.9791), shrubland 

(0.7818), and forest (0.6537), the probability of remaining unchanged was high; agriculture had 

a moderate probability of remaining unchanged (0.4010). Other groups were found to have a low 

likelihood of being unstable in the future. Other land use groups could not shift to water, 

according to the probability transfer values in Table 11. 

Furthermore, wetland conversion to grassland (0.3798) and wetland conversion to agriculture 

(0.3639) had a higher likelihood than agriculture and grassland conversion to wetland. There is 

also a high likelihood (0.4134) that water will be converted to agriculture and a 0.2807 risk that 

water will be converted to grassland. The probability transformation values revealed that the 

likelihood of other land use groups changing to glaciers is almost zero, with the exception of 

glaciers disappearing and being replaced by rocky surfaces (0.7460).  

The lower probability of rock surface, shrubland, and forests changing to other groups can be 

due to the fact that the upper part of Kilimanjaro National Park, which is a conservation area 

protected by statute, is mainly shrubland (Soini, 2005b). Tourism and other conservation 

activities are the only human activities allowed in the area. The high likelihood of remaining 

unchanged in agriculture may be attributed to the fact that some lowland areas practice irrigation 

agriculture and that all of the images were taken during the same season. Agriculture has long 

been a part of the history of the area, and most of the suitable areas have been used by the locals, 

who mainly live at higher elevations. More grasslands and barren land areas being converted to 

agriculture and urbanization indicate a need for more investments in non-agricultural economic 

activities. The rapid conversion of wetlands to grassland and cultivation is likely due to the rapid 

growth of vegetables and short-term crops in seasonal wetlands. Moisture fluctuations due to 

variations in annual precipitation amount, which primarily affect wetlands, grassland, and bare 

lands, may have accounted for the stability of grassland and glaciers LULC classes (Hyandye & 

Martz, 2017). However, since the probability values recorded in this analysis are dependent on 

the magnitude and direction of change in land use, future changes in magnitude and direction 

may produce a different pattern. 

4.1.5 Projected Land Use/ Cover Changes on the Slopes of Kilimanjaro   

Figure 13 shows the LULC map simulate using CA-Markov model for the year 2030. To 

determine the quantitative changes in land use, the total areas of LULC groups in 2030 were 
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compared to the total areas of the real land cover map in 2018 (Table 12). The results in Table 8 

show that, under the current scenario for 2018-2030, the built-up area will increase by 32.55% 

(29.25 km2), while agricultural land will grow by 39.52% (64.18 km2). A significant proportion 

of grassland (53.92% /57.16 km2) and forest (7.46%/9.82 km2) will be transformed to agriculture 

land, while 10.52, 5.34, and 13.22 km2 of all built-up areas will have been converted from 

agriculture, forest, and barren land, respectively. The glacier ice is predicted to shrink by 18.79 

percent (0.31 km2). According to the model, grassland, wetland, and barren land would decrease 

by 57.24%, 39.29%, and 15.8%, respectively, by 2030.   
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Table 12: Land-use and land-cover change matrix between 2018 and 2030 (km2) 
2018 

 LUC CLASS BUI AGR WAT FOR BARR GRA WET SHR ROS GLAC TOTAL 

2030 BUI 52.35 12.47 0.07 1.26 35.10 8.32 0.00 0.53 0.00 0.00 119.10 

 AGR 8.52 103.47 0.10 9.82 3.10 57.16 1.41 0.00 0.00 0.00 226.58 

 WAT 0.51 0.52 7.85 0.07 0.00 0.00 0.92 0.00 0.30 0.02 10.18 

 FOR 5.54 7.30 0.00 194.33 0.00 0.00 0.00 2.78 0.00 0.00 210.88 

 BARR 8.22 5.33 0.00 0.59 17.65 12.01 0.88 2.47 0.00 0.00 37.85 

 GRA 7.90 2.18 2.01 4.15 0.12 25.60 2.75 0.00 0.00 0.02 45.46 

 WET 0.02 0.31 0.09 3.60 0.03 1.51 3.89 0.00 0.00 0.00 5.95 

 SHR 0.00 0.00 0.10 10.41 0.00 0.00 5.00 5.23 5.14 0.00 25.37 

 ROS 0.00 0.00 0.00 0.00 0.00 0.00 0.71 17.60 61.90 0.49 67.91 

 GLAC 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.21 1.12 1.34 

 Total 89.85 162.4 11.36 225.22 44.95 106.31 9.8 31.53 67.55 1.65 750.62 

 Change (%) +32.55 +39.52 -0.39 -6.37 -15.80 -57.24 -39.29 -9.54 0.53 -18.79  
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In comparing the simulated future map with the historical trend, there is no specific approach to 

follow (Jokar & Kainz, 2011). Arsanjani et al. (2011) detailed a technique that was used in this 

work. The feasibility of occurrence on the predicted sites was used to determine the position of 

the predicted cells for various land uses/covers. Simply visualization of the LULC maps from 

1993, 2006, and 2018 (Fig. 11), it is clear that the built-up areas in the KWK catchment have 

grown dramatically. The observed changes between 2018 and 2030 are significantly higher than 

those previously observed. This increase might be due to exception of import tax for agricultural 

machinery, which reduces costs of farm preparation thus, sharp increase in agricultural land. 

Furthermore, the introduction of new districts which increased number of people hence increased 

the need for residential areas may account for a sharp increase in builtup areas. The transition 

probability between 1993 and 2006 may be the source of the observed trend. Nonetheless, the 

model validation results indicate that it correctly captured the driving factors. Adding more years 

to the model training and validation process will improve the performance of the model as 

suggested by Ndomba et al. (2008a). This model included the majority of the factors that 

contributed to the changes in land use on Mt. Kilimanjaro's slopes. On the other hand, the model 

findings are based on the premise that current drivers will continue to behave in a similar manner 

without major adjustments. Changes in government policy or the introduction of major projects 

that occur between the base year (2018) and 2030 are not included in the model simulation. 

Figure 13: Simulated land-use and land-cover map of the year 2030 
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Figure 13 also shows that glacier ice will increase in 2030. However, this increment should be 

interpreted with caution since the factors for de-glaciation and re-glaciation are more likely 

related to glacier type and climate changes (Geilinger, 1936; Kaser et al., 2010),  all of which 

are not included in this model (except precipitation). It is also worth noting that this model only 

represents a small portion of Mt. Kilimanjaro's entire glacier. 

The findings of this study are in line with a study by Hyandye and Martz (2017) in Usangu 

catchment. The study reported increase in urban area by 8.2%, decrease in forest area by 20.6%; 

also 19.6% grassland and 8.5% of agricultural land in 2013 was expected to be converted to 

urban land by 2020. The global trend reported by Cao et al. (2019b), which shows rises in 

agricultural land from 2010 to 2100 in all three scenarios studied. Forest, grassland, and 

shrubland areas are also declining, according to the survey. In Doha, the LULC forecasts a 20.1% 

increase in built-up areas from 2010 to 2020 (Hashem & Balakrishnan, 2015). In addition, 

estimates indicate that forest destruction will continue in the immediate future (2026) in the Long 

Island Sound Watersheds of the United States (Zhai et al., 2018). 

Taylor et al. (2013) depict that land use has a greater impact on terrestrial hydrology than climate 

change. Changes in land use on Kilimanjaro are likely to have an effect on the mountain's water 

balance, as the mountain is regarded as an East African water tower (Viviroli et al., 2007). The 

mountain provides water to South-eastern Kenya and North-eastern Tanzania, where freshwater 

demand for domestic, hydropower, commercial, and irrigation is expected to rise rapidly 

(Agrawala et al., 2003). The mountain is important for regional climate regulation and provides 

ecosystem services to communities living on its slopes (Hemp, 2005). In the fog interception 

zone of Mt. Kilimanjaro, LULC adjustment also means the loss of the most powerful water 

source (Hemp, 2005). The Kahe catchment aquifer was also grouped among the depleted 

mountain catchments due to rapid rises in deforestation and expansion of agricultural activities 

(Grove, 1993). Agriculture increased from 23% to 58% of the area in other catchments, such as 

the Lake Babati catchment, from 1960 to 1990, accounting for a recharge decline from around 

half to a quarter of the annual rainfall (Sandström, 1995). As a result, it was important to study 

the effects of LULC changes on Mt. Kilimanjaro slope hydrology. 

Mount Kilimanjaro slopes habitats and ecosystems provide a unique avenue for both local and 

global society in terms of wildlife conservation (Msoffe et al., 2020), water supply (Agrawala et 

al., 2003; Hemp, 2005) and tourism (Anderson, 2015).  According to reports, the highlands' 

vegetation is increasingly dwindling, and the snow cover is vanishing, raising the risk of losing 
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Mt. Kilimanjaro's tourist attraction for the rest of the world (Mbonile, 2005). The land use and 

cover change study for the slopes of Mt. Kilimanjaro leads to a deeper understanding of potential 

landscape changes and related impacts that affect both the immediate local population and the 

global at large. As a result, this research offers critical future-based knowledge for the protection 

of Mt. Kilimanjaro's slopes ecosystem, which benefits both the local and international 

communities. These ecosystem services are important not only for the local community but also 

have the potential to stymie the achievement of local, regional, and global sustainable 

development goals.  

With the current changes in climate, it is worth noting that changes in precipitation and 

temperature patterns result from the relation between land use and climate change. Finally, these 

changes in precipitation and temperature patterns affect the United Nations sustainable 

development targets, such as food security (Goal 2), poverty eradication (Goal 1), electricity for 

all (Goal 7), climate change mitigation and adaptation (Goal 13), and biodiversity loss (Goal 15) 

(Nations, 2019). As a result, the findings outlined in this work are critical for better planning and 

protection of the habitats and landscapes of Mt. Kilimanjaro's slopes, so that life support benefits 

to both the local and global communities can continue to be harnessed. 

4.1.6 Food Production and Expansion in Agricultural Land 

Along the Mount Kilimanjaro slopes, maize, rice, bananas, and beans are staples and cash crops. 

The crops chosen are among the six most important crops globally (Lobell & Field, 2007). When 

the results of this analysis were combined with averaged food production figures from the five 

districts of the study region (Rombo, Hai, Siha, Moshi district council, and Moshi urban district 

councils) recorded by URT (2018). Maize, rice, banana, and bean production was projected to 

increase by 28.33% from current records. However, as shown in Fig. 14 (Left hand side), the 

available record does not reflect the rise in crop production as agricultural land increases. In Fig. 

14 (Right hand side), the observed trend for banana indicates a declining trend. Around 2005 

and 2008, there was a significant drop in banana production, which continued until 2017. Despite 

the increase in agricultural land reported in this study, the output of maize, rice, bananas, and 

beans is less than 200 000 tons, as depicted in Fig. 14.   
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Figure 14:  Total food production in five districts along the study area and the land use  

change trend 

Changes in cultivated land have the greatest impact on food production and ecological processes 

(Cao et al., 2019b). Despite the expansion of agricultural land, the yield of selected staple food 

crops does not reflect the expansion of agricultural land (Fig. 14). There is no direct connection 

between increased cropland and increased food production. However, this increase in LULC is 

based on the assumption of a uniform spatial increase and favourable weather, pests, and disease 

conditions throughout the area. On the other hand, the observed mismatch demonstrates that 

expanding the output area does not guarantee an increase in crop yield. Furthermore, the findings 

indicate that other factors influencing crop yield include good agronomic practices, suitable 

weather, fertile soils, and pest and disease management practices. Increased farm fragmentation 

as a result of the region's land tenure system, soil erosion, and land degradation (UNDP, 2014) 

are among the key factors that contribute to this disparity. Due to low prices on the world market, 

banana farms may have been converted into short-season crops such as maize and bean fields, 

resulting in banana farms being unprofitable (Soini, 2005a). On the southern slopes of 

Kilimanjaro, however, low rainfall, particularly in drier lowlands, and poor agronomic practices 

can result in nutrient mining and, as a result, lower per capital output. The survey, however, 

reveals that the dynamics of land use for agriculture on Kilimanjaro's slopes are all about 

intensification on the higher slopes and expansion on the lower slopes. 

The demand for more food increases as the population grows. As a result, agricultural expansion 

would not be a surprising phenomenon in the future. Increasing output per unit area rather than 

expanding agricultural land will help meet rising food demand. The majority of grassland, barren 
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land, and lower-elevation forests are expected to be converted into built-up and agricultural land. 

Some previous studies have also recorded rapid population growth and agricultural expansion, 

especially in the lowlands (Chiwa, 2012; Mbonile et al., 2003; Misana et al., 2003; Soini, 

2005b). 

Increased pressure on arable land leads to increased land degradation, which results in lower 

agricultural yields (CEP, 1995). The declining productivity of highland gardens has changed the 

balance, and lowland plots have taken on greater significance in recent years, providing food for 

both livestock and people. The lowlands, on the other hand, are much drier and necessitate 

modern agronomic techniques. Significant nutrient mining, combined with high prices for 

inputs, and fertilizers, has resulted in declining soil productivity in the lowlands, accelerating 

soil degradation (UNDP, 2014). In order to improve fertility and productivity in the lowlands, 

restoration and fertilizers are needed, but most smallholder farmers cannot afford the associated 

costs. As a result, the available land for crop production becomes less productive and usable. 

Land use and environmental degradation are two factors that could reduce the amount of water 

available for food production in the Pangani basin (De Wit & Stankiewicz, 2006). Munishi et al. 

(2015) found that decreased precipitation and uneven rainfall distribution during the cropping 

season are important determinants of maize bean and banana yield in the region. Annual 

precipitation levels on Mount Kilimanjaro have decreased by 600-1200 mm over the last 120 

years, whereas temperatures have risen significantly since 1976 (Hemp, 2005). These changes 

in precipitation and temperature patterns would result in a major increase in irrigation demand, 

which would negatively impact crop production in the region (Munishi & Sawere, 2014). Small-

scale farming and mostly rainfed agriculture are the most common forms of agriculture on 

Kilimanjaro, resulting in a major mismatch between cropping area and crop yield. According to 

Mmbaga et al. (2017), climate change has resulted in an increase in minimum temperatures, 

which has resulted in local coffee extinction. Aside from food crops (Munishi et al., 2015), cash 

crops like coffee have also been confirmed to be severely impacted (Craparo et al., 2015). Coffee 

production is expected to decline much further into the 2060s if current land use changes and 

climate change patterns are not reversed (URT, 2012). To bring issues closer to practice, a more 

integrative study centered on generating high-quality data on food production, food demand, 

environment, pests, and diseases is needed. 

This study agrees with the findings by Lyle (1996) that the key challenge lies in production 

practices and not in the farm sizes. It is necessary to adjust our production methods in order to 
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achieve a balance between environmental land use and food production means. Rather than 

expanding farm scale, the emphasis should be on developing more innovations that increase 

productivity in small areas. On the other hand, sustainable land use necessitates the consideration 

of environmental, social, and economic problems as core issues of sustainability (Loures, 2019). 

Land use and climate change are projected to affect global food production, posing a threat to 

food security (Lobell & Field, 2007). A research translation program focused on translating 

research-based evidence of locally adapted sustainable enhancement of food production 

practices into community-led actions to reverse land degradation while simultaneously 

increasing and diversifying productivity will be needed to achieve food security. This study 

stresses the need for the greater agency in incorporating this knowledge into the decision-making 

process in the face of global and local changes in LULC, population growth, and decline in food 

production. This decision-making process is essential for local support of sustainable food 

production as well as land restoration. The intervention in the decision-making process will 

counteract local and global changes and practices that threaten food production and 

environmental sustainability. A detailed understanding of community needs, goals, policies and 

activities can also be used to strike a balance between development and environmental 

sustainability. As a result, local adaptation efforts should focus on these issues. 

4.2 The Impacts of the Present and Future Land Use/Cover Changes on the Water 

Budget 

4.2.1 Sensitivity Analysis 

The sensitivity analysis showed that there are nine most sensitive KWK SWAT model 

parameters that minor changes in their values were found to influence river flow are shown in 

Fig. 15. These parameters were those with p-value <= 0.05. The parameters include a_CN2.mgt, 

v_ALPHA_BF.gw, a_HRU_SLP.hru, v_GWQMN.gw, a_CH_K2.rte, a_SOL_AWC().sol, 

a_SLSUBBSN.hru, v_GW_REVAP.gw, a_CANMX.hru and SOL_K().sol.  The t-statistical 

values of the parameters are used to rank the parameters in the order of magnitude of their 

influence on the streamflow. According to Abbaspour (2015) the higher the absolute t-test 

values, and low p-values, the more sensitive the parameter. The information regarding 

parameters sensitivity analysis is always helpful in making modellers' work easy as it highlights 

which parameters to fine-tune during calibration of a hydrological model.
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Figure 15:     Results of parameter sensitivity analysis (P-value and t-stat)
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Previous hydrological studies by Ndomba et al. (2008) and  Kishiwa et al. (2018) have also 

reported on the most sensitive flow parameters in Pangani.  The parameters SURLAG, 

GWQMN, RCHRG_DP, SLOPE, soil depth (SOL_Z), ESCO, SOL_AWC, SOL_K, and 

ALPHA_BF, CH_N, CH_K2, SLSUBBSN, GW_DELAY, SOL_ALB, and GW_REVAP. 

Among these previously reported parameters were also crucial in this study, although with 

different levels of sensitivity. Contrary to previous studies, the maximum canopy storage 

(CANMX.hru) was not reported to influence the model output.   

4.2.2 Model Parameters, Calibration and Validation 

The calibration and validation curves plotted together with mean monthly rainfall are shown in 

Fig. 16.
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Figure 16:  Comparison between the simulated and observed monthly discharge of Kikafu, Weruweru and Karanga 

watershed
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The model calibration parameters that were used for calibration and their default range are summarized in Table 13.  

Table 13: Parameters sensitive to streamflow, their default range, fitted value during calibration and final values used 

Parameter                Description SUFI2 fitted value Default range 
The final value in 

SWAT model 

r_SURLAG.bsn Surface runoff lag time (days) 0.02 0.05 – 24 0.02 

v_ESCO.bsn Soil evaporation compensation factor 0.65 0.01 - 1 0.65 

v_GWQMN.gw Threshold depth of water in the shallow aquifer for 

return flow to occur (mm H2O) 
382.88 0 – 5000 382.88 

v_GW_REVAP.gw Groundwater “revap” coefficient 0.27 0.02 - 0.2 0.05 

r_REVAPMN.gw Threshold depth of water in the shallow aquifer for 

"revap" to occur (mm H2O) 
2.01 0 – 1000 750 

v__ALPHA_BF.gw Baseflow alpha factor (days) 0.11 0 – 1 0.13 

v__RCHRG_DP.gw Deep aquifer percolation fraction 0.22 0 – 1 0.63 

v__GW_DELAY.gw Groundwater delay (days) 579.52 0 – 500 18.25 

v__CH_N1.sub Manning’s ‘n’ value for the tributary channels 0.69 0.01 – 30 0.69 

v__EPCO.hru Plant uptake compensation factor 0.83 0.01 – 1 0.83 

a__OV_N.hru Manning’s “n” value for overland flow 0.10 0.01 – 30 0.10 

a__CANMX.hru Maximum canopy storage (mm H2O) 0.077 0 – 100 10.78 

a_SLSUBBSN.hru Average slope length (m) 75.11 10 – 150 75.11 

a__HRU_SLP.hru Average slope steepness (m/m) -0.38 0.3 - 0.6 0.47 

a_SOL_AW().sol Available water capacity of the soil layer  -0.02 0 – 1 0.12 

a_SOL_K().sol Saturated soil hydraulic conductivity (mm/h) 515.59 0- 2000 515.59 

a_CH_k2.rte Effective hydraulic conductivity in main channel 

alluvium (mm/h) 
192.66 0 500 85.56 

a_CN2.mgt Initial SCS runoff curve number for moisture 

condition II 
6.35 35-98 92.13 

a_CH_W2.rte Average width of main channel at top of bank (m) -2.97 0 – 1000 54.21 

v__CH_K2.rte      Effective hydraulic conductivity in main channel 

alluvium (mm/h) 
463.10 -0.01 - 500 467.39 

v__LAI_INIT.mgt       Initial leaf area index 5.21 0 – 8 5.21 

v__BIO_INIT.mgt       Initial dry weight biomass (kg/ha) 661.20 0 -1000 661.20 

v__PHU_PLT.mgt        Total number of heat units or growing degree days 

needed to bring plant to maturity 2228 0 – 3500 2228 

a_means absolute; given value is added to the existing parameter value during calibration; v_means replace; the existing parameter value is to be replaced by a given value during calibration and r-refers 

the default parameter values are multiplied by a factor of (1 + r).
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The rainfall and monthly river discharge in Fig. 16 show that the model well captured the 

hydrologic processes within the watershed. Generally, Fig. 16 shows that the simulated flow 

reflected the observed flow. Further, the parameter values for NSE, PBIAS, and R2 in Table 14 

are 0.61, 0.59, and 0.68, respectively, for calibration; and 0.66, 0.54, and 0.67, respectively, 

during validation showed satisfactory results.  

Table 14:Model performance statistics for the calibration and validation periods 

Period 

Average monthly flow 

(m3/s) 

 Evaluated statistics 

Observed Simulated  NSE r-factor PBIAS R2 

Jan 1987-Dec 1993 19.16 17.23  0.61 0.56 10.1 0.68 

Jan 1994-Dec 2000 14.06 15.06  0.66 0.69 3.3 0.67 

The NSE value >0.5, PBIAS < ±10 < PBIAS < ±15, and R2>=0.6 (Moriasi et al., 2007; Santhi 

et al., 2001) indicate that the model is acceptable for the hydrological simulations. In this regard, 

the calibrated SWAT model used in this study could efficiently and reliably be used in simulating 

the hydrological impacts of land-use changes in KWK watershed for 1993 to 2030 time-step.  

4.2.3 The Impact of Land Cover Changes on the Hydrology of the Kikafu, Weruweru 

and Karanga Watershed 

The influence of land cover changes on the hydrology of a watershed is indicated using changes 

in vegetation that signify changes in Curve Number (CN) in different decades. Decrease in forest 

area and changes in other vegetation changes in CN of a watershed. Studies show that increases 

in built-up area and increase in population decrease vegetation cover (Kundu et al., 2017). 

Continuous demand for space and other natural resources can influence people to shift and settle 

in forested areas, which will result in forest degradation and increased surface runoff in these 

areas.  

Generally, the results of the impact of land cover changes on the hydrology of the KWK 

watershed showed that the LC fluctuations in the catchment for the past 25 years (1993-2018) 

impacted the annual basin water balance component values (Table 15). The results show higher 

annual variation in GWQ as compared to LatQ and WatQ. The predicted LC changes of 2030 

will result in lower values for almost all selected hydrological parameters than in previous years 

(1993-2018). It is expected that expansion in agricultural land and built-up areas, reduction of 

grassland and shrubland increases SurfQ and streamflow and consequently reduces GWQ 

(Marhaento et al., 2017). Furthermore, the correlation among hydrological components was also 
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studied (Table 15). The results show a relatively high positive correlation among the 

hydrological components at varying degrees. Ideally, the results suggest that changes in one 

hydrological component result in the change in the value of other components. 

 



115 

 

Table 15:  Area land-use change, annual basin values (mm) for different consecutive years in the study area (Note: Rocky 

surface and Glacier ice were not used in this analysis) 

Selected areal LC classes (%)  Annual basin values (mm) 

LU BULT AGRL WATR FORR BARR GRSL WTL SHRL  SurfQ LatQ GWQ ET WatQ 

1993 4.38 11.63 1.44 33.08 11.17 23.18 2.93 5.89  295.39 38.86 168.93 502.0 513.00 

2006 6.47 17.68 1.54 31.01 9.23 19.97 2.28 5.03  275.69 38.97 176.28 492.0 512.17 

2018 10.34 23.29 1.54 31.13 4.58 16.96 1.44 4.20  345.23 36.3 205.91 571.2 672.29 

2030 14.93 30.54 2.00 30.54 1.46 9.24 1.06 4.44  292.94 38.67 174.33 498.6 516.06 
BULT-Built-up area, AGRL-Agriculture land, WATR-Water, FORR-Forest, BARR-Barren land, GRSL-Grassland, WTL-Wetland, SHRL-Shrubland, SurfQ-Surface runoff, LatQ-
Lateral flow, GWQ-Groundwater flow, ET-Evapotranspiration, WatQ-Water yield 
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The exponential increase in annual values for the selected hydrologic parameters is observed 

between the 1993 and 2018 years. SurfQ increased by 16.87%, whereas GWQ also increased by 

about 21% between 1993 and 2018 years. Likewise, WatQ has also increased exponentially from 

1993 to 2018 and is expected to decrease in the near future (2030). Values show a decrease of 

about 0.2% between 1993 and 2006 and a sharp increase of approximately 31.3% from the year 

2006 to 2018 and is expected to decrease by 23.2% by 2030. However, despite this increase, 

LatQ was observed to exhibit an almost negligible rise between 1993 and 2006, while it shows 

a slight increase between 2018 and 2030, meaning that the impact of LU changes on lateral flow 

is minimal.  

The results show that land cover has changed throughout the study period within the catchment, 

previous studies also show that land use has changed on the entire slopes of Mt. Kilimanjaro 

(Mbonile et al., 2003; Misana et al., 2012; Soini, 2005a; Stump & Tagseth, 2009; Tagseth, 2008). 

The possible reasons for the escalation of agricultural land and the built-up area may be due to 

higher population growth rate and social-economic development such as the fair prices for 

horticultural crops in the lowlands. Thus, more people are engaging in growing crops in the 

catchment.  Further, the influx of people from outside and highland areas has resulted in an 

increase of cropland and extension of the built-up areas to the lowland areas that were previously 

considered comparatively dry and less productive. Perhaps there could be experienced more 

decrease in the area under forest; however, most of the forest area falls in the upper area of the 

Kilimanjaro National Park, which is protected by the law. Although reports still show 

anthropogenic activities such as logging, forest burning, charcoal making, the establishment of 

new villages, livestock keeping and cultivation, landslides, and quarrying across the protected 

forest reserve (Lambrechts et al., 2002). Also, the conversion of the lower montane forest into 

coffee plantation are among the factors contributing to forest loss (Gütlein et al., 2017).  

Despite the conservation activities, it is worth stating that there is still a flimsy decrease in the 

area of forest area, especially close to the forest borders and in the lowlands (Mbonile et al., 

2003). Thus, observation shows that the magnitude of variation in ET values is small despite the 

change in LC with time. However, monthly fluctuations in ET support that the model perfectly 

captures cropping season that is expected to have relatively higher ET values during vegetative 

stages; although in general agreement with the fact that seasonal crops (agricultural land) have 

less ET than perennial trees (Deng et al., 2015; Woldesenbet et al., 2017). Studies show that 
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evapotranspiration takes a countable amount of water infiltrating the soil in semi-arid regions, 

and effective recharge depends solely on extreme rainfall events (Andersen, 2008).  

The expansion of agricultural land, built-up areas, and shrinking of grassland may have resulted 

in increased surface runoff in the KWK watershed, especially in the lowlands. The changes in 

WatQ as a result of changes in vegetation is due to changes in CN values. The CN values 

increased with an increase in built-up areas, bare agricultural lands and decreased forest areas 

(Kundu et al., 2017). Although the variation in land use results in changes in hydrological 

processes, the soil types, geological conditions, and slope are among the factors governing the 

impacts of land-use changes on the water balance components (Bruijnzeel, 2004). Thus, KWK 

being located on the mountain slopes is expected to be affected by these factors. Other studies 

reported a similar trend in the basin. For example, Kishiwa et al. (2018) predicted an increase in 

the annual streamflow by 10% in the year 2060 and steady growth in the streamflow annually, 

taking 2001 as a baseline year.  

 Generally, in a situation where most of the vegetation is converted to built-up areas and the 

expansion in agricultural land, compaction causes lower permeability and storage capacity 

resulting in a lower infiltration capacity. This transforms a substantial fraction of rainfall into 

surface runoff. The  SurfQ and GWQ increases as the areas with cleared vegetation for 

agriculture and built-up areas increases. A similar observation was reported in South Africa, that 

SurfQ is higher and GWQ is lower in bare lands, with no vegetation (Gyamfi et al., 2016); GWQ 

is higher in the forest and other vegetative places due to increased infiltration into the shallow 

and deep aquifers. Reduced infiltration increases surface runoff, which may be a reason for flood 

reoccurrence in lowland areas, especially at the beginning of the season, where there are no 

plants in the farms. 

4.2.4 The Variations of Individual Land Cover Changes on Water Balance Components 

Results of the Partial Least Squares Regression (PLSR) model of the hydrological components 

in the KWK watershed presented in Table 16 indicates a strong correlation between land cover 

changes and the variations in water balance components. That is, the cumulative explained 

variations in Y, and Q² cum corresponds to the correlations between the explanatory (X) variable 

(Land use) and dependent (Y) variables (Water balance components), with the components are 

all close to 1. Variation in the hydrological components (Cum explained variation in Y (%)) were 
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94.1%, 96.8%, and 98.6% for component number 1, 2 and 3, respectively. These high correlation 

values indicate that the PLSR model captured well both the X and the Y variables.
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Table 16:  Results of the partial least squares regression model of the hydrological components in the Kikafu, Weruweru and 

Karanga watershed 

Response 

Variable Y 

Variation in 

response 
Q2 Comp 

Explained 

variation in Y 

(%) 

Cum explained 

variation in Y 

(%) 

Root 

Mean 

PRESS 

Q2 Cum 

Hydrological components (ET, 

WatQ, SurfQ, GWQ, LatQ) 

 

0.951 

 

0.901 

1 94.1 94.1 0.272 0.9953 

2 2.7 96.8 0.432 0.9926 

3 1.8 98.6 0.561 0.9937 

4 1.4 100 0.624 0.9481 
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The PLSR variable importance of the projected values (VIP) and weights of the independent 

variables are given in Table 17. The highest VIP value was obtained in agricultural land (VIP = 

1.57); built-up area (VIP = 1.28), barren land (VIP = 1.13), shrubland and grassland (VIP = 

1.10).   It can be noted from Table 17 that forest has a comparatively lower influence in impacting 

the selected water balance components (VIP 0.89). Nevertheless, the forest is still important in 

influencing water balance components, whereas wetland and water were of minor importance. 

The relative importance of predictors (VIP) shows that water and wetland exert comparatively 

less significance (VIP less than 0.8). Component 1 was dominated by agricultural land and built-

up areas on the positive side, whereas water, forest, barren land, grassland, wetland and 

shrubland were on the negative side. In component 2, all land use/cover classes were negative 

sided except forest, which was on the positive side. Component 3 was also dominated by the 

negative sided classes except for forest and grassland, while the positive side included water, 

barren land, wetland and shrubland, agricultural land and built-up areas.   

Table 17:  Variable importance for the projection values and partial least squares 

regression model weights for independent variables in the Kikafu, Weruweru 

and Karanga watershed 

Variable VIP w*1 w*2 w*3 
BUILT 1.28 0.316 -0.878 0.444 

AGRL 1.57 0.445 -0.597 -0.449 

WATR 0.69 -0.374 -0.742 -0.491 

FORR 0.89 -0.465 0.371 0.913 

BARR 1.13 -0.325 -0.410 -0.337 

GRAL 1.10 -0.386 0.324 0.493 

WETL 0.65 -0.206 -0.236 -0.3530 

SHRL 1.11 -0.228 -0.264 -0.4818 

4.2.5 Hydrological impacts of individual land cover changes on the selected water balance 

components 

The areal changes under built-up, agriculture, as well as water positively attributed to the changes 

in Evapotranspiration (ET), Surface runoff (surfQ), Water yield (WatQ), groundwater flow 

(GWQ) as well as lateral flow (LatQ) (Table 17). The correlation coefficient values for the built-

up area for all water balance components ranged from 0.89 to 0.94. Specifically, for agricultural 

land, the correlation coefficient values were 0.79 (ET), 0.86 (SurfQ), 0.85 (WatQ), 0.94(GWQ), 

and 0.86 (LatQ). Furthermore, water surface coverage was slightly positively correlated to SurfQ 

(0.54), WatQ (0.54), GWQ (0.69) as well as LatQ (0.54). In contrast, the change in SurfQ was 

negatively attributed to changes in the areas under barren land (0.96), grassland (0.86), wetland 

(0.90) and shrubland (0.86). Water yield, on the other hand, is negatively attributed to the areal 
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changes in barren land (0.96), grassland (0.86), wetland (0.89) and shrubland (0.86). The GWQ 

is slightly negatively attributed to changes in the forest area (0.62), but, highly attributed to 

changes in the areas of barren land (0.99), grassland (0.94), wetland (0.97), and shrubland (0.94). 

Similarly, the change in latQ was negatively attributed to changes in the areas of grassland (0.86), 

wetland (0.89), shrubland (0.86) as well as barren land (0.96). On the other hand, ET was 

negatively attributed to changes in the areas under barren land (0.92), grassland (0.79), wetland 

(0.84), and shrubland (0.79). Although Glacier ice is one of the land-use types, it is worth 

mentioning that the contribution of the snow was not taken into account as a contributor to the 

annual runoff. The motive behind this decision is that previous studies suggest the absence of 

isotopic signatures in springs and river discharges (Mckenzie et al., 2010).  Further, the rocky 

surface was also omitted during VIP tests. 

Water balance is and has been a critical component to be understood in carrying water 

management issues skillfully. In this study, changes in the area under natural vegetation such as 

forest, shrubland, wetland, and grassland were negatively correlated with SurfQ at varying 

degrees (Table 18). These land covers were found to be in the decreasing trend (Table 15). These 

correlation results in Table 18 would mean that improving the vegetation cover on the hillside 

and abandoned land area could help to reduce the direct surface runoff in the KWK watershed. 

In turn, improving vegetation on the hillside will help reduce flooding recurring in the area, 

affecting most of the people in the lowlands. Most of the previous studies have shown that an 

increase in vegetation cover, particularly forests, leads to decreasing SurfQ and flood occurrence 

(Gashaw et al., 2018; Shawul et al., 2019). According to Siriwardena et al. (2006) clearing of 

forest by 45%, increased the SurfQ by around 40%. Also, increased in runoff due to replacing 

rangeland through expansion in agriculture land and built-up areas was reported from 2000 to 

2013 in the Olifants basin, south Africa (Gyamfi et al., 2016).  

Increased ET and increased runoff may be a result of the conversion of vegetated areas to 

agriculture and built-up areas. However, the increased agricultural lands lead to higher water 

abstraction (Wagner et al., 2013). This increase might be the reason for the slight decrease in ET 

in the near future (Table 15). Increased SurfQ due to increased built-up area was reported in 

some previous reports (Du et al., 2012; Tavakoli et al., 2014). Therefore, it is envisaged that the 

observed reduction in ET reflects the conversion to agricultural lands, which increases water use. 

Also, conversion to agricultural land increases the CN value, thus and reducing ET. Memarian 

et al. (2014) also observed that an increase in a built-up area and agricultural land increases CN, 

thus reducing ET. 
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Further, an increase in cultivated lands at the expense of other vegetation covers resulted in 

increased runoff was also reported by  Gashaw et al. (2018) in the Andassa watershed, Blue Nile 

Basin, Ethiopia, Woldesenbet et al. (2017), and Karamage et al. (2017) in Rwanda. Contrary to 

these results, Twisa et al. (2020) in the Wami Ruvu basin revealed a negative influence on 

surface runoff and water yield by natural forest, woodland, bushland, grassland, water, and 

wetland. Further, the study reported a negative influence of the built-up area on GWQ and ET. 

At the same time, natural forests, bushland, woodland, grassland, water, and wetland had a 

positive influence on ET and GWQ. However, KWK being located on a mountainous place with 

complex terrain is expected to behave differently from other catchments.  

Agricultural land and built-up areas are the main attributes in the changes in WatQ, SurfQ, ET, 

and GWQ; the expansion in these LULC classes means that with the ongoing expansion in 

agricultural land and built-up areas, the water balance of a watershed will be affected negatively. 

This observation supports Anand et al. (2018) report, stating that the intensification of urban and 

cultivated lands is an essential environmental stressor that significantly affects water balance 

components of a catchment. For instance, an increase in the built-up area has a contribution to a 

higher proportion of surface runoff and streamflow and lowers the quantity of groundwater flow 

(Marhaento et al., 2017).  

Generally, the increase in runoff may imply increasing soil erosion and sedimentation if left 

unattended. Twisting land use trends to allowing more vegetation covers will reduce wet season 

flow, increase dry-season flow, SurfQ, LatQ and GWQ (Gashaw et al., 2017). Techniques such 

as replacing cereals with fruit trees, intensifying agronomic practices that will advocate 

increasing productivity of small farms and discourage opening up of more land for agriculture. 

Further, using soil and water management practices may be useful to increase vegetation cover 

at the KWK watershed.  

The PLSR results in Table 18 show that all land use/cover classes are important in influencing 

changes in water balance components, with the exception of shrubland and wetland. Thus, 

regulation of other LC classes should be implemented to regulate the impacts in the hydrology 

of KWK watershed. The current reported rapid population growth, climate change and expansion 

in agricultural land, built-up areas, and other economic activities can significantly impact the 

future if the situation goes unattended (Garcia & Alvarez, 1994; Mondal, 2019). The PLSR 

results from this study are suitable for designing and carrying out sustainable natural resources 

management practices at the basin scale and other similar environments (FAO, 2017). Moreover, 
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the results from this study show the potential of using a combined PLSR and hydrologic 

modelling framework for impact studies in data-constrained environments.
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Table 18: Correlation matrix for the land cover variables and selected hydrologic components 

Variables BUILT AGRL WATR FORR BARR GRASL WETL SHR ET SurfQ WatQ GWQ LatQ 

BUILT 1.00             

AGRL 0.98 1.00            

WATR 0.80 0.89 1.00           

FORR -0.74 -0.85 -0.99 1.00          

BARR -0.99 -0.97 -0.76 0.69 1.00         

GRASL -0.98 -1.00 -0.89 0.85 0.97 1.00        

WETL -0.99 -0.99 -0.85 0.80 0.99 0.99 1.00       

SHR -0.98 -0.99 -0.89 0.85 0.97 1.00 0.99 1.00      

ET 0.89 0.79 0.44 -0.35 -0.92 -0.79 -0.84 -0.79 1.00     

SurQ 0.94 0.86 0.54 -0.46 -0.96 -0.86 -0.90 -0.86 0.99 1.00    

WtrQ 0.94 0.85 0.54 -0.45 -0.96 -0.86 -0.89 -0.86 0.99 1.00 1.00   

GWQ 0.99 0.94 0.69 -0.62 -0.99 -0.94 -0.97 -0.94 0.95 0.98 0.98 1.00  

LatQ 0.94 0.86 0.54 -0.46 -0.96 -0.86 -0.89 -0.86 0.99 1.00 1.00 0.98 1.00 

Significant value at p =0.05, SurfQ =surface runoff, LatQ =Lateral flow, GWQ =ground water flow, ET =Evapotranspiration, WtrQ = total water yield
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4.3 The Impacts of the Present and Future Land-Use Changes on Water Quality 

In this objective, the main targets were: (a) to carry out water sampling (b) to assess the water 

quality during the dry season (June to July), due to excessive varied requirements and utilization 

of scarce water resources (Marghade et al., 2020). Table 19 shows the analytical findings of 

physicochemical and isotopic parameters from surface and groundwater sources assessed in this 

study. The main focus was to assess the water suitability for irrigation application, However, 

descriptive statistics were computed and addressed in Table 20, where Tanzania (TZS) limits 

and the World Health Organization (WHO) guideline were used to highlight the general drinking 

water suitability of all tested sources.  
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Table 19: Analytical results 

Source Code Depth DO Temp pH TDS EC NO3 SO4 Ca Mg Cl HCO3 K+ Na+ F- 18O 2H d-excess 

Weruweru River 

(WR) 

WS1 2.2 6.2 20.3 6.75 94 141 6.6 7 8.8 5.1 10 40 2.5 11 4.14 -4.81 -23.57 14.93 

WS2 1.5 7.1 23.5 6.78 111 166 8.4 10 11.2 4.5 13 39 2.6 15 4.82 -4.72 -22.95 14.77 

WS3 3.1 4.9 25.5 6.73 124 186 16 9 11.8 5.2 8 57 4.5 16 4.72 -4.46 -21.93 13.75 

WS4 1.6 6.3 25 6.74 314 468 12.8 23 32 11 33 155 5.8 46 4.63 -3.69 -16.28 13.22 

WS5 1.0 5.9 28.4 6.94 310 463 17.5 25 40 7.5 30 148 7.4 40 5.5 -4.11 -17.85 15 

Karanga River (KR) 

KAS1 1.2 3.8 23.3 6.57 319 476 11.3 37 43 9.6 45 97 6.8 36 4.7 -3.48 -16.53 11.6 

KAS2 0.4 7.3 23.8 6.55 250 373 9.7 19 21.4 7.4 39 84 7 42 4.79 -3.5 -16.5 11.53 

KAS3 0.3 5.5 25.2 6.52 350 522 17.3 40 45 11.5 51 95 6.9 41 5.3 -3.51 -16.23 11.86 

KAS4 1.1 4.8 25.4 6.66 279 417 18.4 33 31 8.5 29 101 5.6 40 4.23 -3.18 -14.39 11.06 

KAS5 0.8 6.4 25.9 6.70 458 684 27.9 60 67 14.3 60 122 7.1 47 4.27 -3.35 -15.91 10.86 

Kikafu River (K’R) 

KIS1 1.0 6.3 29.8 6.80 720 1074 39.1 64 95 36.2 96 256 15.4 58 9.89 -3.73 -17.79 12.03 

KIS2 2.1 5.4 25.2 6.60 168 251 10.8 26 26 4.6 19 43 3.3 16 2.38 -3.68 -15.77 13.71 

WR before 

Confluence WSX 
1.1 5.0 28.0 6.74 405 605 24 32 66 11 72 95 7.7 35 6.79 -4.06 -19.78 12.73 

KR before 

Confluence 
KASX 1.2 4.2 27.5 6.69 587 876 25.3 55 85 15.5 76 222 9.4 66 6.43 -3.7 -18.04 11.56 

WR+K’R Confluent KWUSX 0.7 5.4 28.3 6.71 531 794 37.5 48 65 13.6 52 231 11.1 73 7.02 -3.82 -18.56 11.99 

WR+KR+K’R 

Confluence 
KWK1 2.3 5.5 28.1 6.64 800 1194 19.4 70 122 30.5 89 382 10 68 7.42 -3.58 -17.23 11.41 

Shallow Wells along 

WR 

WSW1 8.0 3.3 27.5 6.77 1480 2212 95 134 24.6 13.7 140 684 36 190 2.46 1.79 3.71 -10.58 

WSW2 5.0 2.9 25.9 6.56 684 1021 51.8 64 88 27.7 77 255 11 73 10.4 -3.84 -21.11 9.59 
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Source Code Depth DO Temp pH TDS EC NO3 SO4 Ca Mg Cl HCO3 K+ Na+ F- 18O 2H d-excess 

Boreholes Moshi 

Town  

BG1 120 0.2 22.3 6.45 429 641 19.8 27 66 5.4 65 160 6 55 5.22 -4.44 -21.59 13.9 

CG 120 0.4 29.1 6.84 294 439 10.3 17 39 9.2 44 119 4.6 35 4.35 -5.18 -27.48 13.99 

IG1 80 0.7 22 6.68 282 422 16.8 21 47 4.7 40 100 5 29 4.07 -4.3 -20.4 13.98 

KVG1 60 1.0 28 6.28 183 273 26 13 21 5.4 24 48 3.2 26 2.04 -3.73 -15.54 14.26 

Boreholes along 

K’R 

KGS1 120 0.2 25.2 6.70 602 898 33.7 36 90 20 68 289 14 53 4.98 -3.73 -17.79 12.03 

KGS2 110 0.1 25.2 6.63 456 680 30.5 29 65 17.7 58 188 8.7 41 3.3 -3.68 -15.77 13.71 

Boreholes within 

TPC 

TG1 80 0.3 26.4 6.78 1170 1749 54.7 75 190 50.3 129 582 14.1 76 7.39 -3.82 -18.47 12.12 

TG2 90 0.2 25.4 6.67 1670 2493 45.5 143 242 87 199 763 12.5 123 5.25 -3.62 -17.16 11.76 

TG3 70 0.3 26.5 6.68 1916 2860 59.5 193 288 52 306 566 16.8 212 9.12 -3.72 -17.75 12.04 

Boreholes along WR 

WSG1 130 0.1 24.6 6.71 380 568 28.9 26 44 7.2 38 176 6.2 61 7.33 -4.2 -18.93 14.69 

WSG2 80 0.4 28.8 6.08 182 272 8.6 9 20.4 2.7 37 43 5 30 5.13 -4.1 -18.87 14.43 

Boreholes from 

Kahe flood plain  

S01 120 1.16 24.3 6.57 222.6 347.8 5.9 18 42.7 15.3 9.3 167 0.09 1.82 0.22    

S02 125 1.68 24.7 7.16 174.9 273.2 2.8 13 28.6 6.2 20.5 97.4 3.1 15.4 0.2    

S03 118 1.8 24.7 6.72 224.9 351.4 18.5 17 30.5 11.7 15.8 132 2.4 22 0.24    

S04 12.6 2.6 24.1 8.41 759.6 1186.8 88 55 118 31.7 50 420 11.9 67.3 0.87    

S05 115 1.91 23.2 7.21 391.0 610.9 21.6 29 64 15.7 32 234 4.8 32.8 0.33    

 S06 7.3 4.53 25.1 7.98 993.3 1552 3 48.9 138 59.8 29.18 887 9.48 80.31 0.71    

 S07 6.8 1.13 25.4 7.82 1172.9 1832.6 5.1 32.9 180 64 11.7 1166 22.58 76 1.57    

 S08 6.2 1.16 23.1 7.28 531.7 830.8 23 48 101 32 65 246 3.6 11 0.32    

 S09 14.5 1.03 23.7 7.19 791.3 1236.5 30 95 136 47 83 362 4.6 36 0.41    
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Source Code Depth DO Temp pH TDS EC NO3 SO4 Ca Mg Cl HCO3 K+ Na+ F- 18O 2H d-excess 

Boreholes from 

Kahe flood plain 

S10 8.2 1.96 24.3 7.91 299.7 468.3 13 18 50 11.9 29 181 5 23 1.03    

S11 11.8 4.38 24.7 8.11 507.0 792.1 15.7 51 88 14 58 245 15.5 40 0.78    

S12 9.3 4.53 24.2 6.71 248.5 388.2 12 11 45 10 17.1 177 7 12.3 0.78    

S13 16.9 3.78 26 8.05 635.3 992.7 52 12.9 51 31 71 370 11 105.6 0.59    

S14 10.9 1.49 24.8 7.83 451.5 705.5 18.2 22 20.23 63 5.63 400 8.78 20 0.45    

S15 13.8 1.21 23.5 8.02 84.2 131.6 7 3 13.4 7.2 4.6 60 0.3 1.2 0.38    

S16 8.7 2.62 25.3 7.39 124.8 195 4 8 17.2 6.4 2 107 1.7 12 0.23    

S17 10.3 2.6 24.6 6.69 504.1 787.7 62 11 94 26 16.7 378 2 22 0.57    

S18 8.6 2.83 26 7.72 456.8 713.8 14 32 103 8.9 32 311 0.7 25 0.59    

S19 9.7 4.21 27.8 7.41 154.6 241.5 8.6 6 22 8 7 121 2.7 13.2 1.3    

S20 13.1 3.4 26.8 7.12 189.1 295.5 5 9 28 12 11 146 2 12 1.61    

S21 22.6 3.78 26.5 6.87 335.7 524.6 5.8 7.9 46 12.3 3.36 330 5.5 40 1.43    

S22 15.6 3.82 21.9 7.8 279.9 437.4 7 14 51 15.4 14 222 1.8 11.3 1.04    

S23 17.7 3.69 25.6 7.96 441.4 689.7 26 44 73 26.3 30.2 255 3 23 0.77    

S24 8.1 3.72 25.2 6.97 898.8 1404.4 43 60 162 50 74.8 560 3.8 39 0.3    

All units are in mg/l except depth (m), Temp (˚C) 18O (‰), 2H (‰) d-excess (‰), pH (unitless), electrical conductivity (µS/cm) 
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Table 20: Descriptive statistics water quality with drinking guideline 

Parameter 

Descriptive Statistics  Tanzania Standards  WHO Guideline 

Max Min Mean 
 Drinking  

(TZS:789 - 2018) 

 

Drinking 

(2011) 

Depth 130.0 0.3 33.8 - - 

DO 7.3 0.1 3.1 - - 

Temp 29.8 20.3 25.3 - - 

pH 8.4 6.1 7.0  5.5 - 9.5  6.5 - 8.5 

TDS 1916.0 84.2 495.5  1500  1000 

EC 2860.0 131.6 754.2  2500  - 

NO3 95.0 2.8 24.0  45  50 

SO4 193.0 3.0 37.8  400  250 

Ca 288.0 8.8 69.7  150  - 

Mg 87.0 2.7 20.3  100  - 

Cl 306.0 2.0 49.3  250  250 

HCO3 1166.0 39.0 257.7  -  - 

K 36.0 0.1 7.2  -  - 

Na 212.0 1.2 44.7  200  200 

F 10.4 0.2 3.2  1.5  1.5 
18O 1.79 -5.18 -3.7  -  - 
2H 3.71 -27.48 -17.8  -  - 

d-excess 15 -10.58 12.0  -  - 

4.3.1 The General Insight from Water Samples and Physical Parameters 

The depth parameter in surface water samples was defined as the vertical distance at an average 

central river water surface to halfway middle the water body from riverbeds. Depth in 

groundwater sources was the well maximum drilled underground length from the earth’s surface 

(the information was extracted from well drilling reports). All water sources presented a mean 

depth value of 33.8 m, where surface water sources had a 0.3 - 3.1 m depth range, and 

groundwater depth obeyed 5 - 130 m margin. Depth in all water sources influenced Dissolved 

Oxygen (DO) concentration, where higher DO values ranged from 3.8 to 7.3 mg/L and 0.1 to 

3.3 mg/L for surface-water and groundwater sources, respectively. The mean pH value was 7.0, 

with a maximum of 8.4 and a minimum of 6.1 values. Electric conductivity (EC) and Total 

Dissolved Solids (TDS) had mean values of 754.2 mg/L and 495.5 µS/cm. Nitrate values ranged 

from 2.8 to 95 mg/L with a mean value of 24.0 mg/L.   
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4.3.2 Water CLassification and Hydrogeochemical Facies 

Other major cations and anions are presented in the Piper diagram (Fig. 17). Piper diagram was 

used to graphically represent the chemistry of groundwater samples in the study area (Piper, 

1944; Sadashivaiah et al., 2008; Srinivas et al., 2014). It comprises three plots: A ternary 

diagram in the lower left representing the cations, another ternary diagram in the lower right 

representing the anions, and a diamond plot in the middle representing a combination of the two 

ternary diagrams. The diagram was mainly employed to understand and identify different water 

compositions or types through chemical relationships among ground and surface water samples 

(Utom et al., 2013). Overall analyses show that most groundwater samples belong to sodium 

bicarbonate type (NaHCO3 enrichment) and Mixed CaNaHCO3 type. Sodium bicarbonate 

indicates the presence of minerals such as bentonite, biotite, muscovite, and illite, which form 

the bedrock of the study area (Chegbeleh et al., 2020). By comparison, most surface waters 

belong to Ca-HCO3 type, mixed CaNaHCO3 type with small component of NaCl type. These 

results suggest the presence of ground-surface water interaction. Other studies reported similar 

Sodium and Magnesium dominance in groundwater types in Arusha (Chacha et al., 2018; 

Ghiglieri et al., 2012) and Kilimanjaro aquifers (Mckenzie et al., 2010).  

As stated earlier, most groundwater sources belong to the NaHCO3 water type. However, the 

arrow pointing from the blue to the red circle of the Piper diagram (Fig. 17) shows the shifting 

in groundwater quality. Some of the deep groundwater sources become polluted with water from 

agricultural activities. Thus, most groundwater sources resembling surface water, indicating 

ground-surface water interaction with the likelihood of groundwater pollution due to small to 

large scale agricultural activities. The first end member is (shown using the blue circle) 

represented by long residence water whose class is driven by rock-water interaction (the Na-

HCO3 type), where one of the shallow wells is NaCl type water type with high salinity. Salinity 

might have accumulated from the prolonged dissolution of salts from irrigation activities.   
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Figure 17:   Piper diagram for the chemical composition of surface and groundwater 

sources 

4.3.3 Hierarchical Cluster Analysis of Water Sources  

Cluster analysis aims to identify the spatiotemporal similarity of different datasets. The CA helps 

to interpret a large number of data and indicate the similarity/ dissimilarity of different datasets. 

Euclidean distance measure was used for measuring the distance among the data samples to find 

the similarity among the dataset. The final grouping is presented by a dendrogram with a similar 

hydro-geochemical composition (Fig. 18). In hierarchical clustering, clusters are performed 

sequentially by starting with the most similar pair of objects and performing higher clusters step 

by step. 

The samples from 54 sampling points were clustered into two main categories/clusters (Clusters 

I-II) which divided into sub-clusters as depicted in Fig. 18. Generally, HCA assigns the samples 

from the same region into the same cluster. Cluster 1 constitutes of 22.2% of the total samples 

and is dominated by groundwater samples (83.3%) and 16.7% surface water. Cluster II is the 

largest of all the clusters and contains 50% of all the water samples and has 55.6% ground and 

45.4% samples from rivers. Cluster III contains 90% groundwater, the groundwater samples in 
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Cluster III are mostly of Ca-HCO3 water type and account for 11.1% of the total samples. The 

distribution of the Cluster indicates the link with the geological setting, which accounts for 

different hydrochemical processes.  

In terms of linkage distance, Cluster I comprises a total of 12 samples which indicated a linkage 

distance less than 1200; most of these are located in the lower part of the catchment. In cluster 

I, 10 samples were collected from deep wells, and only one sample from a shallow well and one 

sample was collected from the confluence of the three rivers. In cluster II, 26 samples with less 

than 1200 linkage distance (dissimilarity), whereas cluster III comprises ten samples, nine being 

deep wells (>100 m deep) and one shallow well. On the other hand, Cluster IV comprises all five 

deep well samples; cluster III and IV have less than 1800 linkage distance (dissimilarity). 

Generally, twenty-five sampling sites have revealed a similarity above 85% for all sampled 

groundwater in the dry and wet season. 

 

Figure 18:   Dendrogram showing a spatial relationship among data collection sites 
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4.3.4 Origin of Groundwater Sources and Mechanism Controlling Geochemistry  

The Gibbs (1970) plot based on ratios of (Na+)/(Na++Ca2+) and Cl-/(Cl-+HCO3
-) as a function of 

the Total Dissolved Solids (TDS) show that most of the sample points are located in the central 

part of the plot. The Gibbs plots are useful in addressing water chemistry through the contribution 

dominance of rock-water interactions, precipitation and evaporation effects. The  38% of 

samples showed evaporation effect, 62% showed rock-water dominance effect, and none had 

precipitation features since all samples originate from dry season samplings. The central 

concentration of the samples reflects that the rock weathering is the dominant process, with a 

notable influence of evaporation precipitation/crystallization in controlling the geochemistry 

(Fig. 19). Furthermore, few samples lie on the atmospheric precipitation process. This indicates 

rock-water interaction dominance, and that groundwater quality is controlled by the chemical 

weathering of rocks and anthropogenic activities (Gautam et al., 2015). The evaporation-

precipitation mechanism may be influenced by high temperature and high humidity level. 

 

Figure 19:   Gibbs plot for (a) Cations and (b) Anions 

Figure 27 shows that evaporation is not a dominant effect in the study area as Na/Cl vs EC’s plot 

portrays variation in the Na/Cl ratio (with constant evaporation dominance effects) with an 

increase in EC (Jankowski & Acworth, 1997). Salve et al. (2008) delineated that decrease in 
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Na/Cl show alteration of sodium carbonate water through mixing and dissolution with sodium 

chloride, but chloride increase is from recharge activities. Rock-water interaction effect 

dominates the study area alerts on how anthropogenic water uses are excessive; this feature calls 

for immediate integrated water resources management plan to be in place and under operation. 

Many water chemistry ionic plots confirm that reverse ion exchange water process occurs; and 

at favourable exchange sites, i.e. Ca2+ and Mg2+ in the aquifer geology replace Na+. 

Generally, according to the Durov plot (Fig. 20) the groundwater can be classified as sodium 

type, although few samples belong to the intermediate type. In terms of anionic classification, 

the water can be classified into bicarbonate type. The dominant hydrochemical process is Simple 

dissolution (mixing) and ion exchange. Thus, the geological setting of the area influences the 

groundwater chemistry. In terms of pH, the sampled groundwater sources has pH ranging from 

6 to about 7.2. when the water samples are classified according to Total Dissolved Solids, 3 

samples (about 8.3%) have TDS values between 600 and 500 mg/L, whereas 27.8% (10 samples) 

have TDS values between samples (300-500 mg/L), while majority of the samples (about 63.9%) 

of the samples possesses TDS values less than 300 mg/L. 

 

Figure 20:  Durov plot for surface and groundwater samples 

Surface water samples exhibit a slight different trend, while the samples show dominance as 

sodium type in terms of cationic classification, and bicarbonate type and mixed type in terms of 
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anions, one sample fall under chloride type. However, the dominant process is mostly simple 

dissolution, followed by ion exchange and reverse ion exchange taking only a few samples. This 

means surface and groundwater interact from upstream to downstream. The pH ranges from 6 to 

8.5, and the Total Dissolved Solids for 9 samples (about 47.4%) has TDS ranging from 500-

1200 m/L, and 52.6% of the samples had TDS less than 500 mg/L.  

The primary ion constituents of the water samples (SO4, HCO3, Cl, Mg, Ca, Na) in the study 

area (meq/L) were plotted on a Schoeller diagram (Schoeller, 1965). This diagram shows a semi-

logarithmic representation of the concentrations of the samples of the study area (Abbaspour, 

2015). The sample concentrations are individually represented using points on six equally spaced 

lines; a line connects these points. The diagram in this study supports the Piper and Durov 

diagrams, which revealed Na, and Ca, and HCO3 as dominant cations and anions, respectively 

(Fig. 21). 

 

Figure 21: Schoeller plot of the water samples 

4.3.5 Isotopic Analysis 

The study area comprised two distinct topographical zones; the upper/highland zone (above 800 

m.a.m.s.l) had rivers and few groundwater sources where the interaction of surface water and 
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groundwater was assessed with 18O and 2H isotopes. The lower/lowland zone (above 800 

m.a.m.s.l) had no direct interacting surface water sources, and since it is a flood plain, 

groundwater recharges are significant at these locations. Isotope characteristics comprised three 

categories (surface, shallow and deep) of the upper part of the study area. Surface water sources 

had a maximum and minimum 18O, 2H and d-excess values of -3.18‰, -14.39‰, 15‰ and -

4.81‰, -23.57‰, 10.86‰, respectively. Shallow well water sources had a maximum and 

minimum 18O, 2H and d-excess values of 1.79‰, 3.71‰, 9.59‰ and -3.84‰, -21.11‰, -

10.58‰, respectively. Deep well (Borehole) water sources had a maximum and minimum 18O, 

2H and d-excess values of -3.62‰, -15.54‰, 14.69‰ and -5.18‰, -27.48‰, 11.76‰, 

respectively. Isotopic observations and variation are expressed in Fig. 22; most water sources 

plot close to LMWL except for one shallow well that plots within GMWL. Both zones 

correspond to different aquifers, and hence their geology (Appendix 3) with controlled minerals 

during recharges sessions. 

 

Figure 22:  Observational plot of δ2H and δ18O for rivers, shallow well and deep wells with 

global and local meteoric water lines 

Figure 22 shows rivers and deep wells plotting above LMWL and GMWL (except for shallow 

wells). This observation signifies that the sampling area is characterized by warm conditions 

(Kumar et al., 2018) as the study was conducted during the dry season. Furthermore, such water 

sources are affected by the evaporation effect (Oyarzún et al., 2015) that acted upon surface 

water sources, and their vapour masses recharged most of the sampled sources (Clark & Fritz, 
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1997), which led them to plot above GMWL. These observations prove that water from these 

sources is not exclusively a direct local rainfall originating from Mount Kilimanjaro, as values 

of 𝛿18O in this study are more depleted than average local rainfall values reported by Bodé et al. 

(2020). Groundwater and surface water have comparable stable isotope values; hence, the 

groundwater recharge in the study area may not originate from Mount Kilimanjaro's slopes as 

observed for Arusha city from the slopes of mount Meru (Lugodisha et al., 2020). Thus, the local 

recharge occurs in the study area with intensive small- and large-scale agricultural activities. D-

excess values for deep and surface water sources are above 10, signifying recycled moisture as 

a source of precipitation in the current water. Recycled moisture in the study area occurs due to 

a portion of the precipitation water that undergone evapotranspiration from Mount Kilimanjaro 

slopes and precipitated again before water contribution in the study area. Since δ2H intercept of 

LMWL is less than that of GMWL, it can be concluded that no external recycled moisture was 

supplied in the region (Durowoju et al., 2019). Contrasting, two shallow wells (one not shown 

in Fig. 22) plotted below LMWL and GMWL, which implied direct recharge from local rainfall. 

Their d-excess values were below ten that characterizes the excessive evaporation effect that has 

taken place (Oyarzún et al., 2015). This is true as the study area has a micro-climate controlled 

by agricultural activities that may allow water evaporation and precipitation. Generally, δ2H and 

δ18O values confirmed that; groundwater in the dry season has similar properties to surface water 

along watercourses, and recycled water is the major recharge means. Contrary, a ten-year ice 

core study on Mount Kilimanjaro showed a maximum of -5.66‰ δ18O (Thompson et al., 2002), 

whereas the current study had a minimum of -5.18‰ for δ18O. This observation infers that, as 

the glacier melts during the dry season on Mount Kilimanjaro (Zawierucha & Shain, 2019), it 

sustains downstream water availability along the mountain's slope. As water moves from the 

upper forest to the lower forest of Mount Kilimanjaro, heavier isotopes are enriched following 

selective utilization of water with lighter isotopes for biotic (plants and animals) and abiotic (e.g. 

evaporation) activities  (Ehleringer & Dawson, 1992). Thus, water reaching down slopes of 

Mount Kilimanjaro becomes relatively enriched on heavier isotopes than that at glacier origin 

and could account for another source of groundwater recharge in the study area, i.e. water from 

melting glacier. This observation is similar to GITEC (2011), which reported that apart from 

rainfall, glacier melting was another recharge mechanism in the same study area through upland 

subsurface inflow.   
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4.3.6 Multivariate Statistical Method 

(i) Principal Component Analysis  

In this study, Pearson’s correlation coefficients between water quality parameters were 

calculated and presented in Table 21. Fifteen parameters (Temp, pH, TDS, DO, EC, NO3, SO4, 

Ca, Mg, Cl, HCO3, CO3, K, Na, F) were used for PCA/Cluster analysis (CA). Pearson correlation 

matrix (Table 21) was used to elucidate the relationship between analyzed parameters, where the 

strong correlations (r > 0.5, p < 0.05 for positive correlation, and r < 0.5, p < 0.05 for negative 

correlation) were observed in sampling depth and dissolved oxygen, major ions, as well as pH 

with fluoride. Principle component, PC (Table 22) loadings were evaluated from the correlation 

matrix and values from unity comprised a significant component to be used for water chemistry 

data correlation analysis. Component loading with at least 0.5 values was considered significant 

with respect to observed proportion/variance. The EC has a strong correlation with TDS and 

HCO3 (>0.9). Also, EC has a good positive correlation with SO4, Ca, and Mg (>0.8), and a good 

positive correlation with Cl (>0.7).  The SO4 has good correlation with Ca, HCO3 (>0.8), and 

Mg (>0.6). Ca has a good positive correlation with Mg, HCO3, and CO3 (>0.8). Further, K has a 

good positive correlation with Na (>0.8). The pH has a reasonably positive correlation with CO3 

(>0.7). Also, DO has a negative correlation with CO3 (>0.8) and Ca (>0.7). And a negative 

correlation with pH and TDS. The Mg has a strong correlation with TDS (>0.8), EC, Ca (>0.8) 

and SO4 (>0.7).  
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Table 21: Pearson correlation matrix for studied samples 
Parameters pH TDS DO EC NO3 SO4 Ca Mg Cl HCO3 CO3 K Na F 

Temp 
              

pH 1              

TDS 0.45 1             

DO 

-

0.69 
-0.58 1            

EC 0.43 0.99 -0.55 1           

NO3 0.10 0.48 -0.13 0.49 1          

SO4 0.47 0.86 -0.53 0.86 0.48 1         

Ca 0.60 0.90 -0.72 0.89 0.39 0.85 1        

Mg 0.55 0.88 -0.63 0.87 0.37 0.79 0.87 1       

Cl 0.22 0.74 -0.39 0.74 0.57 0.69 0.62 0.48 1      

HCO3 0.48 0.96 -0.56 0.96 0.41 0.82 0.90 0.91 0.57 1     

CO3 0.75 0.66 -0.82 0.64 0.18 0.62 0.81 0.76 0.30 0.72 1    

K 

-
0.01 

0.44 0.04 0.45 0.20 0.28 0.13 0.19 0.43 0.38 -0.07 1   

Na 

-

0.03 
0.56 0.07 0.58 0.34 0.37 0.27 0.27 0.51 0.50 -0.05 0.81 1  

F 

-
0.58 

-0.34 0.71 -0.31 -0.13 -0.42 -0.56 -0.49 -0.20 -0.34 -0.67 0.34 0.37 1 

Significant correlation, r > 0.5; Yellow highlight colour = negative correlation; Green highlighted colour = positive correlation 

Kaiser-Meyer-Olkin (KMO) and Bartlett’s sphericity tests were performed on the parameters 

correlation matrix prior to PCA in order to examine the validity of PCA. The KMO results show 

that PCA could be useful to reduce dimensionality (Fig. 21) as all the values are close to 0 at 

99.95 significance levels. Principal components were identified, corresponding to eigenvalues 

greater than 1 (Table 22). Principal component loadings are classified as strong, moderate, and 

weak, corresponding to absolute loading values of (>0.9, >0.9, >0.9).  
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Table 22: Principal component loadings of analyzed data 

Parameters PC 1 PC 2 PC 3 

Depth 0.06 0.03 -0.94 

DO -0.27 0.31 0.83 

Temp 0.27 0.49 0.19 

pH 0.00 -0.79 0.33 

TDS 0.99 -0.09 0.02 

EC 0.99 -0.11 0.03 

NO3 0.69 0.12 0.05 

SO4 0.91 0.13 0.01 

Ca 0.85 -0.22 -0.09 

Mg 0.75 -0.44 0.05 

Cl 0.88 0.27 -0.14 

HCO3 0.78 -0.46 0.13 

K+ 0.76 0.15 0.22 

Na+ 0.90 0.21 0.05 

F- 0.35 0.79 0.00 

Eigen value 7.61 2.24 1.80 

Difference 5.37 0.43 0.94 

Proportion (%) 50.72 14.90 12.02 

Cumulative (%) 50.72 65.61 77.63 

 

Multivariate analysis using principal component analysis has identified a strong component 

loading (PC1) in Table 22, which shows correlated factors governing the major ion chemical 

composition of analyzed samples. The technique is suitable in interrelated experimental 

parameters, and PC1 in this study presented a proportion of 50.72% out of 77.63% total loadings. 

While other parameters were considered less related concerning loading values, pH had an 

absolute zero value in PC1, which means it was neither related nor controlled by the water 

chemistry of major ions in the study area during the sampling session. The EC and TDS were 

strongly related to values 1.00 and 0.99 in the Pearson correlation matrix and principal 

component analysis, respectively. Their values represent general dissolved chemical content in 

water and define the suitability based on intended uses guidelines or limits (Table 21).  

The EC and TDS for surface water sources significantly increase from upstream to downstream 

sampling locations. Such observation is justified with the geological setting and anthropogenic 

activities. Geologically, shallow and deep wells along studied rivers served to deduce 

groundwater and surface water dynamics. Surprisingly, groundwater sources alongside these 

rivers had comparable quality characteristics; contaminant smoothly increases from WS1 
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through WS2 to WS3. The abrupt increase of pollutants is observed from WS4 to WS5, where 

WSG1 and WSG2 with elevated contaminants are located (Fig. 23). Isotopes also reveal the 

same trend (Fig. 23 (b)), and values show a considerable decrease at WS4, where WSW1 is 

located and presents an inverse relationship of isotope values. Further to this, the observed 

isotopic values decrease as heavier (more enriched) values of WSW1 mix with lighter (more 

depleted) Weruweru River values at WS4 sampling point region. An observation further 

confirms the difference of contaminant origin of the shallow well WSW1 being originating from 

anthropogenic activities that are taking place at the sampled sites.  

 

Figure 23:  Variation in surface water, shallow water and deep water sources for Weru 

River (a) Water quality contaminants, (b) Stable isotopes 

Another observation of surface water and groundwater dynamic is depicted in Fig. 24; there are 

no shallow wells due to the limited or absence of anthropogenic activities such as small-scale 

irrigation activities. Hence, all water quality contaminants and isotopic characteristics had 

comparable values with available groundwater mixing at KAS5, which is in line with BG1 that 

corresponds to elevated contaminants of groundwater interaction. Such observations are further 

addressed under hydrogeochemical processes that delineate contaminant origins, underlying 

contaminant mechanisms, and prospects with intended uses. 
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Figure 24:  Variation in surface water, shallow water and deep water sources for Karanga 

River (a) Water quality contaminants, (b) Stable isotopes 

Figure 25 shows Chadha’s plot where hydrogeochemical processes are categorized into four 

quadrants, i.e. I - Recharging water, II - Base Ion Exchange Water, III - Sea/End-member Water, 

and IV - Reverse Ion Exchange Water (Senarathne et al., 2020). Results show that all study area 

samples fall in I and IV regions, thus controlling hydrogeochemical processes are limited to 

recharging water and reverse ion exchange water. The upper part of the study area (Fig. 24 (a)), 

which possesses rivers and adjacent wells, had many samples (93%) plotting in IV where reverse 

ion exchange processes occur (except borehole 1 and 2 in TPC farm, 7%). The lower part of the 

study area (Fig. 24 (b)), which is a flood plain with no river, had most samples (89%) plotting in 

I where recharging water features prevail, and fewer samples (21%) in IV. These observations 

prove that lowlands are active in recharging processes as most of the water in I were held across 

flood plains during wet seasons. Highlands have limited recharge durations as water tends to 

flow spontaneously in this geological setting, and in most cases, results in sustainable surface 

water flows. Observations from Fig.  23 and Fig. 24 identifies a significant contribution of 

groundwater to surface water quality and can thus be regarded as a baseflow. Such base flows 

have modified surface water characteristics since they originate underground, where they took 

time to realize reverse ion exchange processes and sustain surface water flows in the dry season.  
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Figure 25:    Chadha’s classification for the hydrogeochemical process delineation of 

(left) Upper area, and    (right) Lower area, water quality 

Figure 26  (left) shows weathering processes as carbonate-based, i.e. dolomite (Vasu et al., 

2017), since all samples plot above the equiline, not as silicate-based that would have plotted 

samples below the equiline, which further proves the reverse ion exchange addressed in Fig.  25 

(Marghade et al., 2020). Figure 26 (right) assures the absence of silicate-based weathering, 

where most samples plots below 0.5 Mg2+/Mg2++Ca2+ ratio, which is the contrary characteristic 

for silicate-based weathering (Drever, 1997). Only one sample obeyed silicate weathering 

features and is in the lower part of the study area. 

 

Figure 26:   Binary plots of (a) Ca2++Mg2+ vs HCO3
-+SO4

2-, (b) Mg2+/Mg2++Ca2+ 
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Figure 27:   Plot of Na/Cl vs Electrical Conductivity 

4.3.7 Potential variations of ph with fluoride, depth and dissolved oxygen  

(i) The pH and Fluoride Variation 

The principle component loading PC2 (Table 22) expressed a significant correlation between pH 

and fluoride in an inverse related manner, i.e. -0.79 for pH and +0.79 for fluoride. Karthikeyan 

and Shunmugasundarraj (2000) also reported an inverse relationship between fluoride and pH in 

groundwater. Dobaradaran et al. (2009) formulated an equation after multiple regression analysis 

of groundwater data which showed negative fluoride and pH relationship. Figure 28 shows that 

high fluoride concentration (F- > 2) in the upper area with relatively low pH values was dominant 

compared to the lower area (F- < 2) characterized by high pH values. A clear explanation of these 

observations would mean accelerated dissolutions in the upper part due to corrosive low pH 

values. Kitalika et al. (2017) observed positive correlation of fluoride and pH in the dry season 

in the same basin, which indicated that fluoride dissolution from the rock was the function of 

pH.  

Contrary, previous research has demonstrated that high fluoride leaching from rocks is attributed 

by increasing pH values and more prominent in alkaline conditions (Hossain & Patra, 2020; 

Kitalika et al., 2017; Salve et al., 2008). The underlying principle for these observations is that 
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two ionic species are likely to undergo exchange reaction if their radii differ by less than 15% 

(Yehia & Ezzat, 2009). Since fluoride (F-) and hydroxyl (OH-) ions obey this rule with 1.36 A 

and 1.40 radii size, respectively. Furthermore, F- leaching should increase with the increase in 

pH, which facilitates OH- availability for exchange with rock F. Arguably, the current study had 

no phenol alkalinity (PA) in the upper area which is deduced at pH ≥ 8.3. The lower area had 

only one sample with pH 8.4 and is considered negligible for considerable hydroxyl generation 

effects. Phenol alkalinity could have accounted for the availability of hydroxy ions to realize 

exchange at high pH values. Its absence indicates that current alkaline conditions are due to 

carbonates. In this case, leaching by the acidic condition dominates observed high fluoride 

contents in the study’s upper area; furthermore, fluoride discharge from intensive chemical 

fertilizer application in this highly irrigated zone could be another reason. 

 

Figure 28:   Fluoride (F-) variation with pH in the upper and lower parts of the study area 

(ii) Depth and Dissolved Oxygen  

A significant inverse correlation of depth (-0.94) and DO (+0.83) was addressed in Table 22 by 

principal component loading PC3. Dissolved oxygen saturation is the function of depth and 

temperature in aqueous systems. The DO concentration in all study area obeyed a Surface-water 

>>>shallow wells > deep wells trend. Availability of oxygen in water determines the 

vulnerability to oxic microbial contamination and oxic water reactions with rock materials. In 

this study, DO in shallow wells portrayed surface and groundwater dynamics, which is essentials 

for consideration during water resources management and governance at an integrated level. For 
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instance, trends in the highland area revealed contamination increased from up-river to down-

river sampling points, and baseflow accounted for these observations; this trend may be a result 

of an increased residential area, and hence increased anthropic activities as one moves from the 

conservation area downslope. Sampling depth in all surface water sources was not uniform due 

to water level variation, which can be due to varied abstraction rates from most irrigation water 

users intakes, percolation, and river width changes. A similar observation on water level 

fluctuation with riparian groundwater oxygenation exists elsewhere (Mächler et al., 2013; 

Malard & Hervant, 1999; Massmann & Sültenfuß, 2008; Williams & Oostrom, 2000). Variation 

of groundwater depth and DO is depicted in Fig. 29. 

 

Figure 29:  Variation of dissolved oxygen with groundwater sources depth 

Figure 30 shows dissolved oxygen (DO) variation with temperature for surface and groundwater 

sources. The DO variation with temperature is significant in surface water sources than 

groundwater source. The DO shows an inverse relationship with temperature, i.e. it increases 

with a decrease in temperature.  Thus, cold water can hold more DO than warm water. The DO 

values in all surface-water sources of the study area satisfies environmental flow criteria and 

supports aquatic life, which is the second priority of any water resource exploitation after potable 

water preference (URT, 2002). It is evident that even with intensive anthropogenic pollution 

activities observed, rivers still assimilate such wastes to acceptable levels of critical parameters 

like DO. In water quality management, a lesson is given to authorities on the necessity of 

considering pollution load control rather than current pollution levels after waste discharge into 
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surface-water reservoirs. It will enable the facilitation of river water assimilation power to 

account for natural factors (like climate variability and change) that may affect water quality, 

thereby acting like an adaptation or mitigation measure in-place during water resources 

management and governance operations.  

 

Figure 30:  Surface and groundwater variation of temperature (temp) and dissolved 

oxygen  

4.3.8 Water Quality Suitability for Potable Uses 

There is a preferential prioritization of potable water uses in any water resources allocation for 

various socio-economical activities (URT, 2002). The quality of water determines its suitability 

for potable uses. Where the scarce resource is not suitable for domestic uses, it still receives the 

same preference, but users have to find treatment means at community and household levels. 

Table 20 shows average water quality findings from this study where maximum and minimum 

values serve as references for comments on local and international standards conformity. 

(i) pH and Fluoride 

The upper area had pH variation averaging at 6.7 with several values below 6.5, whereas the 

lower area also varied at an average of 7.5. The evaluated mean value for all sites was 7.0, with 
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maximum and minimum pH values of 8.4 and 6.1, respectively. According to local standards, 

all pH values conformed to natural potable water use suitability; but WHO guidelines 

disqualified conformity sources with pH less than 6.5. In water chemistry, pH refers to the 

potential of hydrogen, which depicts aqueous hydrogen ions concentration. Its scale ranges from 

0 to 14 (acidic to alkaline or basic) where 7.0 portrays an acid-base balance and a neutral point.  

Potable water use with non-conforming quality may result in aesthetic issues such as bitterness 

taste due to high or alkaline water. This water cannot build scales on exposed plumbing as 

maximum pH values do not exceed 8.5. However, sources with pH below 6.5 are susceptible to 

laundry staining, sink and drain stains, and metallic or sour taste aesthetic problems. 

Furthermore, low pH potable water facilitates minerals leaching from metallic plumbing and can 

add toxic heavy metals to drinking water. Direct effects upon contact with users include eye, 

skin, and mucous irritation. 

Fluoride dissolution in groundwater from rocks may readily occur through pore spaces between 

interacting rocks containing sodium, calcium, and silicate-based fluoride compounds. Unlike 

many communities with fluoride-free water sources that require an intentional addition of 

fluoride to their drinking water for promoting dental health (Ahmed et al., 2020; Mächler et al., 

2013), all potable water supplies in the study area contain naturally occurring fluoride. 

Fluorination practices mean that fluoride is not a harmful chemical but rather beneficial at low 

concentrations (≤ 1.5 mg/L). However, fluoride at higher concentrations like those observed in 

the upper part of the study area has detrimental effects. Prolonged utilization of such polluted 

water presents dental and skeletal disease characterized by bones’ pain and tenderness 

(Srivastava & Flora, 2020). Furthermore, mottling of teeth (fluorosis) through pitting and brown 

teeth staining occurs in children with less than ten years due to their teeth being under the 

development stage (Viteri-García et al., 2020). 

(ii) Total Dissolved Solids (TDS) 

Technically, TDS is not a pollutant but rather an indication of potential exceedance of other 

major ions contaminants, i.e. anions such as sulphate, nitrate, chloride, and carbonates; cations 

such as calcium, magnesium, sodium and potassium. Calcium and magnesium are major 

components of water hardness and at elevated levels may lead to scale buildup in pipes, impairs 

the efficiency of water heaters and filters (Karar & Henni, 2020). Unbearable hard water presents 

aesthetic problems such as bitterness presented with high pH issues and salt taste (Dietrich & 
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Devesa, 2019). Users not experienced from the water with high TDS values are likely to 

encounter gastrointestinal discomforts. However, other particular combination of major ions can 

dominate TDS, i.e., sulphate and allied compounds which present metallic plumbing corrosions, 

saltness and bitterness taste; sodium and chloride exhibit corrosion effect in metallic plumbing, 

and saltness taste. It is easy to estimate TDS from electric conductivity (EC) water 

measurements; approximately, TDS   is half of EC values (Miraj et al., 2017). 

(iii) Chloride and Nitrate 

Chloride and nitrate have a close relationship when agricultural activities are major water 

polluting sources. Intensive irrigation practices characterize the study area with surface and 

groundwater sources. These activities significantly modify surface water sources that broadly 

serve potable water uses to all riparian levels at the upper part of the study area. Nevertheless, 

the Kahe aquifer dominates the lower part of the study area and is also affected by groundwater 

irrigation activities using (a sole reliant source) and considerably alters potable water use 

suitability (Lwimbo et al., 2019). Figure 31 shows the relationship between nitrate and chloride 

in upper and lower study area sites. There is a significant correlation between nitrate and chloride 

(R2 = 0.5) in the upper part, where rivers are available and the area characterized by many water 

user associations utilizing surface water sources in their irrigation schemes, and the large scale 

plantation area for sugarcane. A low correlation between chloride and nitrate (R2 = 0.3) also 

exists in the lowland areas of the study site.  

In either case, naturally occurring chloride interacts with the lithosphere’s hydrosphere in many 

ways. i.e., subsurface groundwater movement through geological deposits, sands, and bedrocks 

dissolve chloride and other minerals. The chloride concentration varies with water-rock 

residence time variation, the extent of dissolution, and well depth. Anomaly high chloride 

concentration to background levels is an indication of anthropogenic activities influence. In this 

study, the lowland area is characterized by most wells (65%) but with insignificant Nitrate-

chloride correlation, meaning natural forcing on chloride leaching from lithosphere are minimal. 

The upper area has only 35% groundwater sources, but surface and shallow wells had saline 

water sources. High chloride content observed in the upper area indicates that it originates from 

anthropogenic activities such as industrial waste (from the sugarcane process industry), artificial 

fertilizers, and animal manure used in the value addition of irrigation practices. Other sources 

include bush landfills during farm preparations and sewage from human activities in the area. 
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On the other hand, elevated nitrate in water sources is mainly due to fertilizer, animal, or human 

manure pollution. Nitrate beyond maximum limits tends to effectively affect infants below the 

age of six months through serious illness, that is, dyspnea and methemoglobinemia, or death 

(Brender, 2020; Wang et al., 2020). 

A similar trend has been reported in different studies. Adimalla (2020) showed a good correlation 

of few studied groundwater samples for nitrate and chloride, indicating agricultural influence 

and animal waste. Except for their empirical study areas findings, Yu et al. (2020) showed a 

positive correlation between nitrate and chloride which was associated with agricultural 

productions. Their report further noted that chemical application of fertilizers and faecal 

pollution tends to increase.  Benettin et al. (2020) revealed a positive correlation of nitrate and 

chloride in stream water studies of 12 years during the winter-spring regime. This phenomenon 

corresponds to the current study season and validates our observations. While a positive 

correlation of calcium and nitrate indicated chemical fertilizer application,  a positive correlation 

between nitrate and chloride suggests that animal manure and livestock waste influences nitrate 

content in groundwater (Maurya et al., 2020). Therefore, anthropogenic activities in the upper 

part play a key role in significant water pollution that inevitably serves potable uses; the lower 

part has limited anthropogenic effects that could account for groundwater pollution. Hence non-

anthropogenic activities may be responsible to a large extent for practical low pollution level; 

this observation means nitrate pollution is high in industrial and residential areas, especially in 

areas of minimum manure/fertilizers use in farming activities. Such observations confirm why 

Lwimbo et al. (2019) did not find any pesticide residual in the lower part of our study site.   

http://www.deq.state.ok.us/factsheets/water/bluebaby.pdf
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Figure 31:   Nitrate and Cl concentration for lowland and upland areas 

(iv) Bicarbonates 

The observation from Piper and the HCO3
- concentrations were chiefly dominance than other 

major anions. It has a minimum concentration of 39.0 mg/L, a maximum concentration of 1166 

mg/L, and an average of 257.7 mg/L. High HCO3
- levels in groundwater resulted from the 

reaction of CO2 in the unsaturated soil zone and rainwater (Kumar et al., 2009). However, it is 

worth stating that no literature documented the standard value of HCO3
- for drinking purposes; 

although, values above 200 mg/L are unsuitable for drinking water (Bhardwaj & Singh, 2011; 

Brindha & Kavitha, 2015). Overall, 52.7 % of the sampled groundwater are permissible for 

drinking purposes in the watershed. 

4.3.9 Suitability of Water quality for Irrigation Application 

Evaluation of groundwater quality for irrigation is significantly vital (Adimalla, 2020). Eight 

indices were used to evaluate 55 sample locations for irrigation quality; the results are as 

indicated inTable 23. In this study, groundwater quality for irrigation was evaluated using 

Sodium adsorption ratio (SAR), sodium percentage (Na%), residual sodium carbonate (RSC), 

Permeability index, and Kelly’s ratio (KR). Equations were used to calculate values for each 

index in water samples. 

(i) Sodium Adsorption Ratio  

Water samples classification using the Sodium Adsorption Ratio (SAR) index developed by 

Richards (1954) shows that all the water sources from the sampled stations have excellent water 
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quality for irrigation. The SAR varied from 0.1 to 5.99, with a mean of 1.81 and a standard 

deviation of 1.25 (Table 23). The results show that all samples had values <10 (S1), suggesting 

that 98.15% had excellent quality for irrigation while 1.85% fell under S2, suggesting medium 

sodium hazard. Continued use of water with High SAR changes soil properties, leading to a 

breakdown in the physical structure of the soil and reduces Na permeability in the soil, destroying 

soil structure due to dispersion clay particles. When irrigation water is high Na+ and low in Ca2+, 

the soil tends to become flocculated with and become impermeable, causing challenges to 

cultivate (Ackah et al., 2011). Further, the textured soils (i.e. those high in clay) are the most 

vulnerable and becomes hard and compacted when dry and increasingly impermeable to water 

infiltration (Salifu et al., 2017). With high SARs water, adjustments may be needed to maintain 

soils. Calcium and magnesium, if present in the soil in large enough quantities, will counter the 

effects of the sodium and help maintain good soil properties (Fipps, 2003). Based on SAR values 

for the study area, all the groundwaters could be classified as excellent and would be suitable for 

irrigation.  

(ii) Electrical Conductivity  

The US salinity diagram (Richards, 1968) with Electrical Conductivity (EC) (as salinity hazard) 

and SAR (as alkalinity) was used to evaluate the samples (Fig.  32). The results show that 35.19% 

of the samples fall within the low salinity-low sodium type of water (C1-S1), while 42.59% fall 

under the medium salinity-low sodium class (C2-S1). Further, 20.37% of the water samples fall 

under the High salinity low sodium class (C3-S1), and Only 1.85 % (one sample) of the water 

samples fall within the high-salinity hazard-medium sodium hazard class (C3-S2). The sample 

falling under C3-S2 is from a shallow well in irrigation fields around Kikafu village. 

Groundwaters that fall within the C1-S1 and C2-S1 can be used for irrigation on all types of soil 

with a minor hazard of developing detrimental levels of exchangeable sodium. However, C3-S1 

types of water could only be used to irrigate certain semi-tolerant crops (Jafar et al., 2013), 

whereas C3-S2 cannot be used for irrigation, although it is used for irrigation in the study area. 

In terms of spatial distribution, SAR is high on the southern side where there is thick alluvial 

deposit; the concentration decreasing towards the middle of the watershed and extend 

northwards, and the concentration is low on the eastern and northwesters side (Fig.  33(g)).  
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Figure 32:  Classification of river water in terms of the degree of suitability for irrigation: 

Electrical conductivity versus sodium adsorption ratio (Richards, 1954) 

(iii) Kelly’s ratio  

In this study, the total water quality data were used to calculate Kelly’s ratio in spatial and 

temporal scales (Table 23). Kelly’s ratio (KR)ranged from 0.05 - 0.54 and had mean and SD 

values of 0.54 and 0.26, respectively. All samples were less than 1, which shows irrigation 

suitability; thus, the water quality is suitable for irrigation use. Spatially, most areas in the 

Eastern side, decreasing towards the middle and northern side (Fig. 33(h)); although all areas 

had KR of ≤1, thus, can be used for irrigation without inflicting problems (Wani, et al., 2014).  

Table 23: Indices used to evaluate water samples for irrigation suitability 

Sample 

code 

Gibs 

Ratio I 

Gibs 

Ratio 

II 

RSC SAR 
MAR 

(%) 

ESP 

(%) 
KR PI 

WS1 

0.62 0.22 

-

0.1

2 

0.6

2 
66.49 34.34 0.45 108.82 

WS2 

0.57 0.25 

-

0.0

4 

0.8

3 
40.91 42.38 0.66 116.52 

WS3 
0.66 0.20 

0.0

7 

0.9

6 
50.00 46.92 0.66 126.30 

WS4 
0.74 0.11 

0.5

6 

1.6

9 
54.22 53.01 0.73 110.52 

WS5 
0.77 0.18 

0.5

0 

1.8

3 
57.93 55.12 0.71 118.26 

WSW1 0.84 0.21 3.93 5.99 48.14 66.79 0.71 116.46 

WSW2 0.79 0.19 0.91 3.23 48.15 62.77 0.85 101.54 
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Sample 

code 

Gibs 

Ratio I 

Gibs 

Ratio 

II 

RSC SAR 
MAR 

(%) 

ESP 

(%) 
KR PI 

KAS1 0.76 0.18 0.57 1.91 51.76 55.91 0.80 103.84 

KAS2 0.80 0.21 0.72 2.58 44.42 64.37 0.75 120.48 

KAS3 0.79 0.22 0.65 2.28 51.57 60.19 0.84 124.20 

KAS4 0.69 0.14 0.68 1.78 45.88 51.56 0.78 120.47 

KAS5 0.82 0.21 0.51 2.09 58.24 60.75 0.73 110.62 

KIS1 0.75 0.11 1.40 2.31 43.10 58.45 0.77 126.85 

KIS2 0.56 0.27 -0.04 0.85 44.54 38.96 0.79 122.12 

WSX 0.63 0.16 0.53 1.78 25.75 52.14 0.61 107.55 

KASX 0.68 0.37 -0.09 1.66 37.81 54.52 0.72 90.88 

KWUSX 0.76 0.08 0.71 2.12 55.72 55.79 0.85 93.37 

KGS1 0.59 0.08 0.62 1.25 57.93 36.61 0.83 87.76 

KGS2 0.50 0.09 0.42 1.08 40.57 36.87 0.83 110.35 

KWK1 0.55 0.09 0.82 1.20 57.20 33.69 0.78 102.62 

SG1 0.43 0.15 1.34 0.10 92.52 5.39 0.71 107.68 

SG2 0.55 0.13 4.21 0.51 50.46 35.52 0.51 85.31 

SG3 0.59 0.18 2.70 0.48 72.23 27.14 0.60 93.45 

SG4 0.77 0.47 -0.73 2.84 76.37 43.75 0.48 81.89 

SG5 0.61 0.07 3.93 0.30 87.50 15.58 0.79 113.33 

SG6 0.79 0.03 1.81 0.95 96.53 11.32 0.65 106.57 

SG7 0.77 0.04 6.18 1.74 86.62 29.83 0.80 121.07 

SG8 0.65 0.10 4.51 0.56 82.70 23.07 0.56 105.64 

SG9 0.75 0.06 -2.25 0.54 95.98 10.64 0.92 116.32 

SG10 0.74 0.06 4.60 1.79 39.27 58.01 0.06 77.07 

SG11 0.77 0.06 3.37 0.97 90.35 23.22 0.54 167.87 

SG12 0.70 0.02 1.24 0.16 97.67 4.91 0.35 120.51 

SG13 0.78 0.37 2.31 3.24 73.26 46.69 0.51 58.45 

SG14 0.78 0.03 9.47 2.60 73.29 46.75 0.18 98.63 

SG15 0.78 0.02 9.13 3.13 73.28 46.79 0.12 27.84 

SG16 0.78 0.01 10.25 3.67 73.27 46.68 0.35 60.16 

SG17 0.77 0.03 -15.29 0.47 98.53 4.62 0.28 87.55 

SG18 0.77 0.01 9.59 0.32 98.52 4.61 0.11 30.04 

SG19 0.78 0.12 6.64 3.78 50.93 60.55 0.81 182.0 

SG20 0.79 0.28 1.77 2.37 85.59 33.46 0.27 60.64 

SG21 0.77 0.02 4.15 1.22 87.94 27.99 0.05 42.10 

SG22 0.77 0.03 20.52 1.99 87.99 27.93 0.56 68.02 

SG23 0.71 0.09 6.95 0.54 91.91 16.34 0.56 81.37 

SG24 0.71 0.28 3.07 0.27 91.82 16.42 0.56 77.54 

SG25 0.71 0.08 5.88 1.63 82.46 29.48 0.56 72.83 

TG1 0.64 0.11 1.61 2.38 41.44 50.02 0.05 15.05 

TG2 0.73 0.10 4.11 4.70 32.52 63.00 0.05 24.58 

TG3 0.66 0.12 3.26 3.81 29.18 56.30 0.77 96.57 
BG1 0.79 0.24 0.55 2.46 50.49 62.11 0.38 52.97 

CG1 0.68 0.19 0.22 1.38 52.77 47.72 0.31 64.96 

IG1 0.72 0.19 0.26 1.75 39.00 59.36 0.31 50.62 

KG1 0.61 0.23 -0.03 0.89 55.90 39.98 0.18 59.96 

WG1 0.88 0.70 0.15 3.96 36.64 67.89 0.18 82.50 

WSG1 0.79 0.19 0.66 2.26 58.20 57.67 0.34 57.05 
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Sample 

code 

Gibs 

Ratio I 

Gibs 

Ratio 

II 

RSC SAR 
MAR 

(%) 

ESP 

(%) 
KR PI 

Maximu

m 
0.88 0.7 20.52 5.99 98.53 67.89 0.92 182 

Minimu

m 
0.43 0.01 -15.29 0.1 25.75 4.61 0.05 15.05 

MEAN 0.71 0.16 2.40 1.81 63.21 41.15 0.54 91.99 

SD 0.09 0.13 4.50 1.25 21.33 18.41 0.26 33.37 

(iv) Exchangeable Sodium Percent  

Classification of groundwater sources for irrigation was also based on Exchangeable Sodium 

Percent (ESP) (Table 23). In this study, ESP ranged from 4.61 to 67.89% with a mean value and 

SD of respectively 41.15 and 18.412%, respectively (Table 23). The results show that 30.71% 

of the sampled sources fall under C3 (Permissible water quality for irrigation), and 23.80% are 

in the doubtful quality class (C4), and the final group (C5) carries; that is unsuitable water quality 

for irrigation application. The rest of the samples fall under excellent water quality and good 

quality for irrigation. The spatial distribution shows high ESP at the middle of the watershed and 

extending to the North Eastern side and lower concentrations on the South Eastern side where 

most of the deep irrigation wells are concentrated (Fig. 33(b)). 

(v) Residual Sodium Carbonate  

In this study, Residual Sodium Carbonate (RSC) ranged from -15.29 to 20.52, with a mean value 

of 2.40 and a standard deviation of 4.50 (Table 23). The results further show that 14.81% of all 

water sources fall under the no hazard category, whereas 35.19% of the water sources fall under 

the safe category for irrigation. Moreover, 12.96% of all the water sources have a slightly 

moderate carbonate hazard, while 37.04% of all the assessed water sources are unsuitable for 

irrigation. This means that the farms irrigated by 37.04% of all the sampled sources will be 

infertile due to high Na2CO3 (Kaka et al., 2011). The smaller the value of Sodium carbonate, the 

safer the water for irrigation and vice versa. According to Esmaili et al. (2013), sodium hazards 

increase as RSC increases. Waters with high concentrations of HCO3
- have the tendency to cause 

the precipitation of Ca2+ and Mg2+ as the water in the soil becomes more concentrated. As a 

result, the relative proportion of Na+ in the water increases in sodium bicarbonate (Sadashivaiah 

et al., 2008). Also, Ca2+ and Mg2+ may be precipitated when high Na2CO3 water is applied to the 

soil. Further, salts are concentrated when the soil dries due to precipitation and the removal of 

Ca2+ and Mg2+ from the solution. Negative values show the difficulties in Na+ buildup due to the 
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presence of sufficient Ca2+
, and Mg2+ are more than what can be precipitated as CO3

2- (Esmaili 

et al., 2013). Spatially, RSC is high on the southern side, and moderate concentration extends 

towards Eastern and North-Eastern side (Fig. 33 (f)). It is worth mentioning that the southern 

part is dominated by small-large scale irrigation activities. Thus, higher concentrations on the 

southern parts will likely affect most of the agriculture activities. 

(vi) Magnesium Hazard Index/ Magnesium Adsorption Ratio  

Generally, calcium and magnesium, in most cases are in keeps a state of equilibrium. It is 

suggested that MH value of more than 50% intensifies the soil alkalinity and has severe effects 

on crop yield (Gupta & Gupta, 1997). The MAR in this study ranged from 25.75 to 98.53% with 

standard deviation and a mean of 21.33 and 63.21%, respectively, using the MAR index. Only 

29.63% of the water sources fall under a suitable category for irrigation (MAR of ≤ 50%), 

whereas 70.37% of the water sources fall under unsuitable water quality for irrigation (MR of ≥ 

50%) (Table 23). Thus, prolonged usage of such waters for irrigation of crop fields may reduce 

crop yield and destroy soils. Higher values of Ca2+ and Mg2+ result in soil aggregation and 

friability (Mohammed et al., 2018). However, these ions are needed for plant growth. Generally, 

Mg and Ca of more than 10 meq/L is not suitable for irrigation; when these ions are in high 

concentrations in irrigation water, it increases soil pH and reduces phosphorus availability. 

Spatially, MAR  is high on the Eastern parts close to suburbs with relatively high population, 

leaving the middle and increasing (Fig.  33 (c).  

(vii) Permeability Index  

The Permeability Index (PI) evaluates sodium hazards of irrigation water. Local PI values ranged 

from 15.05 - 182%, with mean and SD of 91.99 and 33.37 % (Table 23). In most samples, 

72.22% of the water sources fall under class I, which is excellent water quality for irrigation. 

Whereas 22.22% of the water sources fall under class II, which is good water quality for 

irrigation and can be applied with certain measures; and 5.56% of the water sources fall under 

category III, which is unsuitable water quality for irrigation. The spatial distribution shows that 

PI ranged are high on the Eastern, South Eastern, and Western parts of the watershed; these areas 

are, in most cases small-scale irrigation activities with high production of horticultural crops 

(Fig.  33(e)). Thus, using this index, only 5.56% of horticultural crops are affected. 
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(viii) Sodium Percentage (%Na)  

The results show that the calculated mean value of the sodium percentage in the groundwater 

was 20.56 % and ranged between 10.45 % and 46.94 % (Table 23). Furthermore, 6.67% of the 

sampled sources fall under C1 (Excellent water quality for irrigation), whereas 22.22% fall under 

C2 (Good quality for irrigation). Also, 33.33% of the sampled sources fall under C3 (Permissible 

water quality for irrigation), and 25.93% are in the doubtful quality class (C4), and the final 

group (C5); that is unsuitable water quality for irrigation application. Excess of Na+ in water 

does not favour plant growth (Ackah et al., 2011). Also, excess Na+ leads to a reduction in soil 

permeability (Mohammed et al., 2018). When excess Na+ combines with carbonate and chloride 

form alkali soils and saline soils (Ackah et al., 2011). The spatial distribution shows high Na% 

in the western part of the watershed, whereas the eastern and northern areas have medium Na% 

and low Na% can be found on the southern parts of Kahe sub-basin (Fig.  33(d)). 

. 
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Figure 33:   Spatial distribution of the indices used to assess irrigation suitability 

 

EC                                (a) ESP                             (b) 

  
MAR                                  (c) Na%                                  (d) 

 
 

 

PI                                  (e) RSC                      (f) 

  
SAR                           (g) KR                                (h) 
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4.4 Impacts of Past, Present, and Future Climate Changes on the Water Budget 

(Surface and Groundwater) of the Mount Kilimanjaro Slopes 

In this objective, the climate of the KWK watershed was downscaled in terms of precipitation 

and temperature using RACMO and CCLM4 RCMs, the discussion is based on the model 

simulation results and the historical data from the ground-based stations. Thereafter, the 

temperature and precipitation data were used to force the calibrated SWAT model to simulate 

the future streamflow. Finally, the impacts of climate change on the selected hydrological 

parameters were determined using statistical approaches. The selected hydrological parameters 

include Surface runoff (SurfQ), Groundwater flow (GWQ), Water yield (WatQ), and 

evapotranspiration (ET). 

The rationality between temperature and precipitation is of special concern in hydrology (Muerth 

et al., 2013). The RCMs have been mentioned the best in simulating the climate change impacts 

in different areas of the world. However, the regional climate model outputs habitually 

necessitate bias correction due to biases compared to the observed temperatures and 

precipitations of a given region. Thus, in order to simulate the historic runoff used in the SWAT 

model, bias correction has to be carried out even if the corrections change the relationship 

between temperature and precipitation (Muerth et al., 2013). 

4.4.1 Impacts of Climate Change on Precipitation 

The annual average spatiotemporal change (percentage) in precipitation under RACMO2T 

forced by the ICHEC-EC-EARTH GCM scenario is presented in Fig. 32, 33, and 34. The annual 

mean precipitation and mean monthly temperature of the KWK watershed for the past three 

decades (1979 to 2005) showed an increasing trend with a 3.3 mm/year increment in highland 

areas and 8.1 mm in lowland areas (Fig.  32). The watershed was forecasted to have a positive 

increment in precipitation over all the RCPs in future years as observed for historical 

precipitation.  
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Figure 34:  Historical regional atmospheric climate model 22T model for annual rainfall 

in different weather stations in the Kikafu, Weruweru and Karanga 

watershed 

Generally, the mean annual historical precipitation for the highland station shows an annual 

increase of about 3.33 mm/year, whereas that of the lowland areas show an annual increase of 

about 8.1 mm/year. From the year 2006 to the end of 2030, the annual mean rainfall increased 

by 66.8 mm/year along Kibosho, 13.5 mm/year along Moshi and from 2050 to the end of 2100. 

For RCP 4.5, the annual mean precipitation for the highland areas typically associated with a 

relatively high precipitation amount along Kibosho is expected to increase by about 64.53 

mm/year from 2051 to 2100 and 20.6 mm/year in Moshi.  

 

y = 8.1023x + 
y = 3.3313x + 
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Figure 35:  Regional atmospheric climate model 22T model annual rainfall projections 

under Representative Concentration Pathway 4.5 in the different weather 

station 

For RCP 8.5, the results are presented in Fig. 35. The results show that the annual mean 

precipitation is expected to increase by about 0.8 mm/year along Kibosho station that represents 

highland areas, and about 1 mm/year along Moshi station that represent the lowland areas from 

2051 to 20100. Further, the mean annual rainfall increased by 110.1 mm/year along Kibosho and 

64.63 mm/year along Moshi from 2006 to the end of 2030. However, from 2005 to 2100, the 

simulated long time future precipitation shows an increase of about 0.77 mm/year in highland 

areas and 0.94 mm/year in the lowland areas. 

y = 0.7128x + 
y = 0.5405x + 
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Figure 36:  Regional atmospheric climate model 22T annual rainfall projections under 

representative concentration pathway 8.5 in the different weather station 

The results show that the magnitude of increase in rainfall is 0.54 mm/year in highland areas and 

0.77 mm/year in lowland areas under RCP 4.5; furthermore, 0.71 mm/year in highland areas 

against 0.94 mm/year in lowland areas under RCP 8.5. These results suggest that the magnitude 

of the increase is more vivid under RCP 8.5 than RCP 4.5, and the intensity is higher in lowland 

areas as compared to highland areas, which might be attributed to the model construction. 

However, the result from CCLM4 shows a decreasing trend with a negative slope in both 

historical and future precipitation records, both for RCPs 4.5 and 8.5. These results are contrary 

to the results simulated from RACMO model, which show an increasing trend. Thus, there is no 

consensus on the direction of change in rainfall for the future, even amongst a small selection of 

two model simulations. Using CCLM4 model for both RCPs, the results show that the rainfall 

has been decreasing both in highland and lowland areas. 

Historical rainfall (1979-2005) shows a decrease of 5.52 mm/year in the highland station and 

0.26 mm/year in the lowland station (Fig. 36) under CCLM4 driven by CNRM. This suggests 

that highland areas are getting drier than lowland areas. These results are contrary to the earlier 

results derived from RACMO22T RCM. The difference may be linked to the construction of the 

RCM models. 
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Figure 37:  Climate limited area modeling 4 historical rainfall in lowlands and highland 

Previous studies show the strongest decline in rainfall amounts of about 6.58 mm/year at p<0.05 

that was recorded in the highland areas being represented by Kibosho station (Otte et al., 2016). 

The results in Fig.  37 show a decrease in annual rainfall amounts of about 5.5199 mm/year, and 

this figure is more or less close to the reported decline in other studies. The report further shows 

a decline of about 5.14 mm/yr in the Moshi station but not significant (p=0.13), which show little 

confidence in the figure. This show that CCLM4 may better simulate the rainfall situation in the 

study area as compared to RACMO22T. A strong negative trend was also reported by Hemp 

(2005) for Moshi and Kibosho station. However, most of these studies insist on the importance 

of carrying out data cleaning (data quality control and gap-filling) due to data irregularities 

(Hemp, 2005; Lyon & DeWitt, 2012; Otte et al., 2016). 

The future projection simulation shows that the future (2005-2100) precipitation exhibit a 

decreasing trend as depicted in Fig. 37. Under RCP 4.5, the results show that the rainfall will 

decrease by about 2.2 mm/year in highland areas and 2.7 mm/year in lowland areas. These results 

suggest that the lowland areas are expected to be comparatively drier than highland areas; it is 

worth mentioning that much of the agricultural activities are being conducted in the lowland 

areas. Thus, this decrease reflects the impact on crop irrigation activities in lowland areas, 

impacting crop production. 
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Figure 38:  Climate limited area modeling 4 future rainfall projections under 

representative concentration pathway 4.5 

Furthermore, the results show that the rainfall follows a similar decrease under RCP 8.5 (Fig.  

38). A comparatively minimal decrease in rainfall is projected under RCP 8.5; about a 0.6 

mm/year decrease is projected in the highlands and about 1.1 mm/year in the lowlands. The 

results mean that the dry lowlands will be drier, and the comparatively wet highlands will be 

relatively less dry than the lowlands. It is also worth mentioning that the results show a 

comparatively high decrease in magnitude under RCP 4.5 than RCP 8.5; this might be attributed 

to the model construction.  
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Figure 39:  Climate limited area modeling 4 future rainfall projections under 

representative concentration pathway 8.5 

Some of the previous studies reported a similar trend in other areas of Tanzania. Ongoma and 

Chen (2017) reported the higher negative anomalies in the long rainfall season March-May 

(MAM) between 1951–2010 in northern regions of Tanzania and Northeastern Kenya.  The study 

further reports the higher negative rainfall anomalies in October-November-December (OND) 

season than those reported in MAM. Despite that the drying is projected in lowland areas, 

previous studies suggest that almost all of the moisture in the atmosphere at highland areas comes 

from the lower elevation through the montane thermal circulation mechanism (Duane et al., 

2008).  

In the East African region, reports show a decrease in rainfall amounts during the 1979–2005 

period (Funk et al., 2008). The intensified drying over East Africa may be due to human-induced 

activities comparatively improved warming of Indian Ocean Sea Surface Temperatures, which 

expands the warm pool and Walker circulation westerly, leading to a subsidence anomaly hence 

the drying (Williams & Funk, 2011). The study further showed that dry phases of the East 

African long rains are associated with positive SST anomalies over the western tropical Pacific 

and the opposite to the eastern parts of the ocean. In the detailed analysis of the drivers of the 

decreased rainfall variability in East Africa, studies reported that the drying trend in East Africa 

is due to natural decadal variability and not anthropogenic activities (Yang et al., 2014). The 

report further state that the observed drying trend in the East Africa region is a part of the decadal 

variability of climate through observations and models. 
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The decrease in rainfall in the main cropping season (MAM) is envisaged to impact thousands 

of the farming community due to the fact that this is the main cropping season and that most of 

the farmers, especially in northern Tanzania, solely depend on rainfed agriculture for their 

livelihood. Reports alarm that there is medium confidence warns of the intensification of the 

drought in the present century. This phenomenon result from a decrease in precipitation and/or 

amplified evapotranspiration over the East African region (Seneviratne et al., 2012). Although 

this study was not aimed to find the cause of the source of the decline in rainfall amounts, it is 

worth mentioning that both short and long rains at Mount Kilimanjaro are modified by the 

individual ENSO and IOD phases. Also, variability in short rains is most vivid, showing a more 

immediate connection to macroscale mechanisms (Chan et al., 2008; Hastenrath, 2000; Otte et 

al., 2016). 

It is worth mentioning that the intra-annual rainfall distribution cannot be reported as decreasing 

or increasing over time. The best option may be conceived as seasonal fluctuations of rainfall 

amount with large intraseasonal variability. However, Otte et al. (2016) reported the mean 

monthly median for the long rains having a significant decrease in the highland and lowland 

areas around Kibosho and Moshi stations. The study highlights the decline in the peak April 

values from 254 to 122 mm at KIA, Moshi, and TPC in the lowlands, and from 540 to 348 mm 

at Kilema and Kibosho in the highlands. Furthermore, the earlier report by Camberlin and 

Philippon (2002) also reported the decrease in rainfall amounts in the main rainfall season in 

northeastern Tanzania and Kenya. A decline in rainfall amount during the long rainy season 

(MAM) in Kilimanjaro was also reported in other studies (Lyon & DeWitt, 2012). 

Seasonal rainfall can be conceived in a more mixed feeling. The short rains (OND) are projected 

to be more variable, while long rains are projected to be variable under different scenarios 

(Appendix 1 and 2). Under RCP 4.5, the long-term projections show that the rainfall will 

decrease by 1.28 mm/year and 0.47 mm/year in the highlands and lowlands, respectively. Thus, 

the lowland areas are projected to be comparatively drier. Furthermore, the long rains (MAM) 

under RCP 8.5 are projected to decrease by 1.86 mm/year in lowland areas and about 1.2 

mm/year in the highlands. The short rains are projected to increase by 0.31 mm/year in the 

lowlands and 2.77 mm/year in the highlands under RCP 8.5. Under RCP 4.5, OND rains are 

projected to decrease by about 0.48 mm/year in lowland areas, whereas an increase by about 

0.63 mm/year in the highland areas. An increase in short rains in the highlands translates into an 

increased runoff, hence floods to the lowland areas. 
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The RACMO22T have shown a more positive trend in historical data contrary to the observation 

data, this reflects the biases especially when few observation data are used. Thus, for studies of 

this nature, CCLM4 simulated precipitation comparatively better than RACMO22T. The 

analysis reports in other areas show that biases in precipitation is a subject of the few observation 

dataset used, in Greater alpine CCLM biases ranged from +10 to +70%; suggesting that the 

evaluation of RCM should be carried out using as many datasets as possible for bias calculation 

and uncertainties reduction  (Haslinger et al., 2013). Furthermore, the reports show that over 

Somalia and northern Tanzania most of the models (> 80%) agree on the sign of the precipitation 

change; however, as the signal to noise ratio is less than 1, which means that the absolute value 

of projected change can vary greatly across models (Osima et al., 2018). 

4.4.2 Impacts of Climate Change on Temperature 

Whereas there is no consensus on the direction of change in rainfall for the future among the 

selected RCMs. However, there is a much better agreement that temperatures are likely to 

increase in the future. The minimum and maximum temperatures in the historical (1979-2005) 

show a similar increasing trend in RACMO and CCLM4 RCMs. Also, in all model simulations, 

temperatures across the watershed are projected to rise. The historical minimum temperature is 

presented in Fig. 40; the annual watershed means of the minimum temperature increased by 

about 0.02ºC/year from 1950-2001. 

 

Figure 40:  Historical minimum temperature projections for the different weather 

stations in the Kikafu, Weruweru and Karanga watershed 
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 The minimum temperature projections under RCP 4.5 show increasing temperature in the future 

(2006-2100). Generally, the minimum temperatures are expected to increase by 0.02ºC /year in 

the highland areas and about the same magnitude in the lowland areas. The minimum 

temperature of the period between 2030 and 2050 is expected to increase by 0.55ºC (from 

17.83ºC in 2030 to 18.38ºC in 2050). Further, from the year 2050 to 2100, the annual means of 

the minimum temperatures are expected to increase by 0.69ºC for lowland areas and about 

0.71ºC for highland areas. However, it is worth mentioning that the minimum temperatures are 

lower for the highland areas (represented by the Kibosho station) as compared to lower slopes 

stations of being represented by Moshi airport (i.e., 13.13ºC at the end of 2030, 14.15ºC at the 

end of 2050, and 15.43ºC at the end of 2100, respectively. The results are summarized in Fig. 

41. 

 

Figure 41:   Minimum temperature projections for different weather stations under 

representative concentration pathway 4.5 

The mean minimum temperature is projected to increase by 0.05ºC /year in highland and almost 

the same trend in lowland areas from 2006-2100 under RCP 8.5. This increase is comparatively 

higher by about 0.03ºC /year in highland areas and 0.028ºC /year in lowland areas as compared 

to RCP 4.5.  
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Figure 42:   Minimum temperature projections for different weather stations under 

representative concentration pathway 8.5 

The historical maximum temperatures are presented in Fig. 43. The long-time average 

temperature is simulated to increase by 0.0183ºC/year in highland areas, and 0.0179ºC/year in 

the lowland areas. These results translate to hotter daytime in the highland areas as compared to 

lowland areas. 

 

Figure 43:  Historical maximum temperature projections for the different weather 

stations in the Kikafu, Weruweru and Karanga watershed 
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The annual mean maximum temperatures for the KWK watershed are expected to increase by 

about 0.02ºC for highland areas and almost an equal increment in lowland areas under RCP 4.5. 

Furthermore, the mean annual maximum temperatures are projected to increase by 0.36ºC (from 

30.84ºC in 2030 to 31.20ºC in 2050); this increment is between 2030 and 2050. Also, from the 

year 2030 to 2050, the annual means of the maximum temperatures are expected to increase by 

0.72ºC for lowlands and about 0.45ºC for highlands. Further, the mean annual maximum 

temperatures between the years 2050 and 2100 is expected to increase by 0.72ºC in lowlands 

and 0.67ºC in highlands. This increment shows that the time between 2030 to 2050 and 2050-

2100 is projected to be hot in terms of maximum temperatures; the trend results are presented in 

Fig. 44. 

 

Figure 44:    Maximum temperature projections for different weather stations under 

representative concentration pathway 4.5 

The annual mean maximum temperatures projections are presented in Fig. 45. Generally, 

maximum temperatures are projected to increase by 0.04ºC /year in the highlands and almost a 

similar increment in the lowland areas. Furthermore, the annual means of the maximum 

temperatures for the KWK watershed under RCP 8.5 between 2030 and 2050 are expected to 

increase by 1.05ºC. i.e., from 33.52ºC in 2030 to 30.47ºC at the end of 2050 in the lowlands, and 

0.97ºC, i.e. 24.18ºC to 25.15ºC in highlands. Furthermore, the mean annual maximum 

temperatures are expected to increase by from 33.00ºC at the end of 2050 to 31.53ºC at the end 

of 2100 in the lowlands; in the highlands, the annual means of the maximum temperatures are 

expected to increase by 1.66ºC by the end of 2100 in the highlands.  
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Figure 45:  Maximum temperature projections for different weather stations at Kikafu, 

Weruweru and Karanga watershed under representative concentration 

pathway 8.5 

For CCLM4 RCM, the historical (1950-2005) average minimum temperature for highland areas 

shows an increase of about 0.0097ºC/year in highland areas and 0.0087ºC/year in the lowland 

region (Fig. 46). This means the highland areas are projected to be relatively hotter at night than 

lowland areas. 

 

Figure 46: Historical average minimum temperature for climate limited area modeling 

4 model 



172 
 

On the other hand, the maximum temperatures from 1950 to 2005 show an increasing trend with 

a positive slope (Fig. 47). The data show an increase of about 0.012ºC/year for highland areas 

and about 0.016 ºC/year for lowland areas.   The difference in the change may be attributed to 

the difference in elevation; generally, the higher the elevation, the lower the temperature. 

 

Figure 47:  Historical average maximum temperature for climate limited area modeling 

4 model 

The future average maximum temperatures under RCP 4.5 show that the temperatures are likely 

to increase by about 0.0227ºC /year in the highland areas and 0.0238ºC /year in the lowland areas 

(Fig. 48). This increment is for long term averages and translates to increased hot days and hot 

nights in the highland and lowland areas in the future. 
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Figure 48:    Future average maximum temperature for climate limited area modeling 4 

model under representative concentration pathway 4.5 

The average long time minimum temperatures under RCP 4.5 show an increase of about 0.018ºC 

/year in highland areas and almost a similar increment in lowland areas (Fig. 46). These results 

translate to an increase in hot nights in both lowland and highland areas at the same rate. 

 

Figure 49: Future average minimum temperature for climate limited area modeling 4 

model under representative concentration pathway 4.5 

The maximum temperature in the future under RCP 8.5 is projected to increase by about 

0.048ºC/year, 0.0467ºC/year in the lowland areas and highland areas, respectively (Fig. 45). The 

increment in the maximum temperature in the lowland and highland areas reflects hot days and 

hot nights.  
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Figure 50:   Future average maximum temperature for climate limited area modeling 4 

model under representative concentration pathway 8.5 

The average minimum temperature under RCP 8.5 also shows an increasing trend with a positive 

slope. The long time average (2006-2100) show increment of about 0.046ºC/year in the highland 

areas and 0.045ºC/year in the lowland areas (Fig. 51). This means the nights are projected to be 

hotter by an average of about 0.05ºC per annum. 

 

Figure 51:   Future average minimum temperature for climate limited area modeling 4 

model under representative concentration pathway 8.5 

Both minimum and maximum temperatures in the two models show a consistency increase. This 

observation translates into an increase in the number of hot days and nights and a decrease in the 
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number of cold days and nights. An increase in the evapotranspiration rates goes along with the 

increase in temperature; this phenomenon is foreseen to increase the water stress by reducing 

available soil moisture and will affect the water level in rivers, lakes, and reservoirs. Also, an 

increase in evaporative demand increases water and moisture demand (Adhikari et al., 2015). 

Thus, irrigation activities on the foothills of Kilimanjaro need to integrate drought-resistant crops 

and early maturing plants into their adaptation plans. 

The temperatures on the northern foothill of mount Kilimanjaro are reported to increase 

considerably since 1976 (Altmann et al., 2002). The report further highlights that the average 

daily maximum temperature increased at about 0.2752ºC per decade, and the highest temperature 

elevation were during February and March. Other studies reported increased temperatures from 

1951 and 1960, and 1981 to 1995, and a slight decrease and or stable temperatures in the 

remaining intervals (Hay et al., 2002).  

In other parts of Tanzania, studies also project an increase in Temperatures at varying degrees. 

For example, the model projections show the highest magnitude increase in temperature by the 

2040s along the central regions of Tanzania (Daron, 2014). In other parts of the world, reports 

show that the global mean temperature rose by about 0.7ºC from 1900 (Thompson et al., 2011). 

Also, the projected rise in average air temperatures from 1990 to 1999 and from 2090 to 2099 

show a doubling in warming in the mid to upper troposphere in the tropics (Bradley et al., 2006); 

although it is worth mentioning that the projections were based on CO2 levels. Furthermore, 

studies report warming of about 0.1ºC per decade in the last 50 years, taking into account high 

elevation temperatures and upper-air data (Bradley et al., 2009).  

4.4.3 Expected Future Hydrology of the Watershed 

The relationship between climate change and water availability in watersheds is assessed using 

climate and hydrological records (Lalika et al., 2015). Water balance-related fluxes are named 

important to be monitored because substantial changes in the local hydrological cycle are 

expected to result in benefits or consequences for the regional ecological system (Mölg et al., 

2012). Thus, the average annual values of water balance components for the KWK watershed 

were simulated by the SWAT model when using climate variables from RACMO22T-ICHEC 

and CCLM4-CNRM RCM-GCM combinations during the baseline (1979–2005), present 

century (2006-2040), mid-century (2041-2070) and end century (2071-2100).  
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 The results show that during the historical climate (1971-2000), the highest surface runoff of 

297.34 mm is simulated by SWAT forced with RACMO22T-ICHEC (Table 24) and the lowest 

surface runoff of 39.15 mm is simulated by SWAT forced with CCLM4-CNRM (Table 25). The 

simulated hydrological parameters differ when different RCMs and GCMs are used. The 

differences might have emanated from the RCMs construction (Luhunga et al., 2016; Mutayoba 

et al., 2018). i.e., two or more RCMs can yield different results. For example, the SWAT model 

simulates WatQ of 698.12 mm and 667.64 mm when forced by RACMO22T–ICHEC and 

CCLM4-CNRM, respectively. Studies show that even when similar RCMs are using, but with 

different GCMs, SWAT simulates WatQ differently (Mutayoba et al., 2018). 
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Table 24:  Average annual basin values as simulated by soil and water assessment tool model fed with climate data from regional 

atmospheric climate model 22T- Irish Centre for High-End Computing for two scenarios representative 

concentration pathway 4.5 and representative concentration pathway 8.5 

Hydrological 

parameters 

Baseline  
Present century 

(2006-2040) 
 

Mid-century 

(2041-2070) 
 

End Century 

(2071-2100) 

1979-2005  
RCP 4.5 

(%Change) 

RCP 8.5 

(%Change) 
 RCP 4.5 

RCP 8.5 

(%Change) 
 RCP 4.5 

RCP 8.5 

(%Change) 

PCP 1203.3  1288.3(7.06) 1228.8(2.12)  (%Change) 1213.3(0.83)  (%Change) 1246.7(3.61) 

SurfQ 350.23  370.31(5.73) 354.12(1.11)  1236.4(2.75) 421.91(20.47)  1246.4(3.58) 502(43.33) 

ET 571.1  572.4(0.23) 573.6(0.43)  388.67(10.98) 571.2(0.02)  391.83(11.88) 602.8(11.5) 

WatQ 698.12  691.23(0.23) 676.68(0.43)  570.1(0.18) 671.32(0.02)  606.6(6.22) 636.8(5.55) 

GWQ 268.91  256.96(-4.44) 243.98(-9.27)  688.46(-0.17) 258.94(-3.71)  693.29(0.09) 275.73(2.52) 
PREC = Precipitation; SurfQ = Surface runoff; ET = Evapotranspiration; WatQ = Water yield; GWQ = Groundwater flow. 
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The results of this study are inconsistent with other studies that reported a continuous multiyear 

groundwater level decline with marked episodic recharge events in Tanzania, Namibia and South 

Africa (Cuthbert et al., 2019). This may be a result of the finer resolution of the dataset used in 

this study as compared to other similar studies. Furthermore, the detailed analysis carried out for 

Tanzania where the reports show that groundwater recharge occurs after a continuous rainfall 

exceeding 70 mm over a 9-day period (Seddon, 2019). Furthermore, the impact assessment on 

the Ngererengere catchment streamflow shows that the average annual streamflow is projected 

to decrease by 2.1% in the 2050s; the report further shows the increase in annual streamflow by 

about 58% in 2080s (Shagega et al., 2020).
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Table 25: Average annual basin values as simulated by soil and water assessment tool model fed with climate data from climate 

limited area modeling 4-CNRM for two scenarios, representative concentration pathway 4.5 and representative 

concentration pathway 8.5 

Hydrological 

parameters 

Baseline  
Present century 

(2006-2040) 
 

Mid-century 

(2041-2070) 
 

End Century 

(2071-2100) 

1979-2005  
RCP 4.5 

(%Change) 

RCP 8.5 

(%Change) 
 

RCP 4.5 

(%Change) 

RCP 8.5 

(%Change) 
 

RCP 4.5 

(%Change) 

RCP 8.5 

(%Change) 

PCP 1083.9  1109.3(2.34) 1098(1.30)  1067.4(-1.52) 1086.9(-1.01)  1051.2(-3.02) 1080.1(0.57) 

SurQ 340.23  447.47(31.52) 555.7(63.33)  538.83(58.37) 546.81(60.72)  652.81(91.87) 797.44(134.38) 

ET 574.5  594.34(3.45) 605.2(5.34)  627.7(9.26) 672.4(17.04)  758.8(32.08) 773.4(34.62) 

WatQ 667.64  697.35(4.45) 647.7(-2.99)  697.26(4.44) 636.06(-4.73)  708.67(6.15) 662.29(-0.8) 

GWQ 203.55  222.86(9.4) 209.8(3.07)  212.35(4.32) 197.02(-3.21)  206.55(1.47) 223.71(-10.73) 
PREC = Precipitation; SurfQ = Surface runoff; ET = Evapotranspiration; WatQ = Water yield; GWQ = Groundwater flow 
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4.4.4 The Impacts of Climate Change on Water Balance Components 

The climate model's uncertainties may be associated with the different formulation and 

parameterization schemes in those models (Mutayoba et al., 2018). Some of the uncertainty may 

arise from individual Regional Climate Model (RCM), whereas other uncertainty may arise from 

the driving General Circulation Model (GCM) (Luhunga et al., 2018). The uncertainties resulting 

from RCM-GCM combinations were accounted for by taking the mean of the four climate model 

members, as proposed by Mutayoba et al. (2018) (Table 26). Finally, the mean of the two climate 

model members was used to simulate water balance components in the SWAT model. 
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Table 26: Mean annual basin values as simulated by soil and water assessment tool model fed with climate data from regional 

climate model ensemble average for two scenarios representative concentration pathway 4.5 and representative 

concentration pathway 8.5 

Hydrological 

parameters 

Baseline  
Present century 

(2006-2040) 
 

Mid-century 

(2041-2070) 
 

End Century 

(2071-2100) 

1979-2005  
RCP 4.5 

(%Change) 

RCP 8.5 

(%Change) 
 

RCP 4.5 

(%Change) 

RCP 8.5 

(%Change) 
 

RCP 4.5 

(%Change) 

RCP 8.5 

(%Change) 

PREC 1143.6  1198.8(4.83) 1163.4(1.73)  1151.9(0.73) 1143.1(0.04)  1148.8(0.45) 1168.4(2.17) 

SurfQ 
345.23  

408.89 

(18.44) 
454.91(31.77)  

463.75 

(34.33) 
484.36(40.3)  522.32(48.4) 649.72(88.2) 

ET 572.8  583.37(1.85) 589.4(2.9)  598.9(4.56) 621.8(8.55)  682.7(19.19) 787.1(37.41) 

WatQ 682.88  694.29 (1.67) 662.19(-3.03)  692.86(1.46) 653.69(-4.27)  700.98(2.65) 672.79(-1.48) 

GWQ 236.23  239.91(1.56) 226.89(-3.95)  237.12(0.38) 227.98(-3.49)  242.73(2.75) 228.72(-3.18) 
PREC = Precipitation; SurfQ = Surface runoff; ET = Evapotranspiration; WatQ = Water yield; GWQ = Groundwater flow 
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The water balance components in Table 26 are aimed to minimize uncertainties in the KWK 

watershed. Thus, the results are envisaged to provide the best estimates of the future climate 

change in the watershed as they take into account the uncertainties from RCMs and driving 

GCMs used. The results in Table 26 show an increase in the annual rainfall over the current, mid 

and end centuries for both RCP 4.5 and RCP 8.5. Furthermore, the results reflect increased 

temperature projections in the KWK watershed under RCP 4.5 and RCP 8.5. Also, the 

groundwater and water yield component are projected to decrease under RCP 8.5 during the 

present (for about 4.27%), mid and end centuries (for about 1.48%). Furthermore, the surface 

runoff shows increases under RCP 4.5 and RCP 8.5 during the present, mid and end centuries. 

Generally, surface runoff is expected to increase by 37.96% at a 95% confidence level.  

On the other hand, groundwater flow is predicted to decrease under RCP 8.5 during the present, 

mid and end centuries while the same show a relatively slight increase under RCP 4.5. Also, the 

surface runoff and evapotranspiration are projected to increase under two emission scenarios 

during the present, mid and end centuries. The high increase in evapotranspiration and surface 

runoff (37.41% and 88.2%, respectively) are projected during the end century (1971-2100), 

reflecting the increased short period storms that may cause environmental problems such as 

floods and siltation in downstream dams. The high short period storms might result in the 

destruction of infrastructures, destroy crops, and cause siltation in downstream dams (i.e., 

Nyumba ya Mungu dam), impacting fishing and hydropower production. The increased flood 

order may occur with a high degree of uncertainty; thus, communities along the southern slopes 

of Kilimanjaro and the Pangani basin need to take into account the projected impacts in 

adaptation measures.  

During the mid and end century, the predicted surface runoff may be significantly higher; 48.4% 

and 88.2% for RCP - 4.5 and RCP-8.5 for the end century, respectively, and 34.33 for RCP-4.5 

and 40.3% for RCP-8.5. This increase means mid and end centuries may exhibit a higher degree 

of uncertainty in the expected runoff volumes in the KWK watershed. Therefore, the fluctuation 

and severity of the flood events are evident owing to the nature of the topography and land use 

that it contains. Increased evapotranspiration reflects the projected increased temperatures; 

generally, evapotranspiration increases as the temperature increases (Mwamila et al., 2008).  
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4.4.5 The Projected Hydrology and its Implication in Water-Food-Energy (WFE nexus) 

Climate change afflicts human wellbeing by posing a substantial impact on the environment, 

crop and livestock production, and water resources (Araya et al., 2015). Temperature influences 

water availability through increased/reduced evapotranspiration. Generally, the higher the 

temperature, the higher the evapotranspiration (Christensen et al., 2004; Mwamila et al., 2008). 

Decreased precipitation is envisaged to affect both food and livestock production and 

hydropower plants downstream. 

The projected increase in temperature is expected to influence wilting and drying of plants, 

multiplication of pest, weeds, and diseases that would result in increased costs of crop production 

and failures in crop yields (URT, 2003). This phenomenon is projected to threaten livelihood by 

decreasing food security. Also, the availability of raw materials for industries will also be 

affected; in the long run, impacts in raw materials is viewed to be a stumbling block for the 

national target towards building the industrialized economy. In addition, warmer temperatures 

are also likely to cause an eruption of pests, new parasites and diseases that would affect a huge 

number of animals (IPCC, 2012). An increase in temperatures has been reported to affect maize 

and bean production in the Hai district (Munishi et al., 2015), and coffee production declined 

due to an increase in the minimum temperatures (Craparo et al., 2015; Mmbaga et al., 2017). 

The projected increase in minimum and maximum temperatures is likely to influence further 

decline in crop production. A similar trend is projected to impact coffee production until the 

2060s if the current land-use changes and climate change go unattended (URT, 2012). This 

phenomenon is envisaged to affect the economic wellbeing of livestock keepers and smallholder 

farmers that solely depend on farming for their livelihood. 

The projected decrease in precipitation from CCLM4 model is likely to decrease discharges in 

rivers and streams. Other studies already projected 6% and 9% annually (Agrawala et al., 2003). 

The observation from this study capitalized on the future decrease in available water for various 

uses; this decrease is likely to strengthen the impacts on the livelihood of the local population 

relying on streams and springs as major sources for crop production (Lalika et al., 2015), and 

domestic uses (Mckenzie et al., 2010). However, about 85% of the arable land is dominated by 

Smallholder farmers and traditional agro-pastoralist; the former mainly rely on rainfed 

agriculture (Lein, 2004). 
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The water-related conflicts are already reported and detailed in chapter two. A study by Kishiwa 

et al. (2018) shows that the water demand deficit for irrigation and livestock production is 

projected to increase by 71.12% and 1.41% (by 2060s). Scholars worldwide have reported water-

related conflicts; there is a strong belief that 21st-century wars will be fought over water (Adams 

et al., 2010; Mbonile, 2005).  Tagseth (2008) reported the water crisis in the Kilimanjaro region 

at alarming levels for decades today. Thus, there is a need to integrate future adaptation responses 

to future development plans (Kangalawe, 2016). 

Hydropower production is the primary power generation means in Tanzania; energy production 

needs replanning due to the focus of the country to build an industrialized economy. The 

projected decrease in annual rainfall is likely to affect this area. Reports show that the water 

efficiency for hydropower production is as low as 35%; thus, this figure is expected to decrease 

more in future. Contrary to these results, Cole et al. (2014) predicted increases in the mean 

hydropower power production from dams in Tanzania. However, their report contradicts the 

findings of this study and other studies (Agrawala et al., 2003; Kishiwa et al., 2018; Lalika et 

al., 2015). Their results still insist on climate variability and anthropogenic pressure as the chief 

factor to be considered during dam design, which means the analysis did not consider climate 

variability in its depth.  
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 

This study assessed current and future climate and land use/cover changes and the impacts on 

surface and groundwater resources. Apart from the discussions carried out, the following 

conclusions can be inferred from the present study. 

In the first objective, the LULC changes revealed a rapid increase in built-up area and 

agricultural land. The future prediction results show that agricultural and urban growth might 

continue to expand in the future, which will impact land and other resources if the situation goes 

unattended. However, expansion in agricultural land and production of staple food crops are not 

a one to one function. Thus, an increase in agricultural land has a flimsy contribution to 

increasing food production in the KWK watershed.  

In the second objective, the findings of this work show that changes in the water balance 

components are the function of the land-use changes and vegetation distribution within the 

watershed. The major LULC changes that affected surface runoff and groundwater components 

in the watershed during the study period were the expansion of agricultural land, built-up area, 

and shrinking of the grassland. Furthermore, the morphological study revealed that runoff is the 

most important hydrological flux for managing water resources on the KWK watershed. The 

watershed is prone to increased surface runoff due to its location on mountain slopes, and hence 

the reoccurrence of floods; this makes farming in the lowland areas challenging due to increased 

erosion and damage crops. 

In the third objective, small scale irrigation activities were confirmed as important pollution 

sources to surface water bodies that may pollute groundwater and transfer pollutants in 

respective aquifers. This mutual dynamic increases pollution, rendering both sources unfit for 

potable uses, prioritized in any water resource consumption trade-offs. Also, the δ2H and δ18O 

values confirmed that; groundwater in the dry season has similar properties to surface water 

along watercourses, and recycled water is the major recharge means. Contrary, a ten-year ice 

core study on Mount Kilimanjaro suggests that as the glacier melts during the dry season on 

Mount Kilimanjaro, it sustains downstream water availability along the mountain's slope. 
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Furthermore, the Piper trilinear and Durov diagrams showed HCO3 enrichment and mixed 

CaNaHCO3 water types. Although most water sources were suitable for irrigation use, it is worth 

noting that some of the water sources have small to medium salinity and sodium hazard. Thus, 

it is essential to take necessary measures during application before the situation becomes 

unmanageable.  

In the fourth objective, the sensitivity CCLM4 RCM model satisfactorily represented the 

historical and future climate on the mountainous KWK watershed. This conclusion is reached 

based on the coefficient of variation between the simulated and observed historical precipitation 

data. The future minimum and maximum temperatures are projected to increase in the future. 

This increment may be reflected in evapotranspiration and decreased soil moisture; thus, future 

agriculture production will necessitate engagement of the early maturity crops for ensuring food 

security. These observations can be translated as described hereunder.  

(i) The economies and livelihoods of people dwelling on the mountain slopes are highly 

relying on rain-dependent systems and so are vulnerable to current and future rainfall 

variability and potential changes in rainfall due to climate change. The projected decrease 

in long rains and the perceived increased variability of the short rains is determined to 

affect food crops production, livestock production and energy production. Generally, the 

livelihood of people dwelling on the mountain slopes will necessitate future replanning.  

(ii) The current population pressure necessitates more water abstraction. However, the KWK 

watershed and the Pangani basin are already water-stressed, and the projected variation 

in water balance components is envisaged to increase the water stress on the mountain 

suburbs, thus, affecting the livelihood of the communities. 

(iii) poor implementation/enforcement of the current water governance structure, including 

laws, bylaws, procedures, guidelines, policies and strategies, primarily due to resources 

constraints, does not make it easy for sustainable water resources governance and one 

can argue that it is disjointed and has major slots that compromise meaningful water 

resource management,  

(iv) It was concluded that planning for water resources necessitate site-specific information 

on the impacts of the future climate and anthropogenic pressure on the available 

resources. However, the combination of the various methodology used in this study 
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enabled filling that research gap and the information generated herein can help in 

planning and managing similar watersheds. It is also worth stating that the methodology 

applied in this study can be applied to other similar watersheds with or without 

adjustment. 

5.2 Recommendations 

In addition to the results and discussions, this study proposes recommendations for sustainable 

management of surface and groundwater resources on the Mount Kilimanjaro slopes. Generally, 

the recommendations may be separated into policy and catchment recommendations, as well as 

the recommendations for further study. 

(i) Translating the results of this study into an integrated climate and anthropogenic resilient 

water management system would have produced impressive output; this component has 

not been carried out. Thus, future projects could focus on translating the results of this 

study to a water management framework.  

(ii) Integrating soil and water management strategies and agronomic practices focused on 

increasing crop production per unit area rather than agricultural land expansion. This is 

due to the fact that the rapid increase in agricultural land is mainly focused on increasing 

food production; however, this expansion does not guarantee an increase in crop 

production. 

(iii) Due to increased pressures on agriculture and built-up areas, most of the activities and 

settlements fall within the reserved areas for water resources protected by Tanzanian laws 

and regulations. However, some of the structures (for example residential houses), 

especially where the rivers crosses the suburbs, existed before enacting these regulations. 

Thus, future projects could focus on the best strategies to conserve water resources taking 

into account the current and future development. Some of the strategies includes 

participatory water resources management programmes, implementation of regulations 

restricting conduction of the activities close to water resources, as well as proper land use 

planning. 

(iv) To raise awareness among all stakeholders, farmers, and pastoralists on the impacts of 

polluting water sources and risks of consuming and irrigating water of unknown quality; 



188 
 

furthermore, water users need to be trained on the risks of developing wells without prior 

authorization from the Water Board authorities. 

(v) The KWK watershed is located on the southern slopes of Kilimanjaro and part of the 

northern part of the Pangani Basin. Future projects should consider extending the 

methodology used in this study to the entire basin to obtain the complete scenario 

throughout the basin and other similar basins. 

(vi) The results of this study may have been affected by the sparse/absence of the precipitation 

observation network, especially for the upper slopes of Mount Kilimanjaro. Also, 

unavailability of good-quality data and data discontinuation have been reported in this 

and several other studies. Thus, future projects could focus on creating a good 

observation network, data cleaning and proper storage that is determined to increase the 

efficiency of future hydrological simulations. 

(vii) While glacier ice and water were included in this model, it is worth noting that the 

preparation of suitability maps and future simulation accuracy, especially with glacier 

ice, posed a significant challenge. Although annual rainfall was included in this 

simulation, adding more variables such as solar radiation and humidity could increase 

simulation accuracy in the future. However, high quality altitudinal data is scarce or non-

existent. As a result, future research should concentrate on the use of cutting-edge 

techniques to accurately model the future dynamics.  

(viii) Since SWAT is not good at simulating localized recharge, further studies could focus on 

using the integrated SWAT-MODFLOW in hydrological simulations. SWAT is powerful 

in simulating distributed recharge, whereas MODFLOW is good in simulating localized 

recharge; this combination is expected to produce the best results than using these models 

separately. 

(ix) The PLSR is inefficient in analyzing the spatial relationship between predictors (land 

use/cover types) and water balance components. Thus, future research could focus on the 

relationship between spatial land-use patterns and changes in the water balance 

components.  

(x) Some of the drivers and determinants of land use/cover changes have been difficult to 

simulate with current land use/cover change models. For example, government policies, 
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socio-cultural and behavioral changes increase influence changes in land use/cover on 

the slopes of Kilimanjaro. The political will and environmental due diligence to control 

the implementation of the current environmental programs are also out of scientific 

control. Future studies could focus on generating scenarios that integrates drivers due to 

changes in government policies and behavioral changes in future land cover simulation.  

(xi) Socio-economic drivers of LULC are assumed to remain as per the current situation in 

future. Thus, simulating different LULC change scenarios with different changes in 

driving forces can provide alternative future trajectories. Although the variables used 

were measured over a prolonged time, it is believed that the model accounted for dynamic 

regular driving forces that were happening in time series and during the prediction. 

Except for extreme events such as prolonged droughts or civil wars, which future works 

could focus on. 

(xii) Information about the recharge areas and their stability, which includes the degree to 

which the changes in land use and climate influence the recharge and thereby the spring’s 

yield of the Kilimanjaro slopes, is scanty or absent. Although this study established a link 

between hydrological fluxes, land use/cover and climate changes, future studies could 

focus on the generation of information about recharge areas and their stability. 

(xiii) The KWK being located on mountainous is prone to extreme events such as floods and 

sedimentation. Thus, future research may be focused on predicting high flows, which 

include extreme events and flooding events and sedimentation using high resolution 

datasets. 

(xiv) The details of water demand for each land use plan and representation of each vegetation 

type in most of the models are approximate and mostly generalized in the process. The 

local adaptation strategies are mostly site-specific and need to be included in the recent 

models; hence, future studies could focus on documenting the local mitigation and 

adaptation strategies and include them in the future decision support systems. 

(xv) Impacts of LULC on water resources regarding the recharge response to the land-use 

change were not considered in the current work. This could be realized by identifying 

recharge areas, the contribution of the fog interception zone to the hydrology of the area 

and substantial protection laws imposed for future water sustainability. This research can 
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then be used as input to future research focused on determining the impact of land-use 

changes in localized recharge and conditions against flooding in the research area. 

(xvi) Due to increased surface runoff, future studies should focus on quantification and 

strategies focused on managing floods. Strategies such as planting vegetation to retain 

extra water, terracing hillsides to slow flow downhill, and the construction of floodways 

(man-made channels to divert floodwater) may be used. This is because increased surface 

runoff is likely to increase sedimentation to the downstream hydropower dams (e.g., 

Nyumba Ya Mungu Dam), which contributes electricity to the national grid.  
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APPENDICES 

Appendix 1:  Historical and scenario simulation for October-November-December (OND) 

and March-April-May (MAM) for regional atmospheric climate mode 

(RACMO22T) under representative concentration pathways (RCPs) 4.5 and 

8.5 

 

Figure A:  Regional atmospheric climate mode 22T model indicating historical 

precipitation (i.e. Rainfall) projections in October-November-December and 

March-April-May seasons 

 

y = -0.2175x + 396.45 
y = 0.0695x + 132.2 

y = 7.7443x + 427.48 
y = 2.7207x + 231.47 

 



246 
 

 

Figure B:  Regional atmospheric climate mode 22T model indicating future 

precipitation (i.e. Rainfall) projections in October-November-December and 

March-April-May seasons under representative concentration pathway 4.5 

 

 

 

y = 0.1426x + 400.83 

y = 0.5323x + 586.74 
 

y = 0.1729x + 140.18 

y = 0.3211x + 268.56 
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Figure C:  Regional atmospheric climate mode 22T model indicating future 

precipitation (i.e. Rainfall) projections in October-November-December and 

March-April-May seasons under representative concentration pathway 8.5

y = 0.0148x + 407.34 

y = 1.4201x + 570.36 

y = -0.0301x + 158.87 
 

y = 0.865x + 259.23 
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Appendix 2: Historical and scenario simulation for October-November-December (OND) 

and March-April-May (MAM) for climate limited area modeling 4 

(CCLM4) under representative concentration pathways (RCPs) 4.5 and 8.5. 

 

Figure D:  Climate limited area modeling 4  model precipitation projections in 

historical period for October-November-December and March-April-May 

seasons 

  

y = -0.8813x + 149.05 
y = -3.1925x + 320.6 

y = 2.1027x + 510.36 

 

y = -2.1536x + 448.06 
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Figure E:  Climate limited area modeling 4   future precipitation projections under 

representative concentration pathway 4.5 for October-November-December 

and March-April-May seasons 

 

  

y = -0.4811x + 159.62 
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y = -1.2763x + 574.12 

 
 

y = -0.4695x + 450.19 
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Figure F:  Climate limited area modeling 4   future precipitation projections under 

representative concentration pathway 8.5 for October-November-December 

and March-April-May seasons  

y = 0.3122x + 120.65 

 

y = 2.7748x + 332.34 

 

y = -1.8618x + 638.79 y = -1.2009x + 525.97 
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Appendix 3: Geological map and sampling locations for surface and extended groundwater 
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