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Abstract 

In East Africa where wetlands are becoming essential systems for waste water treatment 

and portable water supply, hydrological characterisation is crucial to understand the 

dynamics of their functioning on a spatial and temporal scale. Beside ecosystem 

services, basic ecological properties such as vegetation structure and nutrient cycling of 

wetland ecosystems depend on hydrology. Nabajjuzi wetland, in central Uganda, East 

Africa is internationally recognised as a Ramsar site and currently used for potable 

water supply in addition to other essential ecological and social economic services to 

the riparian communities. To contribute to the limited and scanty information of this 

ecosystem, the study focussed on hydrological and water quality characterisation using 

a water-nutrient mass balance as the major output. Also, the flow dynamics of Fe and 

allochthonous suspended solids loading into the wetland were investigated.  

 

Results show that the water balance of Nabajjuzi wetland is dominated by surface flow, 

which is influenced by rainy and dry periods. During peak flow, the estimated hydraulic 

retention time was found to be 1 month compared to 1.5 months during the low flow 

period. Also, water loss flux due to evapotransipiration in this region is high and in 

Nabajjuzi wetland, it is twice the daily rate of abstraction. Analysis of long term flow 

data also revealed that the current water abstraction rate can potentially result in 

hydrological stress to the system during extremely low flow periods. However, the 

wetland N and P loading is very low compared to other urban disturbed wetlands. 

Consequently, high concentration of Fe and suspended solids loading are the major 

constraints to the surface water quality hence portable water supply. Generally, there is 

need for a more comprehensive hydrological-water quality study and careful planning 

of the future catchment land use strategies. This can enhance management and 

conservation of the wetland to guarantee the crucial ecosystem services it provides. 

 

Keywords: Hydrology, Riverine wetland, Hydrological gradient, Surface-flow, 

Nutrients, Iron, Mass-balance, Lake Victoria basin. 
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1.0 Introduction 

1.1 Background  

Many aspects of the environment, economy and society are dependent upon water 

resources, and changes in the hydrological resource base have the potential to severely 

impact upon environmental quality, economic development and social well-being 

(Arnell, 1999). However, water resources in terms of quantity and quality are critically 

influenced by human activities, including but not limited to; agriculture and land use 

change, construction and management of reservoirs, pollution emissions and wastewater 

treatment (Bates et al., 2008). As a result, the world is facing a fresh water crisis and 

what historically has been a problem of water quality is fast becoming a double-faceted 

problem of quality and quantity (Crisman et al., 2005). 

 

Currently, competition for the scarce water resources in many places is so intense. In 

Africa and East Africa in particular, the dwindling water resource linked to a growing 

population coupled with increased demand/uses is intensifying competition, conflicts 

and under-development (Bugenyi, 2001; Waititu, 2009). Unfortunately, behind water 

scarcity, lie factors such as increase in population, urbanisation, industrialisation, 

general environmental degradation, poverty and poor governance which are likely to 

multiply and become more complex over the coming years (Bates et al., 2008; Bugenyi, 

2001; IWMI, 2007; Mtahiko et al., 2006). In addition, observational records and climate 

projections provide abundant evidence that fresh water resources are getting 

increasingly vulnerable due to climate change impact with wide-ranging consequences 

for human societies and ecosystems (Bates et al., 2008). It has been reported that water 

scarcity and declining access to fresh water are a globally significant and accelerating 

problem for 1-2 billion people worldwide, hindering growth in food production, 

harming human health and economic development(MEA, 2005). 

 

The current and predicted extinction of freshwater species and decline in ecosystems 

that are vital for our water resources destroys the basis for sustainable development of 

communities and societies. A case in point is the disappearance of more than 50% of the 

developed world’s wetlands in the last century alone (IUCN, 2000). According to 

Denny (2001), wetlands and water are inexorably linked; each providing goods and 

services for the other and together constituting one of the major ecosystem services for 

the dynamic and natural functioning of the biosphere. In addition, the ability of natural 

wetland systems to retain, remove and process sediment and nutrients has long been 

recognised as a way to improve water quality. As a result, wetlands are sometimes 

referred to as the “kidneys” of the catchment (McJannet, 2007; Mitsch and Gosselink, 

2000). Bugenyi (2001) also referred to wetlands as water-terrestrial ecotones which 

regulate the landscape mosaic, affect energy flow between adjacent systems and 

intervene in landscape connectivity. 

 

Many communities worldwide are directly or indirectly highly dependent on the 

wetland ecosystems’ services whose degradation is threatening their own survival 

(MEA, 2005). It is therefore important to acknowledge that these complex and dynamic 

ecosystems are crucial to the livelihood of millions of riparian communities by 

providing food security and a totally reliant, integrated way of life (Denny, 2001). In 
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many developing countries (especially in Africa), communities with livelihood 

strategies that combine subsistence agriculture with utilisation of wetland resources 

constitute a significant proportion of the population (Rebelo et al., 2009; Silvius et al., 

2000). Consequently, with the high population growth and the continuing need for 

economic development, there are immense pressures on natural resources (Kaggwa et 

al., 2009) including wetlands.  

 

Traditionally, wetland ecosystems have been perceived by policy makers as 

‘wastelands’ with no value unless drained. As argued by many authors, this pervading 

image has led to under-valuation of their potential, which, compounded by incentives 

for conversion due to higher value uses, has often resulted in uncontrolled exploitation, 

conversion and degradation (Adger and Luttrell, 2000). Therefore, to safeguard and 

possibly enhance the benefits of development for many communities who subsist on 

wetlands, its imperative that the benefits of natural ecosystems including their values for 

subsistence economies are recognised when planning and implementing development 

projects (Silvius et al., 2000). 

 

In sub-Saharan Africa, wetlands (dominated by fresh water marshes and flood plains) 

with high variability in space, constitute approximately 4.7% of the continental area and 

6% including lakes, rivers and reservoirs (Rebelo et al., 2009). These wetlands play a 

crucial role in the provision of household survival especially food security, household 

income and welfare through provision of natural resources and utilisation for 

agriculture(Denny, 2001; Kansiime et al., 2007a; Kipkemboi et al., 2007b; Kyambadde 

et al., 2004; Rebelo et al., 2009).  

 

In Uganda and other East African countries, the lake fringe swamps and other wetlands 

are increasingly being used to polish waste water effluents from adjacent cities as well 

as surface-run off and raw sewage from low-income communities (Kansiime et al., 

2007a; Kansiime et al., 2007b; Kyambadde et al., 2004). For example, the Lake Victoria 

system, which supports the livelihood of millions of people (van Dam et al., 2007), is 

covered by extensive papyrus dominated wetlands which play a significant role in the 

physical, chemical and biological conditions of the in shore waters (Co'zar et al., 2007). 

Consequently, the eutrophication of this lake characterised by frequent and intense algal 

blooms has been linked to watershed anthropogenic environmental degradation 

including wide spread encroachment on the wetland buffer zones.  

 

Tropical wetlands assume important functions in landscape and contribute considerably 

to the welfare of large parts of the human population, but they are seriously 

threatened(Junk, 2005). Wetland degradation, linked to anthropogenic pressures and 

climate change, is a global problem and distinct cases representing these trends are the 

wetlands surrounding Lake Victoria (Kansiime et al., 2007b). These wetlands are 

strongly influenced by their watersheds from which they receive water, dissolved and 

suspended material and with which they exchange organisms. As a result, they act as a 

periodic or permanent sink for inorganic sediments, nutrients, organic carbon and toxic 

substances (Junk, 2005). It’s also noted that the dynamics of wetland functions 

including nutrient retention and water purification depend on its regional location and 

the degree of human disturbance (Fustec et al., 1999). For example, nutrient retention 

capacity can be estimated from the percentage of riparian forests, wet grasslands (etc) 

based on the assumption that they act as nutrient sinks (Fustec et al., 1999). 

Consequently, wetland ecosystems depend and are therefore vulnerable to inadequate 

management of the catchment area (Denny, 2001; Junk, 2005; MEA, 2005; Rebelo et al., 
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2009) which eventually determines their long term provision of key services to the 

riparian communities.  

 

Wetlands represent one of the vital natural resources Uganda is endowed with, and their 

significant ecological, social and economic roles are well documented by various 

authors (Denny, 2001; Junk, 2005; Kaggwa et al., 2009; Kaggwa et al., 2001; Kansiime 

et al., 2007a; Kansiime et al., 2007b; Kipkemboi et al., 2007b; Kyambadde et al., 2004; 

Mugisha et al., 2007; Muwanga and Barifaijo, 2006; NEMA, 2001; van Dam et al., 

2007; WID, 2004). Several scientific and socio-economic studies have been conducted 

in Uganda’s wetland ecosystems with more focus and emphasis on Lake Victoria and 

the Nile basin catchments since they form a pipe line for human survival in this region. 

However, like in other developing countries, in Uganda, the ecosystem services of 

wetlands are poorly appreciated until they become degraded (Kansiime et al., 2007b). A 

case in point is the provision of drinking water and protection against flooding which 

are essential socio-economic aspects (Junk, 2005; Kansiime et al., 2007b) but very often 

under estimated or ignored.  

 

For a deeper understanding of the role wetland ecosystems play, there is a need to 

understand their structural components, dynamic processes and functional outputs  that 

provide vital services for the sustainable benefit of human communities on a temporal 

and spatial scale. For example, wetland water or nutrient budgets are very useful in 

assessing the relative importance of allochthonous exchanges versus intra-system 

recycling hence providing information gaps required to understand ecosystem 

functioning (Sutula et al., 2001). Currently, one of the major constraints to the 

sustainable use of African wetlands is the lack of detailed knowledge and predictive 

tools of the diverse benefits that they provide and techniques by which they can be 

utilised in a sustainable manner (Rebelo et al., 2009). In addition, the knowledge on 

their processes, functions and values is so limited (Denny, 2001). Therefore, basic 

research is essential for a nation’s scientific and technical empowerment and 

development. Consequently, research on wetland processes and functions for the wise 

use and sustainable development of the wetlands and aquatic resources is paramount 

(Denny, 2001).  

 

In central Uganda, Masaka district, Nabajjuzi wetland ecosystem forms one of the most 

important natural resource bases with enormous contribution to the livelihood of local 

communities and economic development of the area. This complex riverine wetland 

ecosystem comprises of a papyrus dominated swamp whose hydrology is mainly 

influenced by the flow dynamics of River Nabajjuzi and its tributaries. The wetland has 

a catchment of 900Km
2
 (20% of Masaka district), flows through the most fertile parts of 

the district and Masaka Municipality hence vulnerable to human impacts especially 

agriculture, urbanisation and pollution (WID, 2004).  

 

Currently, the wetland is used as an abstraction reservoir for the National water and 

sewerage cooperation (NWSC) treatment plant for water supply to the rapidly 

expanding and highly populated Masaka Municipality. Also, it supports a great deal of 

biodiversity and provision of crucial ecological functions and socio-economic services 

to the riparian population (Byaruhanga and Kigoolo, 2005; WID, 2004).  Unfortunately, 

no scientific study has been carried out on this unique ecosystem currently recognised 

as a Ramsar site. Therefore, to contribute to the knowledge base of this valuable natural 

resource, this study focused on the hydrological and water quality characterisation.  
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1.2 Problem description and justification of the research  

On a temporal and spatial scale, Nabajjuzi wetland and its catchment are characterised 

by dramatic changes in demography, urban and industrial developments and agricultural 

activities. Anthropogenic pressure especially due to infrastructure development 

associated with urbanisation, increased levels of resource extraction, agriculture and 

waste discharge pose a significant threat (WID, 2004) but are not well assessed or 

documented. Also, there is scanty or no available scientific information on among key 

wetland ecosystem aspects; hydrology and water quality, vegetation cover and soil/sediment 

biogeochemistry (Byaruhanga and Kigoolo, 2005). These are essential in understanding 

the functioning and pressure-response mechanisms of a wetland ecosystem hence a basis for 

formulating management scenarios. Consequently, characterisation of the wetland and 

assessment of existing drivers, pressures and services is critical. Also, identifying and 

evaluation of wetland management options and locally based scenarios needs to be 

prioritised. 

 

The middle section of Nabajjuzi wetland which is in close proximity to Masaka 

municipality is used as an intake for a treatment plant for portable water supply to the 

growing urban population. As a result, the location and presence of this development 

has water quality and hydrological implications respectively to the stakeholders and 

wetland ecosystem functioning. In terms of water quality, information on wetland 

nutrient and pollutant fluxes, metal concentration especially iron which is reportedly 

high in this area, and physico-chemical dynamics is critically essential. Hydrological 

characterisation in terms of surface and ground water flow, system storage capacity, 

evapotransipiration, precipitation patterns, storm water flow and water level fluctuations 

are paramount in understanding the sustainability of water abstraction and supply.   
 

Also, man controls the distribution and dissipation of solar energy fluxes by management of 

aquatic ecosystems, vegetation and landscape (Pokorny, 2001). Consequently, water and energy 

fluxes (i.e. surface runoff and absorption of solar radiation) sensitively respond to 

anthropogenic disturbance (Melesse et al., 2009). It is therefore essential to understand the water 

and energy exchanges between the land surface and atmosphere, in more general terms to 

determine the biophysical and thermodynamic characteristics of an ecosystem. Based on that 

background, the variability of precipitation, air temperature, solar radiation, relative humidity, 

vapour pressure deficit, and wind speed of Nabajjuzi wetland area within a decade were 

analysed.  

 

The conservation of tropical wetlands needs to be assessed in the context of multiplicity 

of ecosystem services provided including the supply of potable water, bio-fuels, 

building materials, flood control and carbon sequestration (Saunders et al., 2007). As 

forms of topographic depressions, wetlands (like Nabajjuzi) hold or store water and 

attenuate flood peaks and support a great deal of biodiversity including animals, plants 

and invertebrates (Hughes et al., 1998). Therefore, this study was essential to provide 

baseline data required to understand some of these hydrological and ecological services.  

1.3 Research rationale and guiding questions  

The hydrological cycle plays an important role in maintaining the physical structure and 

function of wetland areas (Ellery et al., 2003; Kansiime and Nalubega, 1999). Therefore, 

in assessment of wetlands, the approach relating hydrology and geomorphology to 

functions such as water supply, flood control and nutrient retention has been preferred 
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and emphasised (Fustec et al., 1999). In this study, hydrological characterisation and 

water quality in terms of nutrient fluxes and iron was the main focus. 

 Nabajjuzi wetland is characterised by a mixture of undisturbed pristine patches and 

extensive cultivation in the wetland buffer zones upstream. On the other hand, the 

middle section of the wetland catchment is heavily modified due to urbanisation, 

infrastructure development, wetland edge gardening and waste discharge. As illustrated 

in Figure 1.1, due to anthropogenic disturbance (pressure) such as wetland pollution 

(hence nutrient input), vegetation clearance (harvesting) and drainage (channelized 

water flow) associated with urban development, industrialisation and agricultural 

activities, the wetland system might be “over-loaded” due to increased surface run off 

and associated particulate/dissolved constituents. As a result, its self-purification 

capacity is compromised rendering the potable water supply service (for the case of 

Nabajjuzi wetland) vulnerable to water quality constraints.  

 

 

 

 

 

 

 

 

 

 

Figure 1.1 shows a conceptual scheme of Nabajjuzi wetland for the effect of 

catchment human pressure on the water supply service. 

 

Therefore on a spatial catchment scale, the study involved investigation of wetland 

vegetation cover in response to change in hydrological characteristics, measurement of 

surface flow dynamics and determination of nutrient/iron concentration gradients/fluxes. 

Based on the described rationale above, this study attempted to answer the following 

questions for a delineated area within Nabajjuzi wetland during the period of November 

2009 to January 2010:  

1) What are the dominant emergent macrophyte species in Nabajjuzi wetland?  

2) What is the total surface water inflow and outflow discharge during high and 

low precipitation events? What is the contribution of surface flow to the water 

balance of the system compared to other water sources? 

3) What is the effect of wetland water abstraction compared to other water loss 

fluxes?  

4) What is the current surface flow loading/flux of phosphorus (P), nitrogen (N), 

iron (Fe) and suspended solids into the delineated study area of Nabajjuzi 

wetland? How does the loading vary during low and high flow hydrological 

regimes? 
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1.4 Study Objectives 

1.4.1 General Objective 

To characterise Nabajjuzi wetland in terms of hydrology, water quality and 

dominant emergent macrophytes cover on a spatial scale and develop a water and 

nutrient-mass balance for the system.  

1.4.2 Specific Objectives 

� To describe the wetland dominant emergent macrophytes cover on a spatial 

scale. 

� To describe the wetland climatic regime using hydro-meteorological data 

obtained from a local meteorological station 

� To measure surface water flows, wetland depth profiles and determine the 

hydraulic retention time of the delineated study area with in Nabajjuzi 

wetland. 

� To characterise the wetland surface water quality and its spatial variation 

using measured physico-chemical parameters: Nitrogen (N), Phosphorus (P) 

and iron (Fe). 

� Develop a water and nutrient-mass balance for the wetland  
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2.0 Literature review 

2.1 Wetlands distribution and classification  

Estimates of the global extent of wetlands differ significantly among different studies, 

are highly dependent on the definition used and on the methods for their delineation 

(MEA, 2005). Many authors and researchers have attempted to define and classify 

wetlands using various discriminatory terms and statements which are mainly based on 

hydrology, soils and vegetation (Neue et al., 1997). Wetlands comprise both land 

ecosystems that are strongly influenced by water and aquatic ecosystems with special 

characteristics due to shallowness and proximity to land (Schuyt and Brander, 2004). 

The Ramsar Convention of 1971, defines wetlands as areas of marsh, fen, peat land or 

water whether natural or artificial, permanent or seasonal with water that is static or 

flowing, fresh, brackish or saline, including areas of marine water with a depth not 

exceeding 6 meters at low tide.  Also, wetlands have been referred to as areas that are 

inundated or saturated by surface or ground water at a frequency and duration sufficient 

to support the prevalence of vegetation typically adapted for life in saturated conditions 

(Mitsch and Gosselink, 2000). According to Denny (1995), a wetland is a shallow, 

seasonally or permanently waterlogged or flooded area which normally supports 

hydrophytic vegetation. On the other hand, the National Environment Statute for the 

republic of Uganda (1995) defines wetlands (or swamps) as areas, which are 

permanently or seasonally flooded by water, and where organisms are adapted (NEMA, 

2001). In a nut shell, since land and water can merge in many ways, there is no single 

clear cut wetland definition for all purposes but already the different classification 

approaches show the diversity of these types of ecosystems (Kivaisi, 2001).  

 

Wetland ecosystems have also been described as water-terrestrial ecotones. In this 

context, as ecotones, wetlands form interfaces between land and inland waters; with 

capture-release regulatory roles, filtering and cleansing roles for incoming water from 

watersheds, are zones of protection and habitats for biodiversity with ecological and 

socio-economic benefits (Bugenyi, 2001). According to Neue et al. (1997), the 

boundary between dry land and a wetland is often gradual and fluctuates. Therefore, on 

a temporal and spatial scale this boundary changes as a function of hydrology. As a 

result, it is difficult to make precise aerial estimates of wetlands, because there of no 

clear definition, a highly variable fluctuation of the extent (Neue et al., 1997) and 

uncertainty associated with the delineation boundary. 

 

According to Schuyt and Brander (2004), wetland ecosystems occupy 6% of the world’s 

land surface whereas Neue et al. (1997) gives a total coverage range of 5-7% of the 

Earth’s surface. In addition, based on the Ramsar definition, the global extent of 

wetlands is estimated to be in excess of 1,280 million hectatares, but it is well 

established that this is a clear underestimate (MEA, 2005). Generally, over 30% of the 

world’s wetlands area is found in the tropics (Figure 2.1) (Mitsch et al., 2009) and their 

importance to the global biogeochemistry, water balance, wildlife and human food 

production is much greater than their proportional surface area on Earth (Neue et al., 

1997).  
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Figure 2.1 Latitude distribution of wetlands based on data from global lakes, 

wetland database and gross wetland map.  
 

Adopted from (Mitsch et al., 2009) 

 

Wetlands can be classified into three groups based on the dominant plants; saline and 

freshwater swamps, marshes and bogs (Kivaisi, 2001). However, the most widely used 

classification approach is provided by the Ramsar convention. The Ramsar convention 

classifies wetland habitats into three categories and these include; Marine/coastal 

wetlands (estuaries, inter-tidal mashes, brackish, saline and freshwater lagoons, 

mangrove swamps, coral reefs and rocky marine shores), Inland wetlands (wetland 

areas associated to lakes-lacustrine, rivers-riverine, streams and creaks, water falls, 

marshes, peat lands and flooded meadows) and man-made wetlands (canals, aquaculture 

ponds, water storage and wastewater treatment areas) (MEA, 2005).  

 

In Africa, the largest inland wetlands are associated with rivers and lakes and these 

include: the Congo River swamps, the Sudd in the upper Nile, the Lake Victoria basin, 

the Chad basin, the Okavango Delta, the Bangweulu swamps, the Lake Tanganyika 

basin, the Lake Malawi/Nyasa/Niassa basin, and the floodplains and deltas of the Niger 

and Zambezi rivers. In East Africa, wetlands associated with Lake Victoria (lacustrine 

type) are well documented (Denny, 1995; Kaggwa et al., 2009; Kaggwa et al., 2001; 

Kangalawe and Liwenga, 2005; Kansiime et al., 2007a; Kansiime and Nalubega, 1999; 

Kansiime et al., 2007b; Kelderman et al., 2007; Kipkemboi et al., 2007a; Mnaya and 

Wolanski, 2002; van Dam et al., 2007). These wetlands form a basis for livelihood in 

this region and their degradation linked to anthropogenic pressures and climate change 

(Kansiime et al., 2007b; Kipkemboi et al., 2007a) has not only increased vulnerability 

of local rural populations to food insecurity and poverty (Kipkemboi et al., 2007a), the 

effects also have a global perspective (Kansiime et al., 2007b) since they support a great 

deal of biodiversity, act as carbon sinks (Mitsch et al., 2009) and form part of the 

hydrosphere.  

 

Generally, it has been noted that in the last 100 years, natural wetlands’ distribution and 

coverage have been significantly reduced by human activity (MEA, 2005; Neue et al., 

1997). Consequently, with the recognition of natural wetland values, more attention has 

of recent focused on maintaining the hydrological and water quality regulatory 

functions. In addition, wetlands are being created (constructed wetlands) and restored at 

great frequency around the world both as “mitigation” wetlands that are meant to 

replace or compensate for wetland habitat loss and treatment systems (Mitsch et al., 

2005). In Uganda, wastewater treatment by natural wetlands has so far been in use for 

several decades; however, use of constructed wetlands is a relatively new technology 
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which is not widely applied. Consequently, in addition to natural wetlands, preference 

has been given to stabilisation pond systems  since the conventional advanced treatment 

option is very expensive (Kyambadde et al., 2005). 

2.2 Wetland Hydro-geomorphology 

The configuration and functioning of a wetland system is largely controlled by local 

land forms or the landscape relief. Consequently, local morphology influences wetland 

depth, frequency and duration of flooding, and surface and ground water inter-

connections (McJannet, 2007). According to Bugenyi (2001) wetland ecotones are 

strongly related to geomorphic structure and dynamics shaping the transition zones 

between aquatic and terrestrial areas. Generally, hydrology connects the different 

wetland patches and these are characterised by vegetation, soil and sediment structure. 

As a result, variation in water depth and soil (or sediment) properties associated with 

geomorphic structures can affect wetland nutrient dynamics by altering biogeochemical 

processes (Johnston et al., 2001) hence water and soil chemistry. In addition, hydrology 

also affects and influences nutrient flows, vegetation and microbial ecology (Kansiime 

and Nalubega, 1999) hence wetland water quality development.   

2.2.1 Hydrology 

Wetlands occur in areas where soils are naturally or artificially inundated or saturated 

with water due to high ground water or surface water levels during some periods or all 

year round (Neue et al., 1997). Consequently, the main environmental forcing factor in 

wetlands is hydrology (Junk, 2005).  Hydrological factors such as precipitation, ground 

water characteristics, surface water flow and evapotransipiration in wetlands are known 

to affect other environmental factors such as salinity, soil anaerobicity and nutrient 

availability. These in turn, determine the flora and fauna that develop in a wetland 

(Kansiime and Nalubega, 1999). For example, in Nakivubo wetland on the shores of 

Lake Victoria in Uganda, Cyperus papyrus grows in permanently inundated habitats 

from which it derives nutrients whereas Typha latifolia thrives in habitats remote from 

the deep water zones where it is rooted on substrate and with low nutrient concentration 

(Kansiime and Nalubega, 1999).   

 

In the tropics, most surface water fed wetlands are subjected to considerable water-level 

fluctuations according to the dry and rainy season, hence assume floodplain 

characteristics (Junk, 2005; Mitsch et al., 2009). Consequently, fauna and flora living in 

these wetlands not only tolerate, but also require these water-level fluctuations for the 

long-term survival of their populations (Junk, 2005). In addition, wetlands are 

characterised by horizontal and lateral flows with areas of water pools (stagnant water) 

influencing spatial water distribution and storage capacity or hydraulic retention of the 

system. However, predominantly channelized horizontal flow causes short retention and 

contact time between the inflowing water and the bulk of the wetland system hence low 

nutrient exchange and a reduction in the purification capacity (Kansiime and Nalubega, 

1999).   

 

In riverine wetlands, geomorphology can potentially influence nutrient removal 

mechanisms hence water purification capacity by altering flooding frequency, duration 

and hydrologic connectivity with the river channel, soil texture, soil organic matter 

content, soil aeration and plant growth (Johnston et al., 2001). According to Ellery et al. 

(2003), within floodplain wetlands, river flow along the upstream-downstream gradient 
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is typically associated with a decrease in velocity downstream hence deposition of 

sediment which creates a natural disturbance regime that also influences species 

distribution, nutrients, metals and other solutes. For Nabajjuzi wetland, this may have 

water quality implications to the water supply service in terms of pollutant transport and 

deposition hence needs to be investigated.  

 

Superimposed on natural processes, human activities such as drainage and cultivation 

induce extreme spatial and temporal variations in the water table due to the structural 

and chemical changes in wetland soil properties which affect hydraulic conductivity 

(Dixon, 2002). In addition, anthropogenic disturbance may affect the water balance and 

timing of  water flows through interventions such as urban development and removal of 

vegetation cover (Kashaigili, 2008) as observed in Nabajjuzi catchment. Such human 

induced disturbance increases the storm flow component of runoff and reduces the base 

flow regime during the dry season (Ellery et al., 2003; Kashaigili, 2008).  According to 

Bugenyi (2001), catchment activities, particularly de-vegetation (biomass harvests) and 

burning, easily lead to changes in structural components in adjacent wetland ecotones 

and surface waters. However, the potential impacts of human activities on wetland 

catchments are generally poorly understood due to inadequate and/or inappropriate 

data/knowledge base underlying hydrological and geomorphologic processes (Ellery et 

al., 2003). 

2.2.2 Wetland soils and sediment biogeochemistry 

Wetland soils are characterised by a high degree of spatial variability due to a 

combination of physical, chemical and biological processes that operate with different 

intensities at different scales. These processes in wetland ecosystems include for 

example; surface runoff, erosion, overbank flooding, sediment deposition, ground water 

inputs, fire, animal burrowing, litter production and root activity (Bruland and 

Richardson, 2005). Human activities in the terrestrial ecosystems (irrigation, water 

harvesting, agriculture, drainage etc) with in the watershed also affect flooding pattern, 

ground water level, water quality, sedimentation, and erosion, hence soil development 

and biogeochemistry (Neue et al., 1997). Consequently, the hydrological condition in 

wetlands is the main driver of soil characteristics and processes.   

 

According to Neue et al, (1997), wetland biogeochemistry is controlled by flooding and 

the resulting pattern and status of oxidation and reduction reactions eventually affect 

nutrient dynamics and other biogeochemical reactions. When wetland soils are 

inundated with water, anaerobic conditions are established due to oxygen depletion. The 

rate at which oxygen is depleted depends on the ambient temperature, availability of 

organic substrates for microbial respiration, and the chemical oxygen demand (COD) 

from reductants such as ferrous iron (Mitsch and Gosselink, 2000).  

 

Generally, the dynamic shift from oxic to anoxic gradients created by the hydrological 

conditions in wetland soils (Figure 2.2) result into a complex interplay between 

anaerobic and aerobic states which enhance a wide range of microbial processes taking 

place at the same time in even close proximity to each other (Gutknecht et al., 2006; 

Mitsch and Gosselink, 2000).This microbial activity is also influenced by the 

availability of readily degradable organic matter and favourable temperature conditions. 

The major processes include but are not limited to nitrification, denitrification, 

methanogenesis and sulphur, Fe
3+

/ Fe
2+

, Mn
4+

 / Mn
2+

 reduction-oxidation reactions 

(Neue et al., 1997).  
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Figure 2.2 Idealised vertical section of sediment structure, the water table height, 

depth from surface and distance from plant roots which create oxic to anoxic 

gradients in wetlands.  

 
Adopted from (Gutknecht et al., 2006) 

 

Within a wetland system, the presence of oxygen depleted (anaerobic) soils which 

interface with the aerobic inflowing water creates an ideal environment for occurrence 

of unique chemical and microbiological reactions enhancing the removal of nutrients 

(McJannet, 2007) and water purification capacity. For example, nitrogen transformation 

through nitrification under aerobic conditions and denitrification in anaerobic 

environments is a well documented mechanism for permanent removal of nitrogen in 

natural and constructed wetlands. 

 

Wetland sediments play a major role in nutrient uptake especially phosphorus as 

demonstrated by various research results (Bridgham et al., 2001; Bruland and 

Richardson, 2004; Chavan and Dennett, 2008; Davis et al., 2001; Gribsholt et al., 2007; 

Johnston et al., 2001; Kansiime and Nalubega, 1999; Kelderman et al., 2007; Shilla et 

al., 2006). Through nutrient uptake by wetland sediments and plants, and by 

sedimentation of particulate matter, wetlands can act as buffers against Lake 

eutrophication (Kelderman et al., 2007). However, although natural wetlands have the 

capacity to remove nutrients in the short term, it is unclear how they function in the long 

term because of the possibility that they may become nutrient saturated and serve as net 

sources rather than sinks. For example; It has been reported that depending on various 

factors such as hydraulic nutrient loading and wetland water-sediment chemistry (redox 

potential, solubility equilibria, concentration of iron and pH) (Kansiime and Nalubega, 

1999; Kelderman et al., 2007; Loeb et al., 2007), a wetland system can be a source or 

sink for specific nutrients and this can also vary in time and space.  

 

According to Kansiime and Nalubega (1999), the contribution of sediment release to the 

total phosphorus (TP) load in an aquatic ecosystem may even exceed that of external 

sources. Consequently, phosphorus can be exchanged from the sediment into the water 

phase or vice versa (Kelderman et al., 2005).  The most important physical 

characteristics of sediments that affect the internal phosphorus load in aquatic 

ecosystems include grain size and distribution, compaction and porosity, density of 

particles, vertical and horizontal inhomogeneities and sediment mixing depth (Kansiime 

and Nalubega, 1999; Kelderman et al., 2007; Kelderman et al., 2005; Shilla et al., 2006) 

2.2.3 Wetland Macrophytes   

Macrophytes are aquatic primary producers large enough to be seen with the naked eye, 
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and actively grow permanently or periodically submerged below, floating on, or 

growing up through the water surface (Chambers et al., 2008). In East Africa, the 

aquatic vegetation constituting the wetlands situated along the coast of lake Victoria 

provide valuable socio-economic and ecological functions (Kansiime et al., 2007b; 

Kyambadde et al., 2004; Mnaya et al., 2007; Mugisha et al., 2007). In addition, 

macrophytes play an important role in nutrient cycling due to large quantities of 

biomass they produce, and their capacity to accumulate large concentrations of nutrients 

(Mnaya et al., 2007; Mugisha et al., 2007; Shilla et al., 2006).  

 

Anthropogenic pressure through degradation of wetland vegetation due to agricultural 

activities reduces natural wetland functioning and services (Kansiime et al., 2007a) 

including polishing of wastewater effluents and drinking water supply. Cyperus papyrus 

and Miscanthidium violaceum vegetation typically dominate the permanently inundated 

wetland areas along most of the shores of Lake Victoria. Also, due to the prevailing 

climatic and hydrological catchment conditions, these macrophytic plants tend to 

exhibit high net productivity and nutrient uptake rates, which strongly influences both 

wetland status and lake water quality (Kansiime et al., 2007b).  

 

The role of wetland vegetation on surface water quality and efficiency in wastewater 

treatment in both natural and constructed wetlands is well documented by several 

researchers (Chavan and Dennett, 2008; Chavan et al., 2008; Kaggwa et al., 2001; 

Kansiime and Nalubega, 1999; Kelderman et al., 2007; Kivaisi, 2001; Mwanuzi et al., 

2003; van Dam et al., 2007). As water flows into a wetland ecosystem, its velocity is 

dramatically slowed down due to increase in the cross-sectional area of flow and the 

abundance of aquatic vegetation. Consequently, particulate matter and sediments settle 

out of suspension (Kansiime and Nalubega, 1999; Kyambadde et al., 2004; McJannet, 

2007) hence removal of particulate bound pollutants from the water column. In addition, 

the efficiency of nutrient uptake and removal by wetland vegetation has been associated 

and linked with the dominant wetland plant species (Kansiime and Nalubega, 1999; 

Kansiime et al., 2007b; Kyambadde et al., 2004; Mugisha et al., 2007) and harvesting 

(van Dam et al., 2007).  

 

Generally, Cyperus papyrus has demonstrated greater nutrient and pollutants removal 

efficiency in wastewater due to its root structure and growth, hence biomass 

accumulation characteristics compared to other indigenous Lake Victoria wetland 

macrophytes such as Miscanthidium and cocoyam (Kansiime et al., 2005; Kyambadde 

et al., 2004; Mugisha et al., 2007). In addition, according to van Dam et al. (2007), 

reducing the biomass of vegetation leads to regenerative growth and this is accompanied 

by an increase in the nutrient uptake. For example; this happens when an area of 

papyrus is harvested completely and numerous new shoots develop rapidly from the 

floating mat. Harvesting is especially important for phosphorus removal as there is no 

equivalent for denitrification to eliminate phosphorus by transforming it into volatile 

substances (Kansiime and Nalubega, 1999). 

2.3 Biogeochemical dynamics of N and P in tropical wetlands 

Unique and diverse hydrologic conditions in wetlands influence biogeochemical 

processes which result into the transport and transformation of chemicals (including 

nutrients) through interrelated physical, chemical and biological processes (Mitsch and 

Gosselink, 2000). Nutrients and other pollutants enter swamps mainly through stream 
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flow, runoff from surrounding land and precipitation (Kansiime et al., 2007b; Mitsch 

and Gosselink, 2000). As a result, the utilisation of wetland areas as natural filters for 

the abatement of pollutants (Figure 2.3) is considered to be an effective, low-cost, 

cleanup option to ameliorate the quality of surface waters (Bragato et al., 2006).  

 

 
Figure 2.3 Summary of major physical, chemical and biological processes 

controlling pollutant removal in wetlands.  Adopted from (DeBusk, 1999) 

Pollutant removal or retention of mineral elements in the water flowing through a 

papyrus dominated wetland (Figure 2.4) depends on factors such as type of element, 

water flow rate, and vegetation type and root structure. For example; when a water 

flows through the interstitial pore space with in the rhizomatous mat, the degree of 

interaction between the vegetation and the influent water is high (Kansiime et al., 

2007b). As a result, the flow velocity is reduced, which enhances physical, chemical 

and biological pollutant removal mechanisms.  

 

           
Figure 2.4 Conceptual model showing the flow pathways of pollutants in a floating 

papyrus and Miscanthidium dominated wetland-Nakivubo, Uganda.  
 

Adopted from (Kansiime and Nalubega, 1999; Kansiime et al., 2007b) 

 

The key flow pathways highlighted in the model include : 1- water penetration into the 

mat, 2- detritus falling out of the mat with attached pollutants, 3- attachment to 

suspended particles in the water column, 4- flow through the water column, 5- 

resuspension of sedimented particles, 6- outflow of the wetland, 7- back-flow and 8- 

export of peat/sedimented matter (Kansiime and Nalubega, 1999; Kansiime et al., 

2007b). 

 

The filtering function (surface water purification and wastewater treatment) of a 

wetland system occurs as a result of biogeochemical processes, which involve the 



 

14 

 

 

 

 

NL Bateganya 

partitioning and cycling of nutrients or other compounds between the biotic and abiotic 

ecosystem components (McJannet, 2007). These biogeochemical transformations 

include sediment deposition, nitrogen and phosphorus removal and transformation of 

inorganic nutrients to organic forms. In addition, wetlands promote microbial 

transformations by providing large surface areas for microbial activity in the soil (or 

sediment) and detritus layer which are coupled to increased hydraulic residence time 

(McJannet, 2007).   

 

One of the most important component of long-term nutrient storage in wetlands is their 

(nutrients) incorporation into tissues of aquatic macrophytes and the eventual burial of 

this biomass in the sediments (Chimney and Pietro, 2006). However, it is noted that 

during the growing season, wetland macrophytes accumulate nutrients (Kansiime et al., 

2007a; Mugisha et al., 2007; Shilla et al., 2006; van Dam et al., 2007) from both the 

water and sediment. When they die, the decomposition of aboveground plant tissues 

before it can be buried releases the nutrients back into the water column there by raising 

their concentration (Bragato et al., 2006; Chimney and Pietro, 2006). Therefore for 

permanent nutrient removal, harvesting macrophytes has been suggested as a 

sustainable option (van Dam et al., 2007). 

2.3.1 Nitrogen forms, flows and transformation processes  

In tropical East Africa, research on nitrogen dynamics in natural and constructed 

wetlands is documented by various researchers. The retention capacity of nitrogen in a 

wetland is mainly influenced by the characteristics of the vegetation, sludge and 

sediment composition layers as well as the incoming water (Kansiime et al., 2007b; van 

Dam et al., 2007). The major Nitrogen transformation pathways include nitrification, 

uptake by plants, plant mortality, mineralisation of organic nitrogen, settling of detritus 

to the sediment sludge, denitrification and remineralisation of organic nitrogen from the 

sludge (Kansiime et al., 2007b; van Dam et al., 2007). These transformation processes 

have also been highlighted in natural and constructed wetlands by other researchers 

(Bragato et al., 2006; Kansiime and Nalubega, 1999; Kaseva, 2004; Prochaska and 

Zouboulis, 2009; van der Peijl and Verhoeven, 1999; Wetzel, 2002). Understanding 

factors that influence processes such as nitrogen mineralisation and denitrification in 

wetlands is critical especially in agricultural dominated landscapes where wetlands have 

the potential to buffer losses of nitrogen from upland to downstream aquatic ecosystems. 

 

By taking the nitrogen transformation processes into account, van Dam et al. (2007) 

developed a conceptual model, which illustrates the nitrogen flow pathways in the 

different layers (Vegetation, water column, sludge and sediment) of a papyrus wetland 

(Kirinya) around Lake Victoria in Uganda (Figure 2.5). Wetland nitrogen retention, 

cycling and release mechanisms are so dynamic and vary in space and time. For 

example; according to McJannet, (2007) and van Dam et al. (2007), concentrations of 

dissolved nutrients in the sludge layer may be higher than that in the water column, but 

diffusion, resuspension of organic matter and advective flows constantly reduce the 

concentration gradients. 
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Figure 2.5 shows a conceptual model of nitrogen cycling in a floating papyrus 

wetland.  

 
The main wetland nitrogen forms include, Organic nitrogen (ONw) total ammonia nitrogen (TANw) and 

nitrate nitrogen (NO3w) in the water column; Organic nitrogen(ONsl), total ammonia (TANsl) and nitrate 

nitrogen (NO3sl) in the sludge layer; and total ammonia(TANsed) and nitrate nitrogen (NO3sed) in the 

sediment.  Adopted from (van Dam et al., 2007). 

 

In the water column, inorganic nitrogen forms including nitrate and ammonia are taken 

up by plants but may also diffuse into the sludge and eventually sediment layer. 

Generally, nitrification, denitrification, volatilisation and hydraulic flushing can 

significantly influence the nitrogen forms and concentration in the different wetland 

layers. 

2.3.2 Phosphorus uptake and flow dynamics in wetlands 

The processes involved in the retention, cycling and release of phosphorus in wetlands 

include, plant uptake of inorganic forms from soil, sediment or water (Kansiime et al., 

2007a; Kansiime and Nalubega, 1999; Kansiime et al., 2007b; McJannet, 2007) and 

subsequent removal through biomass soil/sediment burial or collection as detritus 

(McJannet, 2007) and harvesting (van Dam et al., 2007), sedimentation of inorganic 

and/or organic phosphorus in particulate matter onto wetland soil/sediment (Kelderman 

et al., 2007; McJannet, 2007) or even plant surface (vegetation trapping); decomposition 

of organic matter by microbes which use available organic carbon as a source of energy 

and release orthophosphate into the water column (Bragato et al., 2006; Chimney and 

Pietro, 2006; McJannet, 2007); sorption processes which include adsorption of 

orthophosphate ions by clays and iron or aluminium oxides in soils/sediments, as well 

precipitation of orthophosphate ions by metallic ions (mainly iron, aluminium or 

calcium) (Kansiime and Nalubega, 1999; Kelderman et al., 2007; Loeb et al., 2007; 

McJannet, 2007). 

 

It has been reported that regulation of external nutrient sources of phosphorus can only 

control the amount entering the system but does not address the internal pools already 

present which could potentially become mobile (Bostic and White, 2006). Therefore, 

assessment of phosphorus accumulation in wetland soils/sediments is critically essential 

since it can act as an internal source of nutrients to the water column, and may continue 

to drive existing eutrophic conditions even after external sources have been eliminated. 
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In addition, vegetation is reported to be a short-term phosphorus storage wetland 

component which can rapidly release 35 to 75% of the total plant-associated phosphorus 

during senescence, hence potentially increasing water column concentrations(Bostic and 

White, 2006). This therefore emphasises the importance of wetland vegetation 

harvesting as reported by several researchers for papyrus dominated wetlands in the 

Lake Victoria basin. 
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3.0 Materials and Methods  

3.1 Study area 

Nabajjuzi wetland is 55km long with a catchment area of 900 km
2
 in Masaka district, 

which is located in the south west of central Uganda (31
o

33’ – 31
o

49” E and 00
o

27” S – 

00
o

05” N) and part of the lake Victoria basin, in East Africa (Figure 3.1). 
 
(a) Africa     (b) Lake Victoria basin    
  

       
(C) Nabajjuzi wetland Catchment 

                                               
Figure 3.1 Goegraphical location of the study site. 
(a) Lake Victoria basin in Africa (b) Masaka district (Uganda) in the Lake Victoria basin, East Africa, and 

(c) Nabajjuzi wetland catchment in Masaka district. (Source: Wetland department, Uganda) 

 

The wetland originates from Buwunga County and bypasses Masaka municipality 

before joining River Katonga which flows into Lake Victoria (WID, 2004). According 

to WID (2004), the complex wetland system is divided into three sub-sections and they 

include: Upper Nabajjuzi which is relatively elevated with fragile wetland habitats, 
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characterised by pronounced slopes and small width. This part of the wetland is 

predominantly rural with sparsely distributed homesteads and a mixture of subsistence 

and commercial farming practices. In addition, currently there is wide spread 

encroachment and degradation of wetland buffer zones especially forests. Therefore, the 

soils are exposed to erosion due to increased surface run-off.  Middle Nabajjuzi is wide 

and deep and there is a sharp interface between the wetland and upland area which 

leaves a narrow natural riparian corridor along the banks. Also, this section lies in close 

proximity with Masaka town and is characterised by intensive infrastructure 

development. Although roads, residential estates and individual homes dominate this 

area, catchment agricultural activities and wetland edge gardening are remarkably high. 

Lower Nabajjuzi is also deep and wide but narrows as it enters river Katonga. However, 

this study focused on the upper and part of the middle section of the wetland. 

  

Along its longitudinal gradient, the wetland is characterised by constructed roads with 

culverts to allow water flow downstream. These roads were utilised as access transects 

for hydrological and water quality measurements. Consequently, the study area was 

sub- divided into two: 

(a) A section of upper Nabajuzzi (Figure 3.2) covering approximately 40 km
2
 was 

used as the wetland upstream catchment with sampling stations at Kijonjo (S1); 

a typical first order headwater stream which forms the main source of river 

Nabajjuzi. Kamwozi (S2); which is approximately 1km, downstream of Kijonjo. 

In addition, a borehole (S7) identified 50m near the wetland at Kamwozi (S2) 

was used for monitoring Fe in ground water. Gulama (S3) is the major inflow 

tributary of upper Nabajjuzzi approximately 6km from Kijonjo.  

 

(b) The NWSC water abstraction reservoir covering approximately 1.8 km
2
 (part of 

middle Nabajjuzi in Masaka municipality), was delineated from the rest of the 

middle and lower wetland sections by Masaka-Mbarara road (S6). This part of 

the wetland formed the downstream catchment of the study area (Figure 3.3). 

The abstraction section (reservoir) has two major inflows i.e. Kyotera road (S4) 

with eight culverts which allow water to flow from upper Nabajjuzi (the 

upstream catchment) into the downstream catchment and Kajansembe tributary 

(S5) which consists of six culverts and two streams flowing into the NWSC 

abstraction reservoir from the west. The only outflow from this delineated 

section was Mbarara road (S6) consisting of five culverts and the NWSC water 

treatment effluent stream. 



 

19 

 

 

 

 

NL Bateganya 

 
 

Figure 3.2 Google Map showing the upstream catchment (upper Nabajjuzzi) of the 

study area.  
 Arrows show direction of water flow 

 

 
 

Figure 3.3 Google map showing the NWSC water abstraction section which 

formed the downstream part of the study area. 
 Arrows show direction of water flow. 

3.2 Wetland macrophytes 

A survey of Nabajjuzi wetland vegetation was carried out in the two delineated catchments 

mainly targeting dominant emergent macrophytes. Three transects were made both in the 

upstream and downstream sections. Roads were taken as permanent land features to demarcate 

these transects. Each transect also traversed a wide range of variation in topography, distinct 

vegetation communities, hydrological gradient and other environmental variables on a micro-

scale.  Generally, transects were located at the water quality and hydrological monitoring sites 

for easy accessibility and to save time. Upstream, the survey transects where located at; Kijonjo 
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(T1), Kamwozi road (T2) and Gulama/Gabunze road (T3) whereas in downstream section, 

kyotera (T4), Kajansembe (T5) and Mbarara (T6) roads were used. For data collection, the 

visual cover estimate technique (Gufu et al., 2001; Sutherland, 1998) was used. 

3.2.1 Visual cover estimate 

Vegetation cover was estimated visually for each major emergent macrophyte species. The 

cover was then ranked on a scale of 1 ≤ 25%, 2 = 25% - 50%, 3 = 51% - 75%, 4 ≥ 75%, 

corresponding to rare, occasional, common and abundant macrophyte species respectively. The 

mean cover scores for each species at each site and catchment section scale were determined to 

describe the variation of the macrophytes along the hydrological gradient of the wetland.  

3.2.2 Macrophytes identification 

Macrophytes were identified in the field. Species not easy to identify were collected, allocated 

identification codes and transported to Makerere University herbarium for further examination 

and identification. Consequently, for ex-situ identification, a portion of the plant stem, leaf, and 

flower (if present) were carefully cut, fixed on a paper and pressed between old newspapers to 

prevent desiccation which makes it difficult to identify key features. 

3.3 Hydrology 

3.3.1 Hydro-meteorological data 

Nabajjuzi is a riverine tropical wetland in the equatorial region of East Africa whose 

hydrology is to a larger extent influenced by solar energy fluxes especially 

evapotransipiration, precipitation patterns and surface flow dynamics (main stream, 

tributaries and surface runoff). Therefore, for hydrological characterisation, reliable and 

long term hydro-meteorological data was critical. Daily hydro-meteorological data 

including precipitation (mm), air temperature (
o
C), solar radiation (W/m

2
), wind speed 

(m s
-1

), relative humidity (%) and vapour pressure deficit (VPD) (Kpa) covering 10 

years in the study area was obtained from Kitovu automatic meteorological station, 

Masaka, Uganda. This station is supported by the Nile basin water resources project in 

collaboration with FAO. In addition, the input storage locations are used by METSTAT 

data logger hence a reliable and high resolution output on a temporal scale. The data 

was used to characterise the climatic variability of the study area over the ten year 

period and as an input to the water balance. 

3.3.2 Surface water flow  

3.3.2.1 Triangulated irregular network model 

A TIN (triangulated irregular network) model based on the digital contour data base 

of the area was composed in ArcGIS to describe the general surface flow pattern of 

the area. This is essential in assessing the potential impact of storm water and soil 

erosion to the storage capacity and water quality of the wetland system. 

3.3.2.2 Surface flow discharge measurements 

Discharge measurements of streams and culverts at all sampling points upstream 

and downstream were carried out bi-weekly using the velocity-area method, i.e.  

Q = V*A 
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Where Q = discharge (m
3
/s), V= average water velocity (m/s) and A = Cross-

sectional area (m
2
) of the active stream channel or culvert 

For culverts, the wetted area was calculated from; the diameter, water depth, and 

water surface widths which were measured using a calibrated metal rod or long 

wooden stick for very deep water levels. For half filled culverts, the area was 

simply calculated from the formula; Πr²⁄ 2 Where r  = radius of culvert = 
2

1   of 

diameter. However, in case the water level was more or less than half, i.e. above or 

below the culvert radius, then a geometric approach based on circle properties was 

used as summarised in Figure 3.4  

 
Figure 3.4 shows an illustration of culvert measurements and formulae used in the 

wetted area calculations 

 

The velocity was measured mid-way the culvert width at 2/3 of the water depth 

using a velocity current/flow meter. Three velocity measurements were made and 

the average taken. For surface flow streams, width, depth and velocity 

measurements were taken (with same instruments as for culverts) at 25%, 50% and 

75% of the total stream width for discharge calculations.  

3.3.3 Wetland hydraulic retention   

The downstream section with clear inflows and outflow was chosen for detailed 

hydrological characterisation including determination of wetland water balance and 

estimation of hydraulic retention time (HRT). The HRT was estimated in order to get an 

idea of the hydrodynamics in the wetland system. Considering an ideal flow pattern 

behaviour, the theoretical hydraulic retention time (HRT) T (days) was calculated as a 

ratio of the volume V (m
3
) to outflow discharge Q (m

3
 day

-1
) i.e. V/Q (Kelderman et al., 

2007). Consequently, variation in surface water flow (discharge time series during the 

study period) (described in section 3.3.2.2), wetland water depth profile and area were 

determined.  

3.3.3.1 Wetland depth profile measurement 

To determine the wetland depth profiles, three transects (TS4-Kyotera road, TS5-
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Kajansembe road and TS6-Mbarara road) parallel to the main roads passing 

through the wetland were chosen for easy access. A profiler was used for this 

purpose as described by Kansiime and Nalubega (1999). Each transect was made 

five meters away from and parallel to the road to avoid the construction impacted 

area on the natural wetland hydro-morphological structure. Along each transect, the 

total distance (in meters) was determined and points for depth profile measurements 

identified and marked. The distance between two profile measurement points 

ranged from 60m to 80m depending on the total length of the transect. 
(a)     (b) 

           
Figure 3.5 Depth profile measurements.  
(a) a schematic representation of the wetland depth measurements: adopted from(Asp, 2009) (b) field 

work photo taken during depth profile measurements 

 

A hole was made through the vegetation mat using an auger. The profiler was then 

pushed through the hole until it touched the sediment. The total depth of the mat 

and water column was noted. The profiler was then carefully lifted upwards until its 

base was intercepted by the mat. In this case the mat depth was measured. As a 

result, the depth of the water column was calculated as a difference between the 

total depth and the mat thickness (Figure 3.5). Also at each profile measurement 

point, a GPS was used to record the coordinates for geographical position 

referencing and mapping purposes. 

3.3.3.2 Wetland area  

The wetland area was determined using the DEM (digital elevation model) 

developed from SRTM (Shuttle Radar Topography Mission) globally available 

elevation data (SRTM, 2000) and field wetland depth measurements using the Arc 

View computer programme. However, the field depth profile GPS reference points 

did not coincide properly with the DEM. This could be attributed to the GPS 

precision error or resolution of the data used to develop the DEM. Consequently, a 

shift was applied to precisely fit the field measurements with the DEM. With this 

adjustment, the study area was delineated and its surface area calculated using the 

GIS software. Also, average wetland depth and volume were estimated. 

3.2.4 Water balance 

The water balance of the wetland system during the study period was based on a 

conceptual model summarised in Figure 3.6 and equation 3.1. 
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Figure 3.6 shows a conceptualised water balance model for the wetland study area 

 

P + Qin + Gin – ET – Qout – Gout – Abst = ∆S ⁄ ∆t   3.1 
 

Where P = Precipitation, ET = Evapotransipiration, Abst = Water abstraction, Qin = 

Surface inflow, Qout = Surface outflow, Gin = Ground water inflow, Gout = Ground 

water outflow, S = storage capacity of the wetland system hence ∆S ⁄ ∆t = Change in 

water storage of the system in a defined period of time. However, ground water flow 

and its interaction with surface water is quite complicated and requires detailed hydro-

geological investigation on a long time scale coupled with wetland soil infiltration, 

capillarity, permeability and hydraulic conductivity experiments. For this study 

therefore, since the wetland firm sediment was dominated by clay after the depth profile 

characterisation, it was assumed that the communication and hence interaction between 

ground and surface water was of less importance for the daily water quantity changes. 

As a result, the ground water fluxes were eliminated from the water balance equation 

3.1 and simplified to form equation 3.2: 

P + Qin  – ET – Qout – Abst = ∆S ⁄ ∆t    3.2 
Precipitation data was obtained from Kitovu meteorological station, surface flows 

where measured in the field and NWSC abstraction data was obtained from the water 

treatment plant.  

 

There are various methods for estimating ET (Evapotranspiration). They include; use of 

an Evapotranspiration pan, Bowen ratio, Eddy correlation, aerodynamic method and 

lysimeter technique. All these estimate ET at a point, are time consuming and require 

elaborate and sensitive instrumentation (Oberg and Melesse, 2006). Using hydro 

meteorological data, the Penman/Montieth combination method can also be used. This 

is however based on many assumptions and estimated parameters. In this study 

therefore, ET was based on Saunders et al. (2007) who investigated the net water flux 

on a diurnal resolution scale using the eddy covariance method in a papyrus vegetation 

of Kirinya wetland, Jinja Uganda. The maximum water flux rate at night was found to 

be 1mmol H2O m
2
s

-1
, whereas during the day the maximum rate ranged between 9mmol 

H2O m
2
s

-1
 and 12mmol H2O m

2
s

-1
. Generally, the average total daily flux of water over 

the wetland vegetation canopy was estimated to be 4.75kg H2O m
2
d

-1
. Consequently, 

this data was adopted for the Nabajjuzi wetland water balance based on the assumption 

that its in the same climatic region (Lake Victoria basin) as Kirinya wetland, are both 

dominated by Cyprus papyrus vegetation and hydro-meteorological variability is 

Qin 

Qout Qout 

Abst 
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minimal, save for some site specific differences that may exist. 

3.4 Water Quality 

Water quality along the wetland hydrological gradient (upstream-downstream) was 

monitored at selected sampling points (S1 to S6) with constant flow regimes using 

physical and chemical parameters including; temperature, pH, conductivity, dissolved 

oxygen (DO), total suspended solids (TSS), nutrients (N and P) and iron (Fe).  

3.3.1 Water sampling and measurement of water quality parameters 

Water temperature, pH, and conductivity were measured in-situ using WTW meters, bi-

weekly for three months (November 2009 – January 2010). The parameter pH was 

measured using a pH meter, conductivity (µS/cm) and temperature (ºC) were both 

determined using a conductivity meter. Dissolved Oxygen (DO) (mg l
-1

) was analysed 

in the laboratory using Winkler’s method after fixing the samples in the field. Water 

samples for laboratory analysis were collected bi-weekly (same time as in-situ 

measurements) in plastic bottles (500ml) pre-washed with dilute hydrochloric acid (HCl) 

followed by thorough rinsing with distilled water. In the field, each sample bottle was 

again rinsed with the respective site water. An integrated sample at each sampling point 

was obtained at 2/3 of the water column depth by allowing water from the stream or 

culvert to flow into the sample bottle until it got filled to an over flow point.  

 

After collection, water samples were kept in a cooling box at 4
o
C, prior to transportation 

to the National water and sewerage corporation central laboratory, Bugolobi, Kampala. 

For total iron analysis, a separate clean 500ml plastic sample bottle was used. After 

collection of the water sample, 4mls of 6M hydrochloric acid was added to keep iron in 

solution and prevent adsorption or deposition on the walls of the sample container. The 

acid treatment could interfere with the analysis of other water quality parameters hence 

justification for a separate sample bottle. In the laboratory, 150mls of each sample for 

nutrients analysis was immediately filtered using a hand operated vacuum pump before 

both the filtrate and unfiltered samples were stored in a refrigerator at 4
o
C - 0

o
C for not 

more than 24 hours before further analysis. 

3.3.2 Laboratory processing and analysis of water samples 

Filtration of the sample for nutrient analysis from each site was done with a 0.45µm 

glass fibre filter using a hand pump. However, depending on the sample, the volume 

filtered with a single filter varied to avoid excessive clogging. Consequently, soluble 

nutrients (NO2-N (nitrite-nitrogen), NO3-N (Nitrate-nitrogen), NH4-N (ammonia-

nitrogen), and PO4-P (SRP soluble reactive phosphorus) in the filtrate and total nitrogen 

(TN), total Phosphorus (TP) in the unfiltered sample were determined by standard 

colorimetric methods (APHA, 1995) using a Hatch DR2800 spectrophotometer.  

 

The wetland water except at Kijonjo (S1) exhibited a pale yellow colour even after 

filtration. To minimise interference with colorimetric analysis, the filtrate was diluted 

depending on the water colour intensity followed by addition of a known concentration 

of the nutrient to be analysed. Consequently, the original concentration of the sample 

was indirectly obtained by subtraction of the known concentration added, from the final 

concentration detected after analysis. In addition, for each analysis, standard solutions 

of nitrate (for nitrogen parameters) and orthophosphate (for phosphorus parameters) 
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were prepared for the standard calibration curve.  

 

Nitrate –nitrogen and ammonium-nitrogen were determined using sodium salicylate 

method. Fresh sodium salicylate was always used in each determination. Nitrite-

nitrogen determination was by diazotisation method using sulphanilamide and N-(1-

napthyl) ethylenediamine dihydrochloride.  Total nitrogen was determined by sodium 

salicylate colorimetric nitrate analysis following persulphate digestion. Total reactive 

phosphorus and total phosphorus (after persulphate digestion) were determined using 

the ascorbic acid method. In addition, the unfiltered sample was used to determine the 

total suspended solids (TSS) by the photometric method (Non-filterable residue method) 

using hatch DR2800 spectrophotometer. Total iron was determined using the ferrozine 

method following reduction of all Fe (III) to Fe (II) (APHA, 1995). 

3.3.3 Sediment and soil sampling, processing and total iron analysis 

To further characterise the catchment - wetland iron concentration gradient hence 

describe its influence on water quality, wetland sediment and catchment soil analysis 

was carried out. At each water quality monitoring site, about 0.5Kg of two sediment 

samples in the wetland and catchment top soil vulnerable to erosion (at a reasonable 

elevation relative to the wetland level) were taken in January 2010. Wetland sediment 

from the surface (first 10cm) was taken using a shovel. Top soil was taken from 

randomly selected points on either side of the wetland bank using a local farmer’s hoe. 

Both the sediment and soil samples were placed in plastic bags, tightly sealed and 

transported in a cooling box at about 4
o
C to the National agriculture research 

organisation soil and plant analytical laboratory, Kawanda, Kampala, Uganda. 

 

The sediment and soil samples were gradually oven dried at 45 
o
C for a week to 

preserve the original chemical composition, which would otherwise be altered if rapidly 

exposed to excessive heat. An amount of 0.3g of the dried sample was weighed and the 

total iron (Fe) extraction was carried out following the wet digestion procedure with 

sulphuric acid and 30% hydrogen peroxide (Westerman, 1990). The digest was analysed 

for total iron using the atomic absorption spectrometer (AAS) method (APHA, 1995).  

3.5 Data analysis 

Statistical analysis was carried out using R-console software (R 2.8.1). Analysis of 

variance and variation interactions for water quality parameters was carried out using 

one way and two way ANOVA respectively. However, all data were first tested for 

homogeneity of variances and normality using Bartlett’s and Shapiro tests respectively. 

On the contrary, variation in macrophytes cover based on a rank score scale was 

analysed using a non-parametric H-test after Kruskal and Wallis. In addition, for all 

statistical tests the experiment-wise error was set at 5%. The Triangulated Irregular 

Network (TIN) model and Digital Elevation Model (DEM) were developed in Arc GIS 

version 9.2. Graphics and a non-linear hydrological stress regression model were 

constructed using Sigma plot version 10.0. In addition, Excel was used to generate data 

spread sheets and linear regression models. 
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4.0 RESULTS 

4.1 Emergent macrophytes of Nabajjuzi wetland 

Like many wetland areas in the Lake Victoria basin, this study revealed that Nabajjuzi is 

dominated by Cyperus papyrus. Other major wetland macrophytes found include, Miscanthus 

violeeus, Miscanthidium violaceum, Phragmites australis and Acanthus pubescens (Figure 4.1). 

However, there was a remarkable change in macrophytes percentage cover following the 

hydrological gradient from upstream to the downstream wetland areas (Figure 4.2). 

(a)          (b)              (c)             (d)                                            

       

Figure 4.1 Major emergent macrophytes of Nabajjuzi wetland (a) Phragmites 

australis (b) Miscanthidium violaceum (c) Cyperus papyrus (d) Miscanthus violeeus 

 

The wetland upstream study area, which is characterised by high temporal and spatial 

fluctuations in inundation and surface flow dynamics, was dominated by Miscanthus 

violeeus. In addition, upstream macrophytes survey area exhibited a variety of other 

species including Cyperus papyrus, Miscanthidium violaceum, Phragmitis australis and 

Acanthus pubescens (Table 4.1). However, no significant variation in macrophytes 

cover (p = 0.0992) was found based on the rank score of dominant vegetation species 

(Figure 4.3a) after H-test. Therefore, there was a general overlap of macrophytes cover 

on a spatial scale with no complete dominance by a single species. 

 

On the contrary, the downstream survey transects characterised by permanent 

inundation and deep water levels exhibited complete dominance of Cyperus papyrus 

(Figure 4.3b) and some patches of Miscanthidium violaceum.  Miscanthus violeeus and 

other species were mainly restricted to the wetland edge. Also, the variation in 

macrophytes species cover after the H-test based on a rank score scale was significant (p 

= 0.04). This indicated overall dominance of a Cyperus papyrus.  
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(a) Upstream macrophytes cover 
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(b)  Downstream macrophytes cover 
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Figure 4.2 Major wetland emergent macrophytes’ species cover  

 
 

Table 4.1 Nabajjuzi wetland macrophytes cover classified based on the rank score 

scale and percentage cover during the survey.                                       

 

Abundant (≥ 75%) Common (51%-75%) Occasional (25%-50%) Rare (1≤25%) 

Cyperus papyrus                                                        Acanthus pubescens                                             Cassia floribunda Alchornea cordifolia 

  Miscanthidium violaceum                                    Desmodium salicifolium Coix cycro-jobi                                                  

  Miscanthus violeeus                                                    Leersia hexandra Crassocephalum vitellium 

  Phragmites australis                                                    Penisetum purpureum                                        Echinochloa pyramidalis 

    Relypteris fadenii Ipomoea wightii 

    Solanum mauritianum Oryza longistaminata             

    Triumfetta macrophylla                                     Phytolacca dodecandra 

      Polygonum senegalense  

      Rubus rigidus 
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Figure 4.3 Variation of dominant vegetation species cover based on a rank score 

scale (a) upstream (b) downstream. 

 

A_thus = Acanthus pubescens, M_dium = Miscanthidium violaceum, M_thus = 

Miscanthus violeeus, papyrus = Cyperus papyrus, Phrag = Phragmitis australis. 

 

4.2 Hydrology of Nabajjuzi wetland 

4.2.1 Hydrometeorology  

4.2.1.1 Precipitation patterns 

Nabajjuzi wetland lies in the equatorial region of East Africa which is characterised by 

two rainy and dry seasons annually. Consequently, analysis of monthly rainfall data 

(Figure 4.4 (a) and (b)) showed a bi-seasonal rainfall pattern between March to May and 

September to November typical for this climatic region. However, the total annual 

precipitation (Figure 4.4 (d)) shows a gradual decline in rainfall amount from 2001 to 

2009 with an exceptionally dry period in 2005. On the contrary, analysis of variance 

(one-way ANOVA) of the monthly precipitation means (Figure 4.4 (c)) showed no 

significant difference (p = 0.2312), indicating a relatively even temporal rainfall 

distribution pattern. Generally, the average annual precipitation for the area during the 

10 year period amounted to 955 ± 239 mm. 
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Figure 4.4 Precipitation patterns of Nabajjuzi wetland area from 2000 to 2009.  
 

(a) Precipitation cycles based on monthly means from January 2000 to December 2009. (b) Variation in 

monthly precipitation means (error bars represent standard deviation). (c) Variation in annual 

precipitation based on monthly mean, 1-10 represent years from 2000 to 2009 whereas error bars 

represent standard error of the mean. (d)Total annual precipitation 2000-2009. 

4.2.1.2 Solar radiation and air temperature 

The wetland area temperature and solar radiation showed a similar pattern of 

pronounced seasonal fluctuations over the last 10 years (Figure 4.1.5a). Therefore, this 

indicates an influence of solar energy flux on the air temperature of Nabajjuzi wetland 

area. However, it was also noted that although average temperature showed a relatively 

stable trend for the entire period, there was a gradual decline in solar radiation flux from 

2001 to 2008 (Figure 4.5b). Generally, the mean annual solar radiation amounted to 

5293.1 ± 864.1Wm
-2

 whereas average temperature for the entire 10 year period was 20.6 

± 0.6
o
C. 
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Figure 4.5 shows the variation in solar radiation and temperature.  

(a) monthly means spread over a decade (b) Annual means with error bars representing standard deviation.  
         

4.2.1.3 Vapour pressure deficit (VPD) 

Generally, the fluctuations in VPD coincided with air temperature. Therefore, the VPD 

dependence on temperature was strongly exhibited in Nabajjuzi wetland area. Increase 

in temperature generally results into higher evaporation rates hence high VPD. Figure 

4.6 shows the annual variation in (VPD) with temperature. The mean annual VPD 

amounted to 165.7 ± 32.4 Kpa whereas the average annual relative humidity was 81.7% 

± 4.0%. 
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Figure 4.6 Shows the variation of VPD with temperature.  
(a) Based on the monthly means and (b) Annual  means 

4.2.1.4 Wind speed 

Figure 4.7 shows the monthly variation in wind speed in the wetland area. Generally the 

wind speed was stable with low variation for the entire period of 10years.  The average 

annual wind speed was 1.126 ± 0.524 m/s, which is approximately 4.0 km/h or 96 

km/day. 
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Figure 4.7 shows the mean monthly wind speed (ms

-1
) for Nabajjuzi wetland area  

 

4.2.2Triangulated Irregular Network (TIN) model 

 

Figure 4.8 shows a Triangulated Irregular Network model (TIN) which was developed 

in arcGIS to show the relief of the catchment and major surface flow paths that drain the 

Nabajjuzi wetland watershed. Generally, the TIN showed that functionally, Nabajjuzi 

wetland is connected to upstream and downstream ecosystems and laterally 

characterised by a complex network of inflows from its catchment which influence the 

hydrology and water quality dynamics. As a result, this riverine wetland is potentially 

vulnerable to widespread landscape changes due to anthropogenic pressure. Observed 

degradation of the river bank vegetation acting as buffer zone areas is particularly 

detrimental since it exposes the ecosystem to increased surface runoff and erosion with 

potentially severe consequences for hydrology, soil stability, fertility and water quality. 
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Figure 4.8 Triangulated Irregular network model of Nabajjuzi wetland study area.  
Arrows represent direction of water flow through the wetland from the upstream to the downstream 

wetland area. 

4.2.3 Surface flow dynamics 

Table 4.2 summarises the results of flow measurements carried out during the study. 

Discharge measurement for Kyotera road (S4) was not possible in November because 

most culverts were clogged with debris resulting from road construction works. Since 

the method used for calculating culvert discharge was very sensitive to water depth, 

deposition of material at the culvert base could result into over estimation.  Generally, 

the lowest discharge was encountered in November whereas December had the highest. 

On the other hand, discharges measured in January were moderate and showed a 

gradual attenuation of a peak flood event encountered in December during the study.  

 

All surface flow monitoring sites except Kijonjo (S1) showed a gradual increase in 

discharge from November to December before a hydrological draw back in January 

(Figure 4.9). Kijonjo (S1) is a small fast flowing stream whose hydrological events can 

only be well captured on a very short discharge time series monitoring interval. This 

also indicates low hydraulic retention time caused by routine stream clearance for 

domestic water abstraction. All the other sites showed high hydraulic resistance to the 

December peak flow event due to vegetation cover which provides a complex structural 

network for water flow, storage and retention. Therefore, even in the relatively dry 

period experienced in January, the discharge remained quite high compared to 

November especially at the downstream sites.  



 

34 

 

 

 

 

NL Bateganya 

Table 4.2 Summary of monthly mean (±±±±SD) surface flow measurements.  

 
November December January Site name (code) 

[m3. day-1] [m3. day-1] [m3. day-1] 

Kijonjo (S1)u 683 ±  3 704 ±  4 630 ±  8 

Kamwozi (S2)u 3117 ± 60 4099 ± 12 2114 ± 140 

Gulama (S3)t 10249 ± 161 13558 ± 384 7758 ± 851 

Kyotera road (S4)d ** 51827 ± 903 41650 ±  609 

Kajansembe (S5)t 17302 ± 2870 68985 ± 1638 47856 ±  6300 

Mbarara road (S6)d 34921 ± 1547 97414 ±  2282 71981 ±  2057 

 

 ** = Not measured, U = upstream site, t = tributary, d = downstream site 
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Figure 4.9 Variation of surface flow discharge at different sampling sites.  
(a) Monthly mean discharge per site (b) Discharge time series for downstream sites (c) Discharge time 

series for upstream sites. 
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4.2.4 Flow regime characterisation 

Based on the discharge measurements, the study period flow regime could be divided 

into peak flow and low flow periods. The down stream study area was chosen for 

detailed analysis since it had a relatively closed hydrological basin with two major 

inflows and one outflow. As a result, it was not possible to include the November 

discharge measurements in the water balance and flow regime characterisation since 

one of the major inflows (Kyotera road - S4) was not captured. A peak flow event was 

observed in December whereas in January, a low flow situation was encountered. 

However, the latter did not really reflect an ideal “base flow” regime since the 

hydrological draw back seemed to be continuing by the time of the last flow 

measurement campaign. This also indicates that for wetlands hydrological 

characterisation, long term water flow measurement and monitoring are crucial to 

capture both extreme events and typical flow regimes lasting over longer periods. 

 

The surface flow water balance during the peak and low flow regimes showed that 

Kajansembe tributary (S5) contributes the greatest percentage (55.3% average) of water 

to the downstream wetland study area compared to Kyotera road (S4) (44.7%) which 

actually drains the major upstream areas of Nabajjuzi wetland. The percentage outflow 

discharge through Mbarara road (S6) compared to the total inflow however, remained 

relatively constant at 80.6% and 80.4% during peak flow (December) and low flow 

(January) respectively. Evapotranspiration and abstraction accounted for the remaining 

20% of the outflow assuming negligible ground water seepage (see Section 4.3.6).  

Table 4.3 Surface flow water balance 

 

 

 

 

4.2.5 Wetland depth profile and Digital Elevation Model (DEM) 

Figure 4.10 shows the depth profiles measured at Transects TS4 (along Kyotera road), 

TS5 (along across Kajansembe tributary) and TS6 (along Mbarara road). There was 

generally a great variation in water column and vegetation mat depth between the three 

transects. The thickest mat was found at TS5 (0.7m mean depth) where Miscanthidium 

violaceum was dominant. The mat depth where Cyperus papyrus dominated along TS4 

and TS6 was relatively thin with mean depth of 0.3m and 0.4m respectively.  Therefore, 

the wetland depth profile morphological structure was strongly influenced by the 

vegetation cover which could hence be linked to hydrological flow dynamics and water 

quality through pollutant removal.  

Inflow  Peak flow [m
3
 day

-1
] Low flow [m

3
 day

-1
] 

Kyotera road (S4) 51826.96 41649.58 

Kajansembe (S5) 68984.83 47856.09 

Outflow   

Mbarara road (S6) 97413.29 71980.74 

Proportion of out flow (%) 80.63 80.42 
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Figure 4.10 Wetland depth profiles. 
 (a) TS5 (along Kajansembe road), (b) TS6 (along Mbarara road) and (c) TS4 (along Kyotera road) 

Also, the wetland firm sediment encountered along all transects composed of clay 

covered with a thin layer of peat or decomposing organic matter in some cases. The clay 

layer has very low hydraulic conductivity and hence minimises ground-surface water 

interaction. 

 

Figure 4.11 shows a DEM of the study area. The black line shows the downstream 

wetland study area delineated using GPS coordinates taken during field work. Using 

GIS layers, the wetland study surface area, average water column depth and volume 

were estimated as summarised in Table 4.4.  
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Figure 4.11 shows the DEM of the downstream study area (delineated with black 

line) 

 

 Table 4.4 Wetland water column parameters estimated using the DEM 
 

Parameter  Estimate 

Average water column depth [m] 5.50 

Surface area [m
2
] 1.78*10

6
 

Volume  [m
3
] 3.26*10

6
 

 

The system delineated by the DEM had two inflows and one main out flow. In addition, 

it comprised of a comparatively deep water pool with and estimated mean water column 

depth of 5.5m and covered by floating papyrus vegetation. Assuming an ideal flow 

pattern approach, estimated HRT during the peak flow regime was 34days (about one 

month) whereas under low flow conditions, it was found to be 45 days (Table 4.5). 
 

Table 4.5 Estimated hydraulic parameters 

  Peak flow Low flow 

Discharge [m
3
 day

-1
] 9.74*10

4
 7.20*10

4
 

Wetland water volume [m
3
] 3.26*10

6
 3.26*10

6
 

HRT [days] (estimated) 34 45 

4.2.6 Wetland water balance components 

The water balance was based on the daily average of water flux components including 

total inflow (I) (from S4 and S5), outflow (through S6) (O), precipitation (P), 

evapotransipiration (ET) and water abstraction (Abst) by NWSC, during peak and low 

flow regimes (Table 4.6). The total amount of rainfall based on meteorological data for 

the peak flow period in December was 93mm or 3.02mm day
-1

 and 44mm or 1.44mm 

day
-1

 during the low flow regime (January). Based on the surface area estimated using 

the DEM (Table 4.4), direct precipitation input was 5396.96m
3
 day

-1
 during peak flow 
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(December) and 2564.98m
3
 day

-1
 during low flow (January).  

 

Also, evapotranspiration plays an important role in papyrus wetlands due to a 

significantly higher water loss flux to the atmosphere compared to open water. The 

estimated average water flux rate from papyrus was found to be 4.75 Kg H2O m
-2

 day
-1

 

(Saunders et al., 2007). Due to little seasonal variation during the study period, this 

average evapotranspiration flux was used for both low and peak flow situations. The 

quantified average evapotranspiration for the study area therefore amounted to 8455m
3
 

day
-1

. Another important component of the water balance for the study site was water 

abstraction for municipal supply. On average this component amounted to 4240
 
m

3 
day

-1
 

from both Bwala and Boma NWSC intake lines between November 2009 and January 

2010.  

 

Table 4.6 Water balance components 

Flux Inflow (I) Outflow (O) Precipitation (P) ET Abstraction Residual Residual 

Flow regime m
3
 day

-1
 m

3 
day

-1
 m

3 
day

-1
 m

3
 day

-1
 m

3
 day

-1
 m

3
 day

-1
 (% of inflow) 

        

Peak flow 120811.79 97413.29 5396.96 8455.00 4240.00 16100.46 13 
        

Low flow 89505.67 71980.74 2564.98 8455.00 4240.00 7394.91 8 

 

The residual volume (R) represented the difference between inflow and outflow fluxes 

of the water balance i.e.   R = (I – O-Abst) + (P – ET) 
Where R = residual volume, I = Inflow, O = Outflow, Abst =water abstraction, P = precipitation, ET = 

evapotranspiration. 

 

Generally, the residual volume consist of the measurement uncertainty associated with 

estimates of the major components of the water balance (Asp, 2009; Sriwongsitanon et 

al., 2009). In this study, the uncertainties accounted for by the residual volume include, 

random type error due to measurement precision, change in storage capacity of the 

system, application of rainfall and evapotranspiration data not measured on site and 

ground water flow fluxes which were assumed to be negligible.  

 

Table 4.7 Water balance influx and outflux components analysis  

  Influx m
3
 day

-1
 

% of total 
influx Outflux m

3
 day

-1
 

% of total 
outflux 

Peak flow I 120811.79 96 O 97413.29 88 

 P 5396.96 4 ET 8455.00 8 

        Abst 4240.00 4 

Low flow I 89505.67 97 O 71980.74 85 

 P 2564.98 3 ET 8455.00 10 

        Abst 4240.00 5 

   

 

An overview of the water balance (Table 4.7) generally shows that surface flows 

contributed the greatest percentage of the water influx and outflux components 

compared to direct precipitation. Surface inflow contributed not less than 96% of the 

total influx whereas surface outflow was 88% and 85% of the total outflux during peak 

and low flow regimes respectively. However, the contribution of precipitation through 

surface runoff from the catchment during rainy days maybe quite significant if 

accounted for. This can for example be estimated using hydrological flow models. It is 

also worthy mentioning that evapotransipiration is an important component of the water 
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balance which can not be ignored in wetland hydrology. In the case of Nabajjuzi 

wetland, the estimated evapotranspiration flux was twice the amount of water abstracted 

per day.  

4.2.7 Wetland hydrological stress under different flow conditions 

Analysis of long term discharge series along Kyotera road (S4) recorded between 1987 

and 1993 revealed high flow fluctuations with some extremely dry periods (Figure 

4.2.4). With reference to the water balance of the system, the potential wetland 

“hydrological stress” due to water abstraction was investigated under different inflow 

discharge conditions/scenarios. The discharge time series revealed that from 21
st
, July to 

25
th

 October, 1990 (about 3 months), the inflow discharge was below 0.158m
3
s

-1
. The 

mean discharge during this period formed the first analysis scenario. Also, between 28
th

, 

July and 10
th

, October 1989, the discharge was less than 0.114m
3
s

-1
 which is a dry spell 

of approximately 2 ½ Months. Consequently, the mean discharge during this period was 

used as the second scenario. 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

01/10/87 01/04/88 01/10/88 02/04/89 02/10/89 03/04/90 03/10/90 04/04/91 04/10/91 04/04/92

d
is

c
h

a
rg

e
 (

m
³/

s
e
c
)

 
Figure 4.12 Daily discharge time series 1987 – 1993 at kyotera road (S4).  
 

The doted lines indicate selected low flow discharge scenarios. 

 
> 0.158m

3
s

-1
  > 0.114m

3
s

-1
 

 

For the third and worst case scenario, the lowest discharge of 0.054m
3
s

-1
 recorded 

during the entire flow monitoring regime was used. In addition, the highest inflow 

(0.95m
3
s

-1
) recorded and field study mean discharge (0.54m

3
s

-1
) measured at S4 

(Kyotera road) were also analysed. For each scenario, the reference flow through 

Kyotera road (S4) was used to calculate the inflow discharge at Kajansembe tributary 

(S5) using the water balance flux. As a result, the total inflow hence abstraction 

percentage (wetland hydrological stress) per scenario was estimated (Table 4.8). 
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Table 4.8 Hydrological stress under different flow scenarios 

Scenario Scenario flow reference Total Inflow Abstraction  

   [m3 S-1] m3 day-1 % of inflow 

      (hydrological stress) 

scenario 1 0.140 2.74E+04 15.5 

Scenario 2 0.100 1.92E+04 22.1 

Worst case 0.050 1.04E+04 40.9 

Highest flow  0.950 1.82E+05 2.3 

Study results 0.540 1.05E+05 4.0 

 

 

        Inflow discharge [m
3 

S
-1

]

0.0 0.2 0.4 0.6 0.8 1.0

W
e
tl

a
n

d
 h

y
d

ro
lo

g
ic

a
l 
s
tr

e
s
s
 [

%
]

0

20

40

60

80

100

 
Figure 4.13 Hydrological stress-inflow discharge non-linear regression model  

 

Results from the inflow-abstraction analysis revealed that under the worst case flow 

scenario, water abstraction takes over 40% of the total inflow compared to 2.3% and 

4.0% during the highest and field study flow conditions respectively (Figure 4.2.5(a) 

and (b)). In addition, a Nonlinear Regression model (r
2 

= 0.999; standard error of 

estimate = 0.2469) was used to describe the relationship between discharge (flow 

condition) and hydrological stress (water abstraction % of total inflow). Consequently, 

with the current abstraction rate, total inflow discharges less than 0.2m
3
s

-1
 result into an 

exponential increase in hydrological stress keeping other water balance components 

constant (Figure 4.2.5 (c)).  

4.3 Water quality 

4.3.1 Physical and chemical water quality variables 

The water physico-chemical variables measured in Nabajuzi wetland between 

November 2009 and January 2010 are summarised in Table 4.9. Generally, there was no 

significant variation (one-way ANOVA) in temperature (p = 0.3847), pH (p = 0.9979) 

and dissolved oxygen (DO) (p = 0.8924) between the water quality monitoring sites 

upstream, downstream and the tributaries (Figure 4.14).   

 

Water temperature varied from 20
o
C to 24

o
C, and in the same range as other Lake 

Victoria basin wetlands studied. The water temperature of Kirinya (Jinja, Uganda) 
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wetland  was found to be nearly constant at 23.5
o
C (Kelderman et al., 2007), Nakivubo 

(Kampala, Uganda) wetland was in the range of 23.6
o
C – 28

o
C (Kansiime and Nalubega, 

1999) whereas Nabugabo wetland Masaka, Uganda had a mean value of 19.8
o
C 

(Kansiime et al., 2007a). The pH values generally indicated acidic conditions in the 

wetland. At all sampling sites the pH was below 7 and within a range of 4.8 – 5.8. This 

could probably be due to high concentration of humic acids, decomposition of organic 

matter leading to release of carbon dioxide and other biogeochemical processes mainly 

driven by wetland hydrology and a redox potential gradient from oxic surface 

overlaying water to anoxic sediment conditions.   

 

Oxygen levels fluctuated between sites with the highest (6.00 mg l
-1

) measured at 

Kijonjo (S1) and lowest (0.01 mg l
-1

) at Kamwozi (S2) and Kajansembe tributary (S5). 

Kijonjo (S1) is a typical first order stream with heterogeneous hydrological flow 

conditions characterised by riffles and pools which enhances mixing hence high oxygen 

concentration. In addition, upstream, there is low organic loading that would otherwise 

impose a high BOD to the water column compared to downstream sites. Generally, 

oxygen levels down stream and at inflow tributaries were relatively low indicating 

characteristic low redox potential hence anaerobic conditions typical of wetland 

ecosystems. Such anaerobic conditions could also be responsible for release of Fe in 

Nabajjuzi surface water. 

Table 4.9 Mean (±±±±SD) (min-max) values (n=6) of water quality variables. 

 SD = Standard deviation, min = minimum value, max = maximum value, u = upstream site, d = 

downstream site, t = tributary, ** an average of only two measurements. 

 

Site (Code) Temp.  DO pH TSS Cond. Total Fe 

  
o
C mg l

-1
   mg l

-1
 us cm

-1
 mg l

-1
 

Kijonjo (S1)u 21.7 ±1.0 5.03 ±0.79 5.5 ±0.8 0.01 ±0.00 49.00 ±14.28 0.12 ± 0.06 

 (21.1-22.8) (4.10-6.00) (4.8-6.3) (0.01-0.01) (28.10-59.70) (0.07-.0.21) 

Kamwozi (S2)u 20.7 ±0.3 0.16 ±0.19 5.3 ±0.3 6.00 ±1.63 43.58 ±12.11 1.96 ± 1.27 

 (20.4-21.0) (0.01-0.40) (5.0-5.6) (4.00-8.00) (27.00-56.10) (0.88-4.11) 

Gulama (S3)t 21.2 ±1.0 2.07 ±1.35 5.4 ±0.1 16.75 ±13.00 79.23±43.27 3.30 ± 2.88 

 (20.4-22.3) (1.00-4.00) (5.3-5.4) (8.00-36.00) (27.20-132.60) (0.79-7.89) 

21.6±0.7 1.28 ±0.80 5.5 ±0.3 11.00 ±4.58 49.27±22.05 2.53 ± 2.79 Kyotera road (S4)d 

(20.9-22.3) (0.74-2.20) (5.3-5.8) (6.00-15.00) (25.15-68.40) (0.60-5.73) 

Kajansembe (S5)t 21.6 ±1.4 0.97 ±1.40 5.4 ±0.4 13.75 ±7.03 81.41±52.67 3.19± 2.76 

 (21.0-22.6) (0.01-3.00) (5.0-5.8) (4.00-20.50) (31.15-127.50) (0.87-7.71) 

Mbarara road (S6)d 23.3 ±1.4 1.94 ±0.99 5.3 ±0.2 9.03 ±2.48 54.95 ±19.34 2.14 ± 1.87 

 (22.3-24.8) (0.81-3.20) (5.1-5.5) (6.00-11.60) (31.15-74.85) (0.50-5.10) 

15.57 ± 12.56 Borehole (S7)u 18.2** 0.01** 5.4** 207.00** 237.20** 

(1.17-24.28) 
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Figure 4.14 Mean spatial variation of water temperature, pH and dissolved oxygen 

(DO). 
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Figure 4.15 (a) Mean conductivity and (b) TSS measured at water quality 

monitoring sites upstream, downstream and inflow tributaries S3 and S5 

 

Electrical conductivity (EC) showed no significant variation (One-way ANOVA) 

between monitoring sites (p = 0.628) although tributaries recorded relatively high 

values (Figure 4.15a). This indicated a relatively high contribution of dissolved ions 

including nutrients and Fe from the tributaries along the upstream-downstream 

hydrological gradient.  On the other hand, total suspended solids (TSS) increased from 

upstream to downstream sites with the lowest concentration recorded at S1 (Kijonjo) 

(4.15b). As observed for EC values, a high TSS concentration was recorded in the 
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tributaries. However, it was also noted that both the TSS and EC influx were 

remarkably reduced by the wetland system basing on the low concentrations recorded at 

the main outflow (S6-Mbarara road). 

4.3.2 Iron (Fe) sources and flow dynamics in Nabajuzi wetland 

Figure 4.16 shows the general trends of total Fe concentration measured in the water 

column during the three months study. Generally, total Fe concentration consistently 

increased downstream along the wetland gradient with relatively high contribution from 

the tributaries. On a temporal scale, the Fe concentration during peak flow regime 

(December) was generally higher than during low flow (November and January). The 

ground water Fe concentration monitored from the borehole was almost tenfold higher 

compared to surface water in all the three months. This generally suggests that apart 

from the catchment soil and wetland sediment, ground water could be another potential 

source of Fe in Nabajjuzi wetland surface water.  
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Figure 4.16 Monthly Total Fe concentration. All sampling sites compared with 

borehole (S7)  

 

 

A two-way analysis of variance (ANOVA) after the Bartlett test for homogeneity of 

variances (p = 0.4250) showed no significant difference in total Fe concentration 

between upstream and downstream sampling sites during both low and peak flow 

regimes (p = 0.52614). However, it was observed that on a catchment scale, the 

downstream sites Fe concentration in the water column was relatively higher than that 

measured upstream, which can be attributed to cumulative deposition (Figure 4.17b, d).  

 

Also, based on flow regime, higher concentrations were recorded during peak flow both 

upstream and downstream (Figure 4.17 a, d), which indicates that there is an input from 

catchment soil through erosion and increased Fe solubility under wide spread anoxic 

conditions during flooding. In addition, a one-way analysis of variance (ANOVA) after 

Bartlett test of homogeneity of variances (p = 0.063) revealed that the total Fe 

concentration measured at the tributary inflows was significantly higher (p = 0.0119) 

compared to the upstream and downstream sampling sites (Figure 4.17 c). This also 

suggests an overall high Fe influx into the wetland from the catchment areas drained by 

the tributaries S3 (Gulama) and S5 (Kajansembe).  



 

45 

 

 

 

 

NL Bateganya 

 
 (a)         (b) 

 

low_flow peak_flow

0
1

2
3

4
5

6
Differences by flow_regime

Flow regime

T
o

ta
l 

F
e

 m
g

_
l

        

downstream upstream

0
1

2
3

4
5

6

Differences by catchment

catchment
T

o
ta

l 
F

e
 m

g
_

l
 

 

 

   (c)             (d) 

downstream tributary upstream

0
.0

0
.5

1
.0

1
.5

2
.0

2
.5

3
.0

  

2
3

4
5

6

catchment

m
e
a
n
 o

f 
 F

e
_
m

g
_
l

downstream upstream

   flow_regime

peak_flow
low_flow

 
Figure 4.17 Analysis of  Fe concentration variation in the water column  
(a) comparison by flow regime (b) comparison by catchment (c) comparison of catchments with tributary 

input (d) interaction analysis by flow regime on catchment scale. 

 

The composition of Fe measured in catchment soil and wetland sediment was generally 

very high at all sites (Table 4.10). An analysis of Variance (one-way ANOVA) after 

Bartlett test of homogeneity of variances (p = 0.4617) showed that total Fe in the 

sediment samples obtained downstream was significantly higher (p = 0.00043) than that 

in upstream and tributaries samples (Figure 4.18 a, c). 

 

Table 4.10 Composition of total Fe measured in wetland sediment and catchment 

soil 

Site (code) 
Wetland sediment Fe 

(% mass) 
Catchment soil Fe 

(% mass) 
Kijonjo (S1)u 17.4 21.1 

Kamwozi (S2)u 18.6 19.6 

Gulama (S3)t 20.8 20.1 

Kyotera road (S4)d 21.0 19.2 

Kajansembe (S5)t 20.0 19.0 

Mbarara road (S6)d 18.4 17.1 
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Figure 4.18 Total Fe composition (%) in sediment and soil samples of Nabajjuzi 

wetland.  
(a) Variation of sediment total Fe by catchment (b) Variation of soil Total Fe by catchment (c) Interaction 

of variation of sediment and soil total Fe by catchment (d) Comparison of variation of total iron in 

sediment and soil samples 
On the contrary, a similar analysis showed that total Fe in the soil samples upstream 

was significantly higher (p = 0.04) than from downstream (Figure 4.18b, c). This 

further suggests that there is a general input of iron from the catchment soil which 

results in its accumulation in the wetland water column and sediment along the 

hydrological gradient. In addition, a comparable total iron concentration in both the soil 

and sediment (Figure 4.18d) shows an established Fe concentration equilibrium which 

can potentially change in time and space depending on the wetland redox potential and 

pH.  

4.3.3 Nabajjuzi wetland N and P dynamics  

A summary of N and P nutrient concentrations measured at all water quality monitoring 

sites is given in Table 4.11. Nabajjuzi wetland generally had low N and P nutrient 

concentrations compared to other wetlands in close proximity with urban areas in 

Uganda. The highest TN (mg l
-1

) and TP (mg l
-1

) concentration recorded were 0.876 

±0.339 mg l
-1

 and 0.060 ±0.011 mg l
-1

 at site S3 (Gulama) an upstream tributary of Nabajjuzi 

wetland.  
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The concentration of total phosphorus (TP) and soluble reactive phosphorus (SRP) did 

not vary much along the upstream downstream gradient (Figure 4.19a) although the 

input from Gulama (S3) tributary was relatively higher. However, an exponential 

increase in TP was recorded from Kijonjo (S1) to Kamwozi (S2). This suggests that 

there could be some traces of diffuse phosphorus source contribution from the wide 

spread agricultural activities in this area up to Gulama tributary.  

 

Generally, the TP concentrations during peak flow were relatively lower than low flow 

for both upstream and downstream catchments due to the dilution factor. However, 

analysis of variation of TP (one-way ANOVA) after Bartlett test of homogeneity of 

variances during the low and peak flow regimes showed no significant difference in all 

sub-catchments (p = 0.3387) (Figure 4.19b, c and d).  
 

Table 4.11 Mean (±±±±SD) (min-max) values (n=6) of N and P nutrient concentrations.  

SD = Standard deviation, min = minimum value, max = maximum value, u = upstream site, d = 

downstream site, t = tributary. 
PO4-P TP NO2-N NO3-N NH4-N  TN Site name (code) 

[mg. l-1] [mg. l-1] [mg. l-1]  [mg. l-1] [mg. l-1] [mg. l-1] 

Kijonjo 0.025 ±0.009 0.036 ±0.003 0.006 ±0.004 0.255 ±0.0034 0.027 ±0.047 0.484 ±0.267 

(S1)u (0.001-0.044) (0.033-0.041) (0.003-0.011) (0.222-0.292) (0.001-0.097) (0.229-0.762) 

Kamwozi 0.016 ±0.018 0.059 ±0.014 0.003 ±0.003 0.071 ±0.0053 0.047 ±0.032 0.393±0.129 

(S2)u (0.001-0.033) (0.044-0.077) (0.001-0.007) (0.001-0.119) (0.010-0.083) (0.244-0.474) 

Gulama 0.017 ±0.020 0.060 ±0.011 0.009 ±0.010 0.075 ±0.105 0.020 ±0.207 0.876 ±0.339 

(S3)t (0.001-0.040) (0.053-0.076) (0.002-0.024) (0.001-0.230) (0.001-0.466) (0.502-1.164) 

0.014 ±0.023 0.046 ±0.002 0.002 ±0.004 0.052 ±0.057 0.054 ±0.039 0.431 ±0.143 Kyotera road (S4)d 

(0.001-0.040) (0.044-0.049) (0.001-0.007) (0.016-0.118) (0.025-0.099) (0.330-0.532) 

Kajansembe 0.018 ±0.020 0.051 ±0.010 0.006 ±0.005 0.047 ±0.056 0.035 ±0.033 0.343 ±0.285 

(S5)t (0.001-0.036) (0.040-0.064) (0.001-0.012) (0.001-0.116) (0.001-0.078) (0.130-0.667) 

Mbarara road 0.018 ±0.009 0.051 ±0.010 0.001 ±0.002 0.049 ±0.043 0.032 ±0.032 0.383±0.112 

(S6)d (0.001-0.030) (0.040-0.063) (0.001-0.005) (0.001-0.092) (0.001-0.077) (0.274-0.494) 
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Figure 4.19 Variation of phosphorus concentration  
(a) TP and SRP along the upstream-downstream gradient with tributary in puts at S3 and S5.  

(b) comparison of TP based on flow regime (c) comparison of TP based on a catchment scale  

(d) interaction of TP by flow regime on a catchment scale. 

 

 The concentration of NH4-N, NO2-N, and NO3-N along the wetland hydrological 

gradient was generally very low and showed minimum variation (Figure 4.20a). Total 

nitrogen (TN) exhibited a general decrease from the upstream catchment sites and 

tributaries towards the outflow at Mbarara road (S6). Generally the highest TN 

concentration was measured at the tributary inputs S3 and S5 although comparison of 
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means did not show any remarkable difference from the upstream and downstream 

catchment sites (Figure 4.20c).  However, the TN concentrations during peak flow were 

significantly lower (p = 0.00014) than those measured during the low flow regime for 

both upstream and downstream sites (Figure 4.20b, d). This indicates that the dilution 

effect for the nutrient concentration in the water column was significant during the peak 

flow regime. 
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Figure 4.20 Variation of nitrogen concentration  
(a) TN, NO2-N, NO3-N and NH4-N along the upstream-downstream gradient with tributary in puts at S3 

and S5. (b) Comparison of TN based on flow regime (c) comparison of TN based on a catchment scale 

 (d) Interaction of TN by catchment on a flow regime scale. 
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4.3.4 Quantified fluxes and mass balance  

Allochthonous loading of materials including suspended solids and associated 

biochemical components as a function of surface flow is of critical importance in 

assessing water quality of treatment systems. The water supply service of Masaka 

municipality can grossly be affected by the amount of biological and chemical 

pollutants from catchment areas which enter the wetland abstraction reservoir through 

S4 (Kyotera road), S5 (Kajansembe tributary) (inflow pathways) and storm surface 

runoff during high precipitation events. Therefore, the potable water treatment process 

and efficiency to a greater extent depends on the wetlands buffering capacity. However, 

the ability of a wetland to efficiently remove pollutants mainly depends on the dynamics 

of water movements with in the wetland which influences the interactions between 

water, sediments, vegetation and microorganisms.  

 

To make a simple assessment of allochthonous loading into Nabajjuzi wetland, fluxes of 

N, P and Fe at all wetland water quality monitoring sites were quantified using mean 

discharge and concentration measurements for the entire study period (Table 4.12). Also, 

TSS load per site was quantified since it is associated with nutrients (especially 

phosphorus) and heavy metals influx in aquatic ecosystems including wetlands.  

 

Table 4.12 Fe, TSS, N and P loading in Nabajjuzi wetland 
Site name (code) Mean flow 

[m3 day-1] 

TSS 

Kg day-1 

TN 

Kg day-1 

TP 

Kg day-1 

Total Fe 

Kg day-1 

Kijonjo (S1)u 2364.55 0.02 1.15 0.09 0.28 
Kamwozi (S2)u 7835.89 47.02 3.08 0.46 15.34 
Gulama (S3)t 29792.22 499.02 26.09 1.79 98.31 
Kyotera road (S4)d 55317.20 608.49 23.85 2.56 139.83 
Kajansembe (S5)t 72634.69 998.73 24.9 3.69 232.04 
Mbarara road (S6)d 71980.74 649.63 27.6 3.65 173.19 

 

Generally, TSS, nutrients (P and N) and Fe loading increased from upstream to 

downstream sites with a remarkably high input from tributaries especially Kajansembe 

(S5) (Figure 4.21). This can be attributed to the increased surface flow input from the 

catchment along the upstream-downstream gradient. The tributaries also flow through 

areas with diverse land use on a spatial scale. As a result, they contribute a huge influx 

of allochthonous suspended and dissolved materials which can be associated with 

nutrients and Fe loading into the wetland.  
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Figure 4.21 Estimated Fe, TN and TP mean loading rate (n=6)  

 

It was also observed that there was a general reduction in the load of all quantified 

fluxes at the outflow through Mbarara road (S6) compared to the total inflow from 

Kyotera road (S4) and Kajansembe (S5). This showed the ability of a wetland in 

buffering the flow of potential pollutants from its catchment. 

 

A linear regression analysis revealed a significant relationship between surface flow 

discharge and TSS (r
2
 = 0.8825, p = 0.00539). This emphasised the impact of surface 

flow on material input into the wetland. Therefore, modification of landscape and 

activities there in, do not only affect surface flow dynamics but can also influence water 

quality in terms of nutrient and pollutant input. Downstream of Nabajjuzi, (the NWSC 

abstraction reservoir), TSS inflow load from S4 (Kyotera road) (39%) and S5 

(Kajansembe) (61%) was 1648 Kg day
-1

 or 602 tons year
-1

. This is quite a significant 

load which can pose water quality problems due to pollutant input. In addition, it can 

enhance sedimentation/siltation which affects the storage capacity and water flow 

pattern within the wetland system. 

 

The relationship between TSS with N, P and Fe loading was also analysed (Figure 4.22). 

A linear regression analysis showed a significant relationship between TSS with TP (r
2
 

= 0.9034, p = 0.0036), TN (r
2
 = 0.7813, p = 0.0194) and Fe (r

2
 = 0.9801, p = 0.00015). 

This indicated that suspended solids loaded into the wetland form a significant source 

for nutrients especially phosphorus (P) and metallic elements including Fe.  P has a 

strong tendency towards chemical bonding with metallic elements especially Fe and Al. 

As a result, a strong correlation was also found between TP and Fe loading (r
2
 = 0.9598, 

p = 0.0006).  
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Figure 4.22 Linear regression analysis for TSS with mean flow, TP, Fe and TN.  

 

 

Comprehensive mass balances require extensive measurements of hydrological and 

nutrient contents in all the sub-systems of a wetland (Kansiime and Nalubega, 1999). 

This was not possible and hence beyond the scope of the study. However, a surface flow 

nutrient (N and P), Fe and TSS inflow-outflow mass balance  was quantified to assess 

the overall degree of retention or removal of potential inflow pollutants that can affect 

water quality  downstream of the study area used for water abstraction. However, a 

mass balance quantification based on inflow-outflow measurements carried out on the 

same day is an oversimplification of a system whose flow patterns are more complex 

than plug flow (Asp, 2009). Therefore, for this study, a mass balance was developed 

using mean fluxes for sampling campaigns carried out in December (peak flow period) 

and January (low flow period) (Table 4.13). 
 

Generally, retention efficiency (%) of suspended solids (TSS), iron (Fe) and total 

nitrogen (TN) was greater during the low flow period compared to the peak flow event 
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in December, with exception of total phosphorus (TP). This was not surprising since 

during peak flow events, the hydraulic retention time of the system is drastically 

reduced (was estimated to be one month) due to high flow velocity and dominance of 

the short-circuiting flow pattern. On the contrary, decrease in flow velocity during the 

low flow periods increases contact time (estimated to be 1 ½ months in this study) for 

the incoming water to interact with the wetland sediment and vegetation which 

enhances removal of suspended solids and nutrient transformation through plant uptake 

and biogeochemical reactions.  

 

Table 4.13 Mass balance of P, N, Fe, and TSS for Nabajjuzi wetland 

  Inflow [Kg day-1] Out low [Kg day-1] Retention Efficiency 

  S4 S5 Total   S6   [kg day-1] [retention%] 

TP               

Low flow 1.84 2.27 4.11  4.10 0.01 0.24 

Peak flow 2.54 2.72 5.26   4.85 0.41 7.79 

Fe        

Low flow 24.78 41.78 66.56  35.88 30.68 46.09 

Peak flow 296.97 217.99 514.96   497.05 17.91 3.48 

TN        

Low flow 22.17 31.90 54.07  30.13 23.94 44.28 

Peak flow 17.10 16.00 33.10   26.64 6.46 19.52 

TSS        

Low flow 499.79 789.63 1289.42  629.83 659.59 51.15 

Peak flow 310.96 1414.19 1725.15   949.78 775.37 44.95 
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5.0 Discussion and conclusions 

5.1 Wetland macrophytes cover along the hydrological gradient  

Generally, the results show a significant change in macrophytes cover along the 

hydrological gradient with Cyperus papyrus being the most abundant in Nabajjuzi 

wetland. It has been revealed from other studies in wetlands that, water depth, flow 

patterns, duration and frequency of flooding, and terrain typology determine the habitat 

structure and influence the biochemistry of wetland soils and biota (Kashaigili, 2008; 

Mitsch and Gosselink, 2000). Therefore, hydrological characteristics to a greater extent 

influence the ultimate community structure of wetlands including vegetation 

communities (Mitsch and Gosselink, 2000). Consequently, when hydrological 

conditions in wetlands change even slightly, the biota may respond with a massive shift 

in species composition, richness and productivity. This could probably explain the 

change in Nabajjuzi upstream and downstream areas regarding macrophyte cover with 

an overall high abundance of Cyperus papyrus.  

 

According to Mitsch et al. (2005); Mitsch and Gosselink (2000), the hydrology of a 

wetland directly modifies and changes the physico-chemical environment particularly 

oxygen availability and related aquatic chemistry including but not limited to redox 

potential, nutrient turn over dynamics, pH and toxicity. As a result, wetland vegetation 

such as emergent aquatic macrophytes specially adapt to these conditions in terms of 

structure and physiology which determines their relative spatial (lateral and horizontal) 

and temporal (seasonal) establishment. Although all these patterns were not investigated, 

the spatial macrophytes cover revealed in this study provides a basis for more 

comprehensive research on the factors influencing vegetation establishment in 

Nabajjuzi wetland. 

 

Papyrus (Cyperus papyrus) a dominant macrophyte in Nabajjuzi wetland is highly 

adapted to permanent inundation and deep water levels (Boar, 2006; Kansiime et al., 

2007b). This macrophyte species has the ability to anchor onto substratum and establish 

extensive rafts of floating rhizomes (floating mat). In addition, it has an efficient oxygen 

translocation mechanism into the anoxic rizhosphere which eventually plays a major 

role in nitrogen transformation (Kansiime et al., 2007b). Through its aerenchyma 

system, Cyperus papyrus releases oxygen to the roots. This provides an oxic zone in the 

rhizosphere, which creates a nitrification hotspot in close proximity with an anoxic 

environment enhancing denitrification (Nikolausz et al., 2008).  

 

There is scanty scientific information on another macrophyte species, Miscanthus 

violeeus in the wetlands of East Africa. This species was however found to be common 

in the upstream wetland areas of Nabajjuzi. As a result, it is possible that this monocot 

grass is well adapted to fast flowing water currents and conditions of highly fluctuating 

flooding pulses characteristic of riverine wetlands (Mitsch and Gosselink, 2000).  

 

 Miscanthidium violaceum is one of the main vegetation types in the swamps around 

Lake Victoria and, like papyrus; it flourishes in permanently water logged conditions 

(Kansiime et al., 2007a). This species was mainly found downstream of the study area. 

According to Kansiime et al (2007a), Miscanthidium violaceum is typical of low-
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nutrient sites which are too acidic for other species to develop. Therefore, it may be 

concluded that the nutrient input from the catchment into the wetland is still low 

(Section 4.4). Beside that, the wetland water column was generally acidic hence 

justifying the successful establishment of Miscanthidium in this wetland. Phragmites  

mainly grows in parts of the wetland with a solid matrix of root attachment having low 

water levels or sub surface flow (Kansiime et al., 2007a; Srivastava et al., 2008). This 

may therefore be an explanation for its establishment in the upstream areas of the 

wetland with low water depths compared to the downstream wetland habitat with 

predominantly deeper water levels. 

 

Generally, spatial change and diversity of wetland macrophytes cover and structure is 

essential in regulation of wetland hydraulics such as flow pattern, flow velocity and 

retention time. For Nabajjuzi wetland, this is essential in pollutant removal and water 

quality improvement. The vegetation composition and structural heterogeneity along the 

water flow gradient towards the downstream areas of Nabajjuzi, provides a variety of 

potential nutrient and metallic retention and biogeochemical transformation hotspots.  

Therefore, to maintain biodiversity, while enhancing the water quality regulation 

function of Nabajjuzi wetland, management and conservation options that minimise 

extreme changes in vegetation communities should be critically considered.  

5.2 Hydro-meteorological characteristics    

The hydro-meteorological conditions of Nabajjuzi wetland generally reflect a typical 

climatic regime experienced in tropical areas of the Lake Victoria basin. According to 

Latrubesse et al, (2005), in tropical areas, rainfall is the main factor that determines the 

seasons, and therefore the quantity and temporal distribution of rainfall are important 

criteria to distinguish sub-climatic zones. The average annual precipitation of Nabajjuzi 

wetland area over the last decade was found to be 955 ± 239 mm compared to 1500 mm 

measured in Nakivubo wetland (Kansiime and Nalubega, 1999). However, they are all 

in the range of 700mm-1800mm typical for wet-dry tropical climatic regions 

(Latrubesse et al., 2005). The seasonal rainfall cycle in the Nabajjuzi wetland area like 

other ecosystems in the Lake Victoria basin is influenced by the inter Tropical 

Convergence Zone (ITCZ), altitude, local topography, and the presence of Lake 

Victoria (Junk, 2005; Kansiime and Nalubega, 1999; Latrubesse et al., 2005). The 

annual wind patterns and overhead sun movement, produces migration of the ITCZ 

which eventually affects the tropical climatic regime especially rainfall distribution. 

 

The solar radiation and temperature patterns of Nabajjuzi wetland area indicated that 

these two meteorological parameters are interlinked. Also, it has been revealed from 

other studies that wetland ecosystems play a major role in stabilising air temperature by 

dissipation of incoming solar radiation through evapotransipiration (Oberg and Melesse, 

2006; Pokorny, 2001). As a result, ecosystems modified through anthropogenic 

disturbance such as vegetation removal and drainage of wetlands are exposed to high 

sensible heat, a fraction of reflected incident solar radiation which elevates air 

temperature (Pokorny, 2001).  The great amount of solar energy in wet tropical regions 

creates a climate with consistent temperatures in the range of approximately 24
o
C – 

30
o
C during the greatest part of the annual cycle (Latrubesse et al., 2005). Consequently, 

constant irradiance and relatively stable temperatures through out the year generally 

contribute to high wetland crop evapotranspiration compared to the average annual 

rainfall (Kansiime and Nalubega, 1999; Saunders et al., 2007). As a result, on a micro-
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spatial scale, the hydrological regime of riverine wetlands like Nabajjuzi rely more on 

surface flow since direct precipitation is insignificant in the water budget.  

 

The air temperature and VPD of Nabajjuzi wetland area exhibited a similar pattern over 

the 10 year period indicating a direct influence of the former as described in various 

studies. In Kirinya wetland (Uganda), belonging to the same climatic region as 

Nabajjuzi, it was revealed that rates of evapotranspiration from the papyrus canopy tend 

to increase in relation with increased VPD (Saunders et al., 2007).  High temperatures 

result in an increase in photosynthetic activity during the day and this is associated with 

the opening of the stomata for CO2 uptake. Consequently high water loss due to 

evapotransipiration is highly correlated with photosynthetic activity at high 

temperatures hence high VPD. Therefore, it can be concluded from the VPD and 

temperature patterns, that Nabajjuzi wetland experiences relatively stable 

evapotransipiration rates and productivity with some annual seasonal fluctuations under 

non-limiting conditions of water and nutrient availability. 

 

The mean wind speed of Nabajjuzi wetland area was very low and insignificant to the 

hydrological and biophysical dynamics of the ecosystem. It has been observed that wind 

speed higher than 60km/h, for periods of 2 minutes is not good for the water quality 

regulation function of wetland ecosystems since it affects the hydro-biological 

processes by modifying the hydraulic retention time and through transport of materials 

(Kansiime and Nalubega, 1999). However, this critical destructive wind speed is 15 

times higher than the mean wind speed of 4.0km/h recorded in Nabajjuzi wetland area 

over the last decade. 

5.3 Nabajjuzi wetland hydrodynamics 

Figure 5.3 shows a conceptual model of the major components of Nabajjuzi wetland 

hydrology investigated during the study.  

 

 

 

 

 

 

 

 

 

Figure 5.1 A conceptual model of the major components of the water budget of 

Nabajjuzi wetland.  
The residual volume represents uncertainty of the model due to unmeasured parameters such as ground 

flow and surface runoff as well as precision errors during measurement of surface flows. 

 

The water budget of this riverine wetland was generally dominated by surface flow with 

a significant input from tributaries (S4 and S5) along the upstream-downstream gradient. 

Direct precipitation contributed a minor percentage to the total influx. However, 

although it was not investigated, on a larger catchment scale, as shown by the TIN 

model, surface runoff from the catchment during rainy seasons influences the 

hydrological regime of the system. This was particularly observed during rainy 

December, when peak flow discharge was recorded at all hydrological monitoring sites. 

Surface
Inflow Influx

P ET

Abst.

Surface
outflow

Residual
Volume

Nabajjuzi
Wetland Outflux

Surface
Inflow Influx

P ET

Abst.

Surface
outflow

Residual
Volume

Nabajjuzi
Wetland Outflux



 

58 

 

 

 

 

NL Bateganya 

 

According to Mitsch and Gosselink, (2000), discharge volume, flow variability and 

flooding duration downstream are all related to the drainage area of the aquatic 

ecosystem basin upstream. This therefore emphasises the importance of riparian buffer 

zone protection which was observed to be under threat in Nabajjuzi wetland. In addition, 

the wetland vegetation especially dominant papyrus plays a crucial role not only in the 

systems response to flow variation but also in enhancing water quality improvement 

mechanisms which very much depend on flow velocity. 

 

Generally the wetland system exhibited a strong dampening efficiency of the December 

peak inflow most probably due to the dense vegetation cover and complex structural 

network especially downstream. Also, the estimated hydraulic retention time in 

December was 1 month compared to 1 ½ months in January which suggests that the 

storage capacity of the system is generally adequate for water quality improvement 

through pollutant removal. However, it has been revealed that the flow pattern within 

such a wetland system is complicated and involves backflow and short-circuiting 

(Kelderman et al., 2007). Therefore, to account for complexity and associated 

uncertainties of estimating wetland hydraulic parameters such as HRT, detailed 

knowledge of the wetland bathymetry and application of flow pattern tracers are 

essential (Kansiime and Nalubega, 1999). However, such an approach was far beyond 

the time limit of this study.  

 

The study also revealed that evapotranspiration is an important wetland-atmospheric 

hydrological exchange flux. Consequently, water loss flux due to evapotranspiration in 

Nabajjuzi wetland was found to be twice the NWSC abstraction rate. In addition, long 

term monitoring of inflow discharge data showed some extremely dry spells. Under 

such conditions, a coupled effect of evapotranspiration and abstraction can be 

potentially detrimental to the wetland ecosystem. Therefore, for sustainable 

management and conservation, it is crucial to carry out a more detailed hydrological 

study and develop a comprehensive hydrological stress model in relation to water use 

requirements of Masaka municipality and ecological functioning of the wetland.  

 

The calculated residual volume percentage of the total inflow (Influx) during peak flow 

(13%) was higher compared to the low flow (8%) period. This is probably due to 

surface runoff from the catchment and overflow observed across Kajansebe road (S5) 

which were not accounted for in the major water balance components. However, during 

the low flow period a residual volume percentage of 8% within an acceptable error of  ± 

5-10% (Asp, 2009; Sriwongsitanon et al., 2009) was encountered.  

5.4 Nabajjuzi wetland surface water quality 

One of the major constraints to NWSC water supply from Nabajjuzi wetland is the high 

concentration of Fe in raw water. The presence of elevated levels of Fe in water is 

among other problems associated with the reddish-brown colour and clogging of supply 

pipelines due to deposition, all of which increase costs of treatment. The study revealed 

that the major allochthonous source of Fe in Nabajjuzi surface water is catchment soil 

facilitated by surface runoff and probably sub-surface flow which was not investigated. 

On the other hand, the autochthonous intra-system dynamic Fe flow and storage 

included the wetland water column, sediment and ground water components. Vegetation 

uptake and release which can be an important component of the Fe system was not 
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investigated. 

 

The high concentration of Fe in Nabajjuzi wetland water column can also be attributed 

to overall anaerobic and acidic conditions of Nabajjuzi wetland. The DO concentration 

was generally below 2.0mg l
-1

 at most sampling points whereas pH was below 7 overall. 

According to Kelderman et al. (2007), under anaerobic conditions (reducing conditions), 

the highly soluble Fe 
2+

 species dominate. In addition, the acidic conditions increase the 

solubility of Fe compounds hence mobilisation of particulate bound or insoluble forms 

of Fe.  

 

There were uncertainties associated with ground water Fe flux. First, during the study, 

only one borehole at Kamwozi (S2) was monitored. Results show that there was a 

remarkable difference in total Fe concentration between the borehole (ground water) 

and wetland surface water at a local scale. Consequently, this increases the uncertainty 

of ground water Fe influx into surface water, but at the same time, it could have been a 

local isolated case which can not be used to generalise the whole ecosystem situation. 

Secondly, there is a possibility that iron rust was flushed out of the pipe during 

sampling since the borehole was not frequently used by the local community. Generally, 

Fe flow due to ground-surface water flux requires more intensive ground water 

monitoring on a temporal and spatial scale. This investigation can be based on the 

hypothesis that there is significant hydro-geochemical interaction between the wetland 

surface and ground water system. 

 

Generally, for the water supply service, nothing much can be done about the flow of Fe 

into the wetland system since it involves dynamic biogeochemical processes that can 

not be easily manipulated on a catchment scale. It is therefore suggested that cheaper 

options of raw water aeration can be utilised to precipitate much of the Fe out of the 

water during preliminary treatment.  

 

The nutrient input measured in the water column was very low hence posing no major 

pollution concern compared to other urban wetland systems in Uganda. The highest TN 

(mg l
-1

) and TP (mg l
-1

) concentration measured in Nabajjuzi wetland was 0.876 ±0.339 

mg l
-1

 and 0.060 ±0.011 mg l
-1

 respectively. In comparison , TN, 17.38 ± 3.97 (mg l
-1

) and TP, 

6.96 ± 2.03 (mg l
-1

) were measured in Nakivubo wetland, Kampala (Kansiime et al., 2007a) 

whereas TN, 21.3 ± 2.3(mg l
-1

) and TP, 7.9 ± 1.4 (mg l
-1

) were found in Kirinya Wetland, Jinja 

Uganda (Kelderman et al., 2007). Therefore, this suggests that, currently, there is no 

significant point or diffuse nutrient source input into this part of the wetland. However, 

with the current expansion of Masaka municipality urban area and agricultural land, 

there is a potential for water quality deterioration in the near future. Consequently, there 

is need for careful planning of the future land use strategies on a long-term basis to 

facilitate management and conservation of this part of the wetland system in its 

relatively pristine state to guarantee the needed ecosystem services. 

 

The loading of total suspended solids (TSS) was very high and showed a significant 

correlation with N, P and Fe. The total TSS load downstream of Nabajjuzi wetland 

study area was found to be 1648 Kg day
-1

 or 602 tons year
-1

. This load is comparable to 

1970 Kg day
-1

 or 720 tons year
-1

 flowing into Nakivubo wetland through Nakivubo 

channel which drains Kampala city (Kansiime and Nalubega, 1999). Therefore, if 

Masaka urban area continues to expand, coupled with an increase in industrial and 

domestic wastewater effluents, the water supply service from Nabajjuzi wetland can be 



 

60 

 

 

 

 

NL Bateganya 

grossly affected. Also, the situation is likely to be escalated by the observed degradation 

of wetland banks which act as buffer zone areas. Land-use changes particularly the 

conversion of natural riparian forest areas/vegetation into agricultural and urban systems 

as observed in Nabajjuzi wetland, can potentially enhance increased runoff, erosion, 

sediment and pollutant loading hence deterioration of water quality (Kashaigili, 2008; 

Naiman et al., 2000). 

 

A mass-balance analysis generally showed a relatively higher capacity of the wetland to 

retain total suspended solids (TSS), iron (Fe) and total nitrogen (TN) loading compared 

to total phosphorus (TP). This retention (buffering) capacity demonstrates the wetlands 

ability to filter, retain and transform inflow physical and biochemical components due 

to processes such as sedimentation, plant uptake of nutrients and biogeochemical 

transformation (McJannet, 2007; Mitsch and Gosselink, 2000). On the other hand, TP 

retention was not only the lowest during all flow regimes, but it also exhibited a 

contrary low retention pattern during low flow compared to peak flow periods. This 

indicated that apart from the flow regime, other factors influence nutrient retention and 

release in wetlands especially for phosphorus (P).  

 

According to Kelderman et al (2007), aquatic chemistry, sediment characteristics and 

plant typology are other key factors. Generally, during this short study period, it is not 

possible to explore the dynamics of P retention and release in time and space. Therefore, 

the retention pattern observed for phosphorus does not necessarily reflect the removal 

efficiency of the wetland, but an indicator of the chemical conditions of the system at 

the time of sampling.  The low pH and anoxic conditions generally observed in the 

downstream sites during both low and high flow conditions were potentially responsible 

for the release of P from Fe and other metallic adsorbents in the sediment.      

Generally, it has been revealed by various studies that the buffering capacity of 

wetlands as observed in Nabajjuzi is greatly influenced by the loading rate, vegetation 

structure and flow dynamics in time and space (Kansiime et al., 2007b; Mitsch and 

Gosselink, 2000). If some parts of the wetland are not utilised due to uneven flow 

pattern caused by short circuiting and channelization especially during peak flow events, 

the hydraulic residence time is reduced hence low treatment efficiency (Asp, 2009; 

Davis et al., 2001; DeBusk, 1999; Kansiime and Nalubega, 1999). Therefore, wetland 

hydraulics especially retention time, storage capacity and flow pattern are critical in 

assessment and understanding wetland pollutant removal and nutrient flow dynamics.    
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Appendix I: Major emergent macrophytes of Nabajjuzi wetland. Mean % cover 

estimated during the survey of upstream and down stream transects. Mean rank score is 

based on the estimated mean percentage cover. 1≤ 25%, 2=25%-50%, 3=51%-75%, 

4≥75% corresponding to rare, occasional, common and abundant respectively. SD = 

standard deviation of the mean percentage cover 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Upstream     Downstream     

Macrophyte Species 
Mean % 
Cover SD 

Mean Rank 
score 

Mean % 
Cover SD 

Mean 
rank 
score 

Cyperus papyrus                                                        13.0 16.5 1.0 80.0 18.0 4.0 

Miscanthus violeeus                                                    58.0 13.2 3.0 3.0 1.5 1.0 

Miscanthidium violaceum                    3.0 2.1 1.0 14.0 6.0 1.0 

Phragmites australis                                                    4.0 3.5 1.0 1.0 1.0 1.0 

Acanthus pubescens                                             6.0 3.6 1.0 1.1 0.6 1.0 

Others 16.0 5.0 1.0 0.9 0.4 1.0 

Total 100.0     100.0     
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Appendix II:  Depth profile measurements along each transect 

 

 

Kyotera road (TS4)                         

GPS code  80.0 79.0 78.0 77.0 76.0 75.0 74.0 73.0 72.0 71.0  

Distance (m) 0.0 66.0 132.0 198.0 264.0 330.0 396.0 462.0 528.0 594.0 643.0 660.0 

Rd-water level (m) 0.0 2.5 2.2 2.1 1.9 2.1 2.1 2.2 2.4 2.7 3.5 0.0 

Mat depth (m) 0.0 0.3 0.2 0.3 0.4 0.3 0.4 0.3 0.4 0.5 0.9 0.0 

Water column depth (m) 0.0 1.2 0.4 0.5 0.5 0.4 0.5 0.5 0.5 0.7 1.1 0.0 

Kajansembe road (TS5)             

GPS code  81.0 82.0 83.0 84.0 85.0       

Distance (m) 0.0 60.0 120.0 180.0 240.0 300.0 360.0 420.0     

Rd-water level (m) 0.0 0.6 0.3 0.4 0.4 0.0 0.2 0.0     

Mat depth (m) 0.0 0.6 1.1 1.2 0.8 1.1 0.9 0.0     

Water column depth (m) 0.0 0.9 1.4 1.4 1.1 1.5 1.3 0.0         

Mbarara road (TS6)             

GPS code  86.0 87.0 88.0 89.0 90.0 91.0 92.0 93.0 94.0 95.0  

Distance (m) 0.0 35.0 70.0 140.0 210.0 280.0 350.0 420.0 490.0 560.0 630.0 700.0 

Rd-water level (m) 0.0 0.5 1.0 1.0 0.8 1.1 1.0 0.9 1.0 0.9 1.3 0.0 

Mat depth (m) 0.0 0.0 0.2 0.4 0.6 0.4 1.9 0.4 0.5 0.3 0.5 0.0 

Water column depth (m) 0.0 0.0 0.4 0.7 0.9 0.7 1.1 0.7 0.7 0.6 0.8 0.0 

 

 


