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Abstract

In East Africa where wetlands are becoming esdesytsiems for waste water treatment
and portable water supply, hydrological characsios is crucial to understand the
dynamics of their functioning on a spatial and temap scale. Beside ecosystem
services, basic ecological properties such as a&ggetstructure and nutrient cycling of
wetland ecosystems depend on hydrology. Nabajj&tiand, in central Uganda, East
Africa is internationally recognised as a Rams# sind currently used for potable
water supply in addition to other essential ecalaljand social economic services to
the riparian communities. To contribute to the tedi and scanty information of this

ecosystem, the study focussed on hydrological aseénguality characterisation using
a water-nutrient mass balance as the major oufdsit, the flow dynamics of Fe and

allochthonous suspended solids loading into théawetwere investigated.

Results show that the water balance of Nabajjutiand is dominated by surface flow,
which is influenced by rainy and dry periods. Darpeak flow, the estimated hydraulic
retention time was found to be 1 month compared.fomonths during the low flow
period. Also, water loss flux due to evapotransitin in this region is high and in
Nabajjuzi wetland, it is twice the daily rate ofstfaction. Analysis of long term flow
data also revealed that the current water abstraatate can potentially result in
hydrological stress to the system during extreniely flow periods. However, the
wetland N and P loading is very low compared toeothrban disturbed wetlands.
Consequently, high concentration of Fe and susgksdéds loading are the major
constraints to the surface water quality hencegbtetwater supply. Generally, there is
need for a more comprehensive hydrological-watalityustudy and careful planning
of the future catchment land use strategies. Tlis enhance management and
conservation of the wetland to guarantee the creciasystem services it provides.

Keywords: Hydrology, Riverine wetland, Hydrological gradie8urface-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 so@et dependent upon water
resources, and changes in the hydrological resdvase have the potential to severely
impact upon environmental quality, economic develept and social well-being
(Arnell, 1999). However, water resources in terrhguantity and quality are critically
influenced by human activities, including but nimhited to; agriculture and land use
change, construction and management of reserngpmlsition emissions and wastewater
treatment (Bates et al., 2008). As a result, thedvis facing a fresh water crisis and
what historically has been a problem of water quadi fast becoming a double-faceted
problem of quality and quantity (Crisman et al.02p

Currently, competition for the scarce water resesirim many places is so intense. In
Africa and East Africa in particular, the dwindlingater resource linked to a growing
population coupled with increased demand/usestengifying competition, conflicts
and under-development (Bugenyi, 2001; Waititu, 30Q@nfortunately, behind water
scarcity, lie factors such as increase in populatiorbanisation, industrialisation,
general environmental degradation, poverty and gmaernance which are likely to
multiply and become more complex over the comingryé€Bates et al., 2008; Bugenyi,
2001; IWMI, 2007; Mtahiko et al., 2006). In addiiocobservational records and climate
projections provide abundant evidence that freshtewaesources are getting
increasingly vulnerable due to climate change impath wide-ranging consequences
for human societies and ecosystems (Bates etQfl8)2It has been reported that water
scarcity and declining access to fresh water agiolally significant and accelerating
problem for 1-2 billion people worldwide, hinderingrowth in food production,
harming human health and economic development(MVABAS5).

The current and predicted extinction of freshwaeecies and decline in ecosystems
that are vital for our water resources destroyshidgs for sustainable development of
communities and societies. A case in point is isagpearance of more than 50% of the
developed world’s wetlands in the last century algHJCN, 2000). According to
Denny (2001), wetlands and water are inexorabligelih each providing goods and
services for the other and together constituting ohthe major ecosystem services for
the dynamic and natural functioning of the biosphém addition, the ability of natural
wetland systems to retain, remove and process satliand nutrients has long been
recognised as a way to improve water quality. Aesult, wetlands are sometimes
referred to as the “kidneys” of the catchment (Mwdd, 2007; Mitsch and Gosselink,
2000). Bugenyi (2001) also referred to wetlandsnaser-terrestrial ecotones which
regulate the landscape mosaic, affect energy fl@twden adjacent systems and
intervene in landscape connectivity.

Many communities worldwide are directly or indidgcthighly dependent on the
wetland ecosystems’ services whose degradatiorhrsatening their own survival
(MEA, 2005). It is therefore important to acknowdedthat these complex and dynamic
ecosystems are crucial to the livelihood of milsoof riparian communities by
providing food security and a totally reliant, igtated way of life (Denny, 2001). In
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many developing countries (especially in Africa)pmonunities with livelihood
strategies that combine subsistence agriculturé witlisation of wetland resources
constitute a significant proportion of the popuwdati(Rebelo et al., 2009; Silvius et al.,
2000). Consequently, with the high population gtowaeind the continuing need for
economic development, there are immense pressarestoral resources (Kaggwa et
al., 2009) including wetlands.

Traditionally, wetland ecosystems have been peeceiby policy makers as

‘wastelands’ with no value unless drained. As adgbg many authors, this pervading
image has led to under-valuation of their potentidlich, compounded by incentives
for conversion due to higher value uses, has o#tenlted in uncontrolled exploitation,

conversion and degradation (Adger and Luttrell, @00 herefore, to safeguard and
possibly enhance the benefits of development fonym@mmunities who subsist on
wetlands, its imperative that the benefits of natecosystems including their values for
subsistence economies are recognised when plaamdgmplementing development
projects (Silvius et al., 2000).

In sub-Saharan Africa, wetlands (dominated by fresiter marshes and flood plains)
with high variability in space, constitute apprositaly 4.7% of the continental area and
6% including lakes, rivers and reservoirs (Rebelalge 2009). These wetlands play a
crucial role in the provision of household surviespecially food security, household
income and welfare through provision of natural oteses and utilisation for
agriculture(Denny, 2001; Kansiime et al., 2007gkémboi et al., 2007b; Kyambadde
et al., 2004; Rebelo et al., 2009).

In Uganda and other East African countries, the lakge swamps and other wetlands
are increasingly being used to polish waste wdtkremts from adjacent cities as well
as surface-run off and raw sewage from low-incoramrmaunities (Kansiime et al.,
2007a; Kansiime et al., 2007b; Kyambadde et aD420For example, the Lake Victoria
system, which supports the livelihood of millionspeople (van Dam et al., 2007), is
covered by extensive papyrus dominated wetlandshwpiay a significant role in the
physical, chemical and biological conditions of theshore waters (Co'zar et al., 2007).
Consequently, the eutrophication of this lake cttarésed by frequent and intense algal
blooms has been linked to watershed anthropogenmrammental degradation
including wide spread encroachment on the wetlarittbzones.

Tropical wetlands assume important functions irdtape and contribute considerably
to the welfare of large parts of the human popoigtibut they are seriously

threatened(Junk, 2005). Wetland degradation, linkee@dnthropogenic pressures and
climate change, is a global problem and distinsesaepresenting these trends are the
wetlands surrounding Lake Victoria (Kansiime et, &@007b). These wetlands are
strongly influenced by their watersheds from whibby receive water, dissolved and
suspended material and with which they exchangansgs. As a result, they act as a
periodic or permanent sink for inorganic sedimentdrients, organic carbon and toxic
substances (Junk, 2005). It's also noted that threamics of wetland functions

including nutrient retention and water purificatidepend on its regional location and
the degree of human disturbance (Fustec et al9)1%®r example, nutrient retention

capacity can be estimated from the percentagepafian forests, wet grasslands (etc)
based on the assumption that they act as nutrienkds s(Fustec et al., 1999).

Consequently, wetland ecosystems depend and amefdree vulnerable to inadequate
management of the catchment area (Denny, 2001; 2006; MEA, 2005; Rebelo et al.,

NL Bateganya 2



2009) which eventually determines their long terrovision of key services to the
riparian communities.

Wetlands represent one of the vital natural resssitéganda is endowed with, and their
significant ecological, social and economic roles avell documented by various
authors (Denny, 2001; Junk, 2005; Kaggwa et aD92&aggwa et al., 2001; Kansiime
et al., 2007a; Kansiime et al., 2007b; Kipkembaalet2007b; Kyambadde et al., 2004;
Mugisha et al., 2007; Muwanga and Barifaijo, 200 &EMA, 2001; van Dam et al.,
2007; WID, 2004). Several scientific and socio-emuoit studies have been conducted
in Uganda’s wetland ecosystems with more focus emghasis on Lake Victoria and
the Nile basin catchments since they form a pipe for human survival in this region.
However, like in other developing countries, in dda, the ecosystem services of
wetlands are poorly appreciated until they becorgratled (Kansiime et al., 2007b). A
case in point is the provision of drinking waterdgsrotection against flooding which
are essential socio-economic aspects (Junk, 20@3sikne et al., 2007b) but very often
under estimated or ignored.

For a deeper understanding of the role wetland ystess play, there is a need to
understand their structural components, dynamicge®es and functional outputs that
provide vital services for the sustainable benaffihuman communities on a temporal
and spatial scale. For example, wetland water driemi budgets are very useful in

assessing the relative importance of allochthonexshanges versus intra-system
recycling hence providing information gaps requirénl understand ecosystem
functioning (Sutula et al., 2001). Currently, oné tbe major constraints to the

sustainable use of African wetlands is the lacldetffailed knowledge and predictive

tools of the diverse benefits that they provide @chniques by which they can be
utilised in a sustainable manner (Rebelo et alQ920In addition, the knowledge on

their processes, functions and values is so lim{tednny, 2001). Therefore, basic

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

development. Consequently, research on wetlandepses and functions for the wise
use and sustainable development of the wetlandsaguodtic resources is paramount
(Denny, 2001).

In central Uganda, Masaka district, Nabajjuzi wadl&cosystem forms one of the most
important natural resource bases with enormousribaition to the livelihood of local
communities and economic development of the arbas Tomplex riverine wetland
ecosystem comprises of a papyrus dominated swangsevhydrology is mainly
influenced by the flow dynamics of River Nabajjaxd its tributaries. The wetland has
a catchment of 900K(20% of Masaka district), flows through the mastife parts of
the district and Masaka Municipality hence vulnégatpo human impacts especially
agriculture, urbanisation and pollution (WID, 2004)

Currently, the wetland is used as an abstractiserwir for the National water and
sewerage cooperation (NWSC) treatment plant forewatupply to the rapidly
expanding and highly populated Masaka Municipaltiso, it supports a great deal of
biodiversity and provision of crucial ecologicahfttions and socio-economic services
to the riparian population (Byaruhanga and Kigo@@Q5; WID, 2004). Unfortunately,
no scientific study has been carried out on thisjus ecosystem currently recognised
as a Ramsar site. Therefore, to contribute to tieevkedge base of this valuable natural
resource, this study focused on the hydrologicdlvaater quality characterisation.

NL Bateganya 3



1.2 Problem description and justification of the research

On a temporal and spatial scale, Nabajjuzi wetlamnd its catchment are characterised
by dramatic changes in demography, urban and indudevelopments and agricultural
activities. Anthropogenic pressure especially dwe infrastructure development
associated with urbanisation, increased levelsesburce extraction, agriculture and
waste discharge pose a significant threat (WID,4208ut are not well assessed or
documentedAlso, there is scanty or no available scientififormation on among key
wetland ecosystem aspects; hydrology and watertguatgetation cover and soil/sediment
biogeochemistryByaruhanga and Kigoolo, 2005)hese are essential in understanding
the functioning and pressure-response mechanisiasvetland ecosystem hence a basis for
formulating management scenariddonsequently, characterisation of the wetland and
assessment of existing drivers, pressures andcssris critical. Also, identifying and
evaluation of wetland management options and lpdadised scenarios needs to be
prioritised.

The middle section of Nabajjuzi wetland which is dtose proximity to Masaka
municipality is used as an intake for a treatmdantpfor portable water supply to the
growing urban population. As a result, the locateomd presence of this development
has water quality and hydrological implicationspedively to the stakeholders and
wetland ecosystem functioning. In terms of watenlidy information on wetland
nutrient and pollutant fluxes, metal concentratespecially iron which is reportedly
high in this area, and physico-chemical dynamicsriscally essential. Hydrological
characterisation in terms of surface and groundemwBow, system storage capacity,
evapotransipiration, precipitation patterns, stevater flow and water level fluctuations
are paramount in understanding the sustainabilityater abstraction and supply.

Also, man controls the distribution and dissipatifnsolar energy fluxes by management of
aguatic ecosystems, vegetation and landscape (Bqka001). Consequently, water and energy
fluxes (i.e. surface runoff and absorption of soladiation) sensitively respond to
anthropogenic disturbance (Melesse et al., 2008 therefore essential to understand the water
and energy exchanges between the land surface taras@Ehere, in more general terms to
determine the biophysical and thermodynamic charitics of an ecosystem. Based on that
background, the variability of precipitation, a@mperature, solar radiation, relative humidity,
vapour pressure deficit, and wind speed of Nabiajjetland area within a decade were
analysed.

The conservation of tropical wetlands needs todsessed in the context of multiplicity
of ecosystem services provided including the suppiypotable water, bio-fuels,

building materials, flood control and carbon seqrati®n (Saunders et al., 2007). As
forms of topographic depressions, wetlands (likdodjjazi) hold or store water and
attenuate flood peaks and support a great deabdfiersity including animals, plants

and invertebrates (Hughes et al., 1998). Theretbie,study was essential to provide
baseline data required to understand some of thalrelogical and ecological services.

1.3 Research rationale and guiding questions
The hydrological cycle plays an important role iaimiaining the physical structure and
function of wetland areas (Ellery et al., 2003; Kiame and Nalubega, 1999). Therefore,

in assessment of wetlands, the approach relatimyology and geomorphology to
functions such as water supply, flood control anttiant retention has been preferred
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and emphasised (Fustec et al., 1999). In this stiygrological characterisation and
water quality in terms of nutrient fluxes and inwas the main focus.

Nabajjuzi wetland is characterised by a mixtureuntlisturbed pristine patches and
extensive cultivation in the wetland buffer zongsstteam. On the other hand, the
middle section of the wetland catchment is heawlgdified due to urbanisation,
infrastructure development, wetland edge gardeamtywaste discharge. As illustrated
in Figure 1.1, due to anthropogenic disturbance (pressure) asclvetland pollution
(hence nutrient input), vegetation clearance (hsiimg) and drainage (channelized
water flow) associated with urban development, stdalisation and agricultural
activities, the wetland system might be “over-la#fddue to increased surface run off
and associated particulate/dissolved constitueAts.a result, its self-purification
capacity is compromised rendering the potable wsigply service (for the case of
Nabajjuzi wetland) vulnerable to water quality cioamts.

Nabajjuzi wetland functioning Water supply
service

Catchment
Human pressure

Nutrient Loading Water quality
Figure 1.1 shows a conceptual scheme of Nabajjuzietland for the effect of
catchment human pressure on the water supply sengc

Therefore on a spatial catchment scale, the stodglved investigation of wetland
vegetation cover in response to change in hydroddgiharacteristics, measurement of
surface flow dynamics and determination of nutriesrt concentration gradients/fluxes.
Based on the described rationale above, this sati@ynpted to answer the following
guestions for a delineated area within Nabajjuziavel during the period of November
2009 to January 2010:

1) What are the dominant emergent macrophyte spactidalajjuzi wetland?

2) What is the total surface water inflow and outflovecharge during high and
low precipitation events? What is the contributminsurface flow to the water
balance of the system compared to other water es@rc

3) What is the effect of wetland water abstraction pared to other water loss
fluxes?

4) What is the current surface flow loading/flux ofgsiphorus (P), nitrogen (N),
iron (Fe) and suspended solids into the delineatedy area of Nabajjuzi
wetland? How does the loading vary during low amgh Hlow hydrological
regimes?
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1.4 Study Objectives

1.4.1 General Objective

To characterise Nabajjuzi wetland in terms of hlalyg, water quality and
dominant emergent macrophytes cover on a spaiéé snd develop a water and
nutrient-mass balance for the system.

1.4.2 Specific Objectives

To describe the wetland dominant emergent macreghgdver on a spatial
scale.

To describe the wetland climatic regime using hyaheteorological data
obtained from a local meteorological station

To measure surface water flows, wetland depth leofand determine the
hydraulic retention time of the delineated studgaamwith in Nabajjuzi

wetland.

To characterise the wetland surface water quality s spatial variation
using measured physico-chemical parameters: Nitr¢y¢, Phosphorus (P)
and iron (Fe).

Develop a water and nutrient-mass balance for gttand
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2.0 Literature review

2.1 Wetlands distribution and classification

Estimates of the global extent of wetlands diffigm8icantly among different studies,
are highly dependent on the definition used andhenmethods for their delineation
(MEA, 2005). Many authors and researchers havematied to define and classify
wetlands using various discriminatory terms andestants which are mainly based on
hydrology, soils and vegetation (Neue et al., 199¥gtlands comprise both land
ecosystems that are strongly influenced by water aquatic ecosystems with special
characteristics due to shallowness and proximitiata (Schuyt and Brander, 2004).
The Ramsar Convention of 1971, defines wetlandsreas of marsh, fen, peat land or
water whether natural or artificial, permanent easonal with water that is static or
flowing, fresh, brackish or saline, including arezfsmarine water with a depth not
exceeding 6 meters at low tide. Also, wetlandsehagen referred to as areas that are
inundated or saturated by surface or ground watarfiiegquency and duration sufficient
to support the prevalence of vegetation typicatlg@ed for life in saturated conditions
(Mitsch and Gosselink, 2000). According to Denn®93), a wetland is a shallow,
seasonally or permanently waterlogged or floodeela awhich normally supports
hydrophytic vegetation. On the other hand, the dfeti Environment Statute for the
republic of Uganda (1995) defines wetlands (or spsdmas areas, which are
permanently or seasonally flooded by water, andrevbeganisms are adapted (NEMA,
2001). In a nut shell, since land and water cangmér many ways, there is no single
clear cut wetland definition for all purposes buieady the different classification
approaches show the diversity of these types dfyastems (Kivaisi, 2001).

Wetland ecosystems have also been described as-teatstrial ecotones. In this
context, as ecotones, wetlands form interfaces deriwand and inland waters; with
capture-release regulatory roles, filtering andaeteng roles for incoming water from
watersheds, are zones of protection and habitatbiéaliversity with ecological and
socio-economic benefits (Bugenyi, 2001). Accorditty Neue et al (1997), the
boundary between dry land and a wetland is oftadugl and fluctuates. Therefore, on
a temporal and spatial scale this boundary chaages function of hydrology. As a
result, it is difficult to make precise aerial estites of wetlands, because there of no
clear definition, a highly variable fluctuation tiie extent (Neue et al., 1997) and
uncertainty associated with the delineation boupndar

According to Schuyt and Brander (2004), wetlandsgstems occupy 6% of the world’s
land surface whereas Neue et @997) gives a total coverage range of 5-7% of the
Earth’s surface. In addition, based on the Ramsdinitdon, the global extent of
wetlands is estimated to be in excess of 1,280ianilhectatares, but it is well
established that this is a clear underestimate (MED®5). Generally, over 30% of the
world’s wetlands area is found in the tropics (Feg@.1) (Mitsch et al., 2009) and their
importance to the global biogeochemistry, waterahe¢, wildlife and human food
production is much greater than their proportionatface area on Earth (Neue et al.,
1997).
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Figure 2.1 Latitude distribution of wetlands basedon data from global lakes,
wetland database and gross wetland map.

Adopted from (Mitsch et al., 2009)

Wetlands can be classified into three groups basethe dominant plants; saline and
freshwater swamps, marshes and bogs (Kivaisi, 20@0dwever, the most widely used
classification approach is provided by the Ramsavention. The Ramsar convention
classifies wetland habitats into three categoried these include; Marine/coastal
wetlands (estuaries, inter-tidal mashes, bracksiljne and freshwater lagoons,
mangrove swamps, coral reefs and rocky marine shoteland wetlands (wetland
areas associated to lakes-lacustrine, rivers-neerstreams and creaks, water falls,
marshes, peat lands and flooded meadows) and mde+wetlands (canals, aquaculture
ponds, water storage and wastewater treatment){Mg#\, 2005).

In Africa, the largest inland wetlands are assedawith rivers and lakes and these
include: the Congo River swamps, the Sudd in theeuplile, the Lake Victoria basin,
the Chad basin, the Okavango Delta, the Bangwenamps, the Lake Tanganyika
basin, the Lake Malawi/Nyasa/Niassa basin, andltioelplains and deltas of the Niger
and Zambezi rivers. In East Africa, wetlands assed with Lake Victoria (lacustrine
type) are well documented (Denny, 1995; Kaggwal.et2809; Kaggwa et al., 2001,
Kangalawe and Liwenga, 2005; Kansiime et al., 208&ansiime and Nalubega, 1999;
Kansiime et al., 2007b; Kelderman et al., 2007;Kemboi et al., 2007a; Mnaya and
Wolanski, 2002; van Dam et al., 2007). These wediaorm a basis for livelihood in
this region and their degradation linked to antbggmic pressures and climate change
(Kansiime et al., 2007b; Kipkemboi et al., 2007a}¥ mot only increased vulnerability
of local rural populations to food insecurity anavprty (Kipkemboi et al., 2007a), the
effects also have a global perspective (Kansiina.eP007b) since they support a great
deal of biodiversity, act as carbon sinks (Mits¢hak, 2009) and form part of the
hydrosphere.

Generally, it has been noted that in the last J€Xrs; natural wetlands’ distribution and
coverage have been significantly reduced by hunctimity (MEA, 2005; Neue et al.,
1997). Consequently, with the recognition of ndturetland values, more attention has
of recent focused on maintaining the hydrologicad awvater quality regulatory
functions. In addition, wetlands are being credteuhstructed wetlands) and restored at
great frequency around the world both as “mitigdtiovetlands that are meant to
replace or compensate for wetland habitat lossteeatment systems (Mitsch et al.,
2005). In Uganda, wastewater treatment by natuedlawds has so far been in use for
several decades; however, use of constructed wistlena relatively new technology
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which is not widely applied. Consequently, in adfitto natural wetlands, preference
has been given to stabilisation pond systems sheceonventional advanced treatment
option is very expensive (Kyambadde et al., 2005).

2.2 Wetland Hydro-geomorphology

The configuration and functioning of a wetland systis largely controlled by local
land forms or the landscape relief. Consequentlgall morphology influences wetland
depth, frequency and duration of flooding, and awef and ground water inter-
connections (McJannet, 2007). According to Bugef®d01) wetland ecotones are
strongly related to geomorphic structure and dyeanshaping the transition zones
between aquatic and terrestrial areas. Generaifgrotogy connects the different
wetland patches and these are characterised byatiege soil and sediment structure.
As a result, variation in water depth and soil §ediment) properties associated with
geomorphic structures can affect wetland nutrigmtadhics by altering biogeochemical
processes (Johnston et al., 2001) hence wateradnchemistry. In addition, hydrology
also affects and influences nutrient flows, vegetatnd microbial ecology (Kansiime
and Nalubega, 1999) hence wetland water qualitgldgment.

2.2.1 Hydrology

Wetlands occur in areas where soils are naturallgriificially inundated or saturated
with water due to high ground water or surface whdeels during some periods or all
year round (Neue et al., 1997). Consequently, tha rmnvironmental forcing factor in
wetlands is hydrology (Junk, 2005). Hydrologicattbrs such as precipitation, ground
water characteristics, surface water flow and etrapsipiration in wetlands are known
to affect other environmental factors such as ggjirsoil anaerobicity and nutrient
availability. These in turn, determine the floradafauna that develop in a wetland
(Kansiime and Nalubega, 1999). For example, in Wdt® wetland on the shores of
Lake Victoria in UgandaCyperus papyrugrows in permanently inundated habitats
from which it derives nutrients where@gpha latifoliathrives in habitats remote from
the deep water zones where it is rooted on substrad with low nutrient concentration
(Kansiime and Nalubega, 1999).

In the tropics, most surface water fed wetlandssatgected to considerable water-level
fluctuations according to the dry and rainy seasbence assume floodplain
characteristics (Junk, 2005; Mitsch et al., 20@@)nsequently, fauna and flora living in
these wetlands not only tolerate, but also regthiese water-level fluctuations for the
long-term survival of their populations (Junk, 2D03n addition, wetlands are
characterised by horizontal and lateral flows veitkas of water pools (stagnant water)
influencing spatial water distribution and storaggacity or hydraulic retention of the
system. However, predominantly channelized horalditdw causes short retention and
contact time between the inflowing water and thk lofithe wetland system hence low
nutrient exchange and a reduction in the puriferagapacity (Kansiime and Nalubega,
1999).

In riverine wetlands, geomorphology can potentialhfluence nutrient removal
mechanisms hence water purification capacity bgrialy flooding frequency, duration
and hydrologic connectivity with the river channsgil texture, soil organic matter
content, soil aeration and plant growth (Johnstad.e2001). According to Ellery et al.
(2003), within floodplain wetlands, river flow algrihe upstream-downstream gradient
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is typically associated with a decrease in velocibwnstream hence deposition of
sediment which creates a natural disturbance regimaé¢ also influences species
distribution, nutrients, metals and other solutes. Nabajjuzi wetland, this may have
water quality implications to the water supply seevn terms of pollutant transport and
deposition hence needs to be investigated.

Superimposed on natural processes, human actigitiels as drainage and cultivation
induce extreme spatial and temporal variationshenwater table due to the structural
and chemical changes in wetland soil propertiesclviaffect hydraulic conductivity
(Dixon, 2002). In addition, anthropogenic disturbamay affect the water balance and
timing of water flows through interventions suchuaban development and removal of
vegetation cover (Kashaigili, 2008) as observedNabajjuzi catchment. Such human
induced disturbance increases the storm flow compoaf runoff and reduces the base
flow regime during the dry season (Ellery et a02; Kashaigili, 2008). According to
Bugenyi (2001), catchment activities, particulattly-vegetation (biomass harvests) and
burning, easily lead to changes in structural camepts in adjacent wetland ecotones
and surface waters. However, the potential impa€thuman activities on wetland
catchments are generally poorly understood duen&molaquate and/or inappropriate
data/knowledge base underlying hydrological andg@phologic processes (Ellery et
al., 2003).

2.2.2 Wetland soils and sediment biogeochemistry

Wetland soils are characterised by a high degreespattial variability due to a
combination of physical, chemical and biologicabgesses that operate with different
intensities at different scales. These processesvatiand ecosystems include for
example; surface runoff, erosion, overbank floods®giment deposition, ground water
inputs, fire, animal burrowing, litter productionnd root activity (Bruland and
Richardson, 2005). Human activities in the terraktecosystems (irrigation, water
harvesting, agriculture, drainage etc) with in Wetershed also affect flooding pattern,
ground water level, water quality, sedimentatiomg &rosion, hence soil development
and biogeochemistry (Neue et al., 1997). Consetehe hydrological condition in
wetlands is the main driver of soil characteristiosl processes.

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

the resulting pattern and status of oxidation agmliction reactions eventually affect
nutrient dynamics and other biogeochemical reastiowhen wetland soils are
inundated with water, anaerobic conditions arebdisteed due to oxygen depletion. The
rate at which oxygen is depleted depends on theemihbemperature, availability of

organic substrates for microbial respiration, anel ¢themical oxygen demand (COD)
from reductants such as ferrous iron (Mitsch andgebnk, 2000).

Generally, the dynamic shift from oxic to anoxi@dients created by the hydrological
conditions in wetland soils (Figure 2.2) resultoinh complex interplay between
anaerobic and aerobic states which enhance a wardgerof microbial processes taking
place at the same time in even close proximityaocheother (Gutknecht et al., 2006;
Mitsch and Gosselink, 2000).This microbial activity also influenced by the
availability of readily degradable organic mattaddavourable temperature conditions.
The major processes include but are not limitednitwification, denitrification,
methanogenesis and sulphur*¥eFe¢*, Mn** / Mn®* reduction-oxidation reactions
(Neue et al., 1997).
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SoilfSediment | Aerobic

Oxic to anoxic gradient at root surface

Figure 2.2 Idealised vertical section of sedimentrsicture, the water table height,
depth from surface and distance from plant roots with create oxic to anoxic
gradients in wetlands.

Adopted from (Gutknecht et al., 2006)

Within a wetland system, the presence of oxygenletiegp (anaerobic) soils which
interface with the aerobic inflowing water creatasideal environment for occurrence
of unique chemical and microbiological reactionfiamcing the removal of nutrients
(McJannet, 2007) and water purification capacity. &ample, nitrogen transformation
through nitrification under aerobic conditions ardenitrification in anaerobic

environments is a well documented mechanism fompaent removal of nitrogen in
natural and constructed wetlands.

Wetland sediments play a major role in nutrientalipt especially phosphorus as
demonstrated by various research results (Bridghetmal., 2001; Bruland and
Richardson, 2004; Chavan and Dennett, 2008; Daa,e2001; Gribsholt et al., 2007;
Johnston et al., 2001; Kansiime and Nalubega, 1B88jerman et al., 2007; Shilla et
al., 2006). Through nutrient uptake by wetland wehts and plants, and by
sedimentation of particulate matter, wetlands canh as buffers against Lake
eutrophication (Kelderman et al., 2007). Howevéhaugh natural wetlands have the
capacity to remove nutrients in the short terrg itnclear how they function in the long
term because of the possibility that they may bexaontrient saturated and serve as net
sources rather than sinks. For example; It has begorted that depending on various
factors such as hydraulic nutrient loading and avetlwater-sediment chemistry (redox
potential, solubility equilibria, concentration wbn and pH) (Kansiime and Nalubega,
1999; Kelderman et al., 2007; Loeb et al., 200Aetiand system can be a source or
sink for specific nutrients and this can also viartime and space.

According to Kansiime and Nalubega (1999), the gbution of sediment release to the
total phosphorus (TP) load in an aquatic ecosystey even exceed that of external
sources. Consequently, phosphorus can be exchémgedhe sediment into the water
phase orvice versa(Kelderman et al., 2005) The most important physical

characteristics of sediments that affect the imtlerphosphorus load in aquatic
ecosystems include grain size and distribution, gaction and porosity, density of
particles, vertical and horizontal inhomogeneities sediment mixing depth (Kansiime
and Nalubega, 1999; Kelderman et al., 2007; Kelderst al., 2005; Shilla et al., 2006)

2.2.3 Wetland Macrophytes
Macrophytes are aquatic primary producers largeigiméo be seen with the naked eye,
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and actively grow permanently or periodically subgeel below, floating on, or

growing up through the water surface (Chambersl.et2808). In East Africa, the

aquatic vegetation constituting the wetlands sedalong the coast of lake Victoria
provide valuable socio-economic and ecological fioms (Kansiime et al., 2007b;

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

macrophytes play an important role in nutrient oyldue to large quantities of
biomass they produce, and their capacity to accatmlhrge concentrations of nutrients
(Mnaya et al., 2007; Mugisha et al., 2007; Shitlale 2006).

Anthropogenic pressure through degradation of wdtkeegetation due to agricultural
activities reduces natural wetland functioning a®dvices (Kansiime et al., 2007a)
including polishing of wastewater effluents anchéling water supplyCyperus papyrus
andMiscanthidium violaceurmegetation typically dominate the permanently ohabed
wetland areas along most of the shores of Lakeoxi&t Also, due to the prevailing
climatic and hydrological catchment conditions, senemacrophytic plants tend to
exhibit high net productivity and nutrient uptakses, which strongly influences both
wetland status and lake water quality (Kansiimal e2007b).

The role of wetland vegetation on surface wateiityjuand efficiency in wastewater
treatment in both natural and constructed wetlaisdsvell documented by several
researchers (Chavan and Dennett, 2008; Chavan,,e2(dl8; Kaggwa et al., 2001;
Kansiime and Nalubega, 1999; Kelderman et al., 280vaisi, 2001; Mwanuzi et al.,
2003; van Dam et al., 2007). As water flows intwetland ecosystem, its velocity is
dramatically slowed down due to increase in thessigectional area of flow and the
abundance of aquatic vegetation. Consequentlyicptate matter and sediments settle
out of suspension (Kansiime and Nalubega, 1999mbadde et al., 2004; McJannet,
2007) hence removal of particulate bound pollutéms the water column. In addition,
the efficiency of nutrient uptake and removal bytlared vegetation has been associated
and linked with the dominant wetland plant spedi€ansiime and Nalubega, 1999;
Kansiime et al., 2007b; Kyambadde et al., 2004, ishe et al., 2007) and harvesting
(van Dam et al., 2007).

Generally Cyperus papyrufias demonstrated greater nutrient and pollutartsoval
efficiency in wastewater due to its root structumed growth, hence biomass
accumulation characteristics compared to othergembus Lake Victoria wetland
macrophytes such adiscanthidiumand cocoyam (Kansiime et al., 2005; Kyambadde
et al., 2004; Mugisha et al., 2007). In addition¢cading to van Danet al (2007),
reducing the biomass of vegetation leads to regéimergrowth and this is accompanied
by an increase in the nutrient uptake. For examils; happens when an area of
papyrus is harvested completely and numerous neetstdevelop rapidly from the
floating mat. Harvesting is especially important plnosphorus removal as there is no
equivalent for denitrification to eliminate phosph® by transforming it into volatile
substances (Kansiime and Nalubega, 1999).

2.3 Biogeochemical dynamics of N and P in tropicavetlands
Unigue and diverse hydrologic conditions in wetkanohfluence biogeochemical
processes which result into the transport and fmamsition of chemicals (including

nutrients) through interrelated physical, chemaadl biological processes (Mitsch and
Gosselink, 2000). Nutrients and other pollutanteeswamps mainly through stream
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flow, runoff from surrounding land and precipitatigKansiime et al., 2007b; Mitsch
and Gosselink, 2000). As a result, the utilisatbdrwetland areas as natural filters for
the abatement of pollutants (Figure 2.3) is consdeo be an effective, low-cost,
cleanup option to ameliorate the quality of surfaegers (Bragato et al., 2006).
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organic matter)
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Soil storage

Figure 2.3 Summary of major physical, chemical andbiological processes
controlling pollutant removal in wetlands. Adopted from (DeBusk, 1999)

Pollutant removal or retention of mineral elemeintsthe water flowing through a
papyrus dominated wetland (Figure 2.4) dependsactoffs such as type of element,
water flow rate, and vegetation type and root stmec For example; when a water
flows through the interstitial pore space with hretrhizomatous mat, the degree of
interaction between the vegetation and the influgater is high (Kansiime et al.,
2007b). As a result, the flow velocity is reducadhich enhances physical, chemical
and biological pollutant removal mechanisms.

Papyrus Miscanthidium

Mat

Water column |
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Figure 2.4 Conceptual model showing the flow pathwes of pollutants in a floating
papyrus and Miscanthidium dominated wetland-Nakivubo, Uganda.

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

The key flow pathways highlighted in the model ud# :1- water penetration into the
mat, 2- detritus falling out of the mat with attached Iptdnts, 3- attachment to
suspended particles in the water column, flow through the water columng-
resuspension of sedimented particiésputflow of the wetlandy7- back-flow and 8-
export of peat/sedimented matter (Kansiime and béga, 1999; Kansiime et al.,
2007b).

The filtering function (surface water purificatioand wastewater treatment) of a
wetland system occurs as a result of biogeochengoatesses, which involve the
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partitioning and cycling of nutrients or other campds between the biotic and abiotic
ecosystem components (McJannet, 2007). These lbbgeuocal transformations
include sediment deposition, nitrogen and phospghoamoval and transformation of
inorganic nutrients to organic forms. In additiomjetlands promote microbial
transformations by providing large surface areasniecrobial activity in the soil (or
sediment) and detritus layer which are coupledntweased hydraulic residence time
(McJannet, 2007).

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

(nutrients) incorporation into tissues of aquatiacnophytes and the eventual burial of
this biomass in the sediments (Chimney and Pi&®86). However, it is noted that

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

2007a; Mugisha et al., 2007; Shilla et al., 200&) Wam et al., 2007) from both the

water and sediment. When they die, the decompasafoaboveground plant tissues

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

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

permanent nutrient removal, harvesting macrophytes been suggested as a
sustainable option (van Dam et al., 2007).

2.3.1 Nitrogen forms, flows and transformation proesses

In tropical East Africa, research on nitrogen dyi@min natural and constructed
wetlands is documented by various researchersréieation capacity of nitrogen in a
wetland is mainly influenced by the characteristafsthe vegetation, sludge and
sediment composition layers as well as the incomiater (Kansiime et al., 2007b; van
Dam et al., 2007). The major Nitrogen transformatpathways include nitrification,
uptake by plants, plant mortality, mineralisatidnooganic nitrogen, settling of detritus
to the sediment sludge, denitrification and remahsation of organic nitrogen from the
sludge (Kansiime et al., 2007b; van Dam et al.,7200hese transformation processes
have also been highlighted in natural and constduetetlands by other researchers
(Bragato et al., 2006; Kansiime and Nalubega, 19c85eva, 2004; Prochaska and
Zouboulis, 2009; van der Peijl and Verhoeven, 198&tzel, 2002). Understanding
factors that influence processes such as nitrogeeralisation and denitrification in
wetlands is critical especially in agricultural doated landscapes where wetlands have
the potential to buffer losses of nitrogen fromawmu to downstream aquatic ecosystems.

By taking the nitrogen transformation processes etcount, van Dam et al. (2007)
developed a conceptual model, which illustrates riheogen flow pathways in the

different layers (Vegetation, water column, sludgel sediment) of a papyrus wetland
(Kirinya) around Lake Victoria in Uganda (Figureb®. Wetland nitrogen retention,

cycling and release mechanisms are so dynamic angl im space and time. For
example; according to McJannet, (2007) and van Baal. (2007), concentrations of
dissolved nutrients in the sludge layer may be drighan that in the water column, but
diffusion, resuspension of organic matter and ativedlows constantly reduce the
concentration gradients.
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Figure 2.5 shows a conceptual model of nitrogen dyg in a floating papyrus
wetland.

The main wetland nitrogen forms include, Organitagien (ON,) total ammonia nitrogen (TA and
nitrate nitrogen (NGQJ in the water column; Organic nitrogen(g)Ntotal ammonia (TAN) and nitrate
nitrogen (NO3sl) in the sludge layer; and total amia(TAN;e9 and nitrate nitrogen (NQg) in the
sediment. Adopted from (van Dam et al., 2007).

In the water column, inorganic nitrogen forms irtthg nitrate and ammonia are taken
up by plants but may also diffuse into the sludgel &ventually sediment layer.
Generally, nitrification, denitrification, volatdation and hydraulic flushing can
significantly influence the nitrogen forms and centation in the different wetland
layers.

2.3.2 Phosphorus uptake and flow dynamics in wetlals

The processes involved in the retention, cyclind eelease of phosphorus in wetlands
include, plant uptake of inorganic forms from segdiment or water (Kansiime et al.,
2007a; Kansiime and Nalubega, 1999; Kansiime et28l07b; McJannet, 2007) and
subsequent removal through biomass soil/sedimentlbar collection as detritus
(McJannet, 2007) and harvesting (van Dam et aD7p0sedimentation of inorganic
and/or organic phosphorus in particulate matteo evetland soil/sediment (Kelderman
et al., 2007; McJannet, 2007) or even plant surfaegetation trapping); decomposition
of organic matter by microbes which use availabgnic carbon as a source of energy
and release orthophosphate into the water columagé®o et al., 2006; Chimney and
Pietro, 2006; McJannet, 2007); sorption processésgchw include adsorption of
orthophosphate ions by clays and iron or aluminaxides in soils/sediments, as well
precipitation of orthophosphate ions by metallimso(mainly iron, aluminium or
calcium) (Kansiime and Nalubega, 1999; Keldermamalgt2007; Loeb et al., 2007;
McJannet, 2007).

It has been reported that regulation of externadient sources of phosphorus can only
control the amount entering the system but doesaddtess the internal pools already
present which could potentially become mobile (Boand White, 2006). Therefore,
assessment of phosphorus accumulation in wetlaiglssaliments is critically essential
since it can act as an internal source of nutrismthe water column, and may continue
to drive existing eutrophic conditions even afteteenal sources have been eliminated.
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In addition, vegetation is reported to be a shemat phosphorus storage wetland
component which can rapidly release 35 to 75% etdtal plant-associated phosphorus
during senescence, hence potentially increasingrnealumn concentrations(Bostic and
White, 2006). This therefore emphasises the impodaof wetland vegetation
harvesting as reported by several researchersdpyrps 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 catchmentaaoé 900 km in Masaka district,
[0} 0 [0}
which is located in thesouth west of central Ugandal(33’' — 3149” E and 027" S —
o
00 05" N) and part of the lake Victoria basin East Africa (Figure 3.1).

(a) Africa (b) Lake Victoria basin
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Figure 3.1 Goegraphical location of the study site.
(a) Lake Victoria basin in Africa (b) Masaka distrf(Uganda) in the Lake Victoria basin, East Afriaad
(c) Nabajjuzi wetland catchment in Masaka distiiSburce: Wetland department, Uganda)

The wetland originates from Buwunga County and Bgpa Masaka municipality
before joining River Katonga which flows into Lakéctoria (WID, 2004). According
to WID (2004), the complex wetland system is didideto three sub-sections and they
include: Upper Nabajjuzi which is relatively elesdtwith fragile wetland habitats,
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characterised by pronounced slopes and small widkhs part of the wetland is
predominantly rural with sparsely distributed hoteads and a mixture of subsistence
and commercial farming practices. In addition, ently there is wide spread
encroachment and degradation of wetland buffer zespecially forests. Therefore, the
soils are exposed to erosion due to increasedcgurtm-off. Middle Nabajjuzi is wide
and deep and there is a sharp interface betweewetland and upland area which
leaves a narrow natural riparian corridor alonglibeks. Also, this section lies in close
proximity with Masaka town and is characterised byensive infrastructure
development. Although roads, residential estatek individual homes dominate this
area, catchment agricultural activities and wetladde gardening are remarkably high.
Lower Nabajjuzi is also deep and wide but narrogvé anters river Katonga. However,
this study focused on the upper and part of thelhaidection of the wetland.

Along its longitudinal gradient, the wetland is chaerised by constructed roads with
culverts to allow water flow downstream. These soare utilised as access transects
for hydrological and water quality measurementsnseguently, the study area was
sub- divided into two:
(a) A section of upper Nabajuzzi (Figure 3.2) coveramproximately 40 kiwas
used as the wetland upstream catchment with sagngiations at Kijonjo%2);
a typical first order headwater stream which fortme main source of river
Nabajjuzi. Kamwozi $2); which is approximately 1km, downstream of Kijon]
In addition, a boreholeS() identified 50m near the wetland at Kamwozi (S2)
was used for monitoring Fe in ground water. Guld®3 is the major inflow
tributary of upper Nabajjuzzi approximately 6kmrfrdijonjo.

(b) The NWSC water abstraction reservoir covering agiprately 1.8 kn (part of
middle Nabajjuzi in Masaka municipality), was delted from the rest of the
middle and lower wetland sections by Masaka-Mbarasal §6). This part of
the wetland formed the downstream catchment ofstbdy area (Figure 3.3).
The abstraction section (reservoir) has two majiows i.e. Kyotera roadS4)
with eight culverts which allow water to flow frorapper Nabajjuzi (the
upstream catchment) into the downstream catchnmehKajansembe tributary
(SH which consists of six culverts and two streanmsvihg into the NWSC
abstraction reservoir from the west. The only awiflfrom this delineated
section was Mbarara rog86) consisting of five culverts and the NWSC water
treatment effluent stream
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Figure 3.2 Google Map showing the upstream catchmefupper Nabajjuzzi) of the

study area.
Arrows show direction of water flow

2
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Figure 3.3 Google map showing the NWSC water abstction 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 carr@it in the two delineated catchments
mainly targeting dominant emergent macrophytes.e@htransects were made both in the
upstream and downstream sections. Roads were gakparmanent land features to demarcate
these transects. Each transect also traversedearaigje of variation in topography, distinct
vegetation communities, hydrological gradient atiteo environmental variables on a micro-
scale. Generally, transects were located at thiervgaality and hydrological monitoring sites
for easy accessibility and to save time. Upstraamsurvey transects where located at; Kijonjo
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(T1), Kamwozi road T2) and Gulama/Gabunze road@i3) whereas in downstream section,
kyotera T4), KajansembeT{5) and MbararaT6) roads were used. For data collection, the
visual cover estimate technique (Gufu et al., 2@itherland, 1998) was used.

3.2.1 Visual cover estimate

Vegetation cover was estimated visually for eachomamergent macrophyte species. The
cover was then ranked on a scalelof 25%,2 = 25% - 50%,3 = 51% - 75%, 4 75%,
corresponding to rare, occasional, common and amindacrophyte species respectively. The
mean cover scores for each species at each siteatacttiment section scale were determined to
describe the variation of the macrophytes alondhltrological gradient of the wetland.

3.2.2 Macrophytes identification

Macrophytes were identified in the field. Species @asy to identify were collected, allocated
identification codes and transported to Makererévésity herbarium for further examination
and identification. Consequently, for ex-situ idBoation, a portion of the plant stem, leaf, and
flower (if present) were carefully cut, fixed orpaper and pressed between old newspapers to
prevent desiccation which makes it difficult tondiéy key features.

3.3 Hydrology

3.3.1 Hydro-meteorological data

Nabajjuzi is a riverine tropical wetland in the atprial region of East Africa whose
hydrology is to a larger extent influenced by solanergy fluxes especially
evapotransipiration, precipitation patterns andfag@ flow dynamics (main stream,
tributaries and surface runoff). Therefore, for toydgical characterisation, reliable and
long term hydro-meteorological data was criticakillp hydro-meteorological data
including precipitation (mm), air temperatuf€}, solar radiation (W/A), wind speed
(m sY), relative humidity (%) and vapour pressure defisiPD) (Kpa) covering 10
years in the study area was obtained from Kitovtoraatic meteorological station,
Masaka, Uganda. This station is supported by the Idsin water resources project in
collaboration with FAO. In addition, the input sdge locations are used by METSTAT
data logger hence a reliable and high resolutiapuiuon a temporal scale. The data
was used to characterise the climatic variabilitythee 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 basadthe digital contour data base
of the area was composed in ArcGIS to describgémeral surface flow pattern of
the area. This is essential in assessing the patémpact of storm water and soil
erosion to the storage capacity and water qualith@wetland system.

3.3.2.2 Surface flow discharge measurements

Discharge measurements of streams and culvertd sarapling points upstream
and downstream were carried out bi-weekly usingvtecity-area method, i.e.
Q= V*A
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WhereQ = discharge(m®s), V= average water velocitym/s) and A = Cross-
sectional aregm?®) of the active stream channel or culvert

For culverts, the wetted area was calculated fritva;diameter, water depth, and
water surface widths which were measured usingliarated metal rod or long
wooden stick for very deep water levels. For hdleéd culverts, the area was

simply calculated from the formula;rz 2 Wherer = radius of culvert :}é of

diameter.However, in case the water level was more or leas half, i.e. above or
below the culvert radius, then a geometric apprdased on circle properties was
used as summarised in Figud

-

= [2.arcos((r-x)/r)]. 180/ (in degrees)  =[2.arcos((x-r)/r)].180/ (in degrees)
Area of =0.5z(r-x) Area of =0.5z(x-r)
Area of lower arc = ((360-)/360). r? Area of lower arc = ((360-)/360). r?
X-section area of water= Area of loweK-section area of water = Area of lower
arc + Area of arc - Area of

Figure 3.4 shows an illustration of culvert measumments and formulae used in the
wetted area calculations

The velocity was measured mid-way the culvert width2/3 of the water depth
using a velocity current/flow meter. Three veloamgasurements were made and
the average taken. For surface flow streams, widtapth and velocity
measurements were taken (with same instruments asitverts) at 25%, 50% and
75% of the total stream width for discharge caltafes.

3.3.3 Wetland hydraulic retention

The downstream section with clear inflows and owiflwas chosen for detailed
hydrological characterisation including determiaatiof wetland water balance and
estimation of hydraulic retention timelRT). TheHRT was estimated in order to get an
idea of the hydrodynamics in the wetland systermdiitering an ideal flow pattern
behaviour, the theoretical hydraulic retention ti(RRT) T (days) was calculated as a
ratio of the volume/ (m®) to outflow discharg® (m® day?) i.e. V/Q (Kelderman et al.,
2007). Consequently, variation in surface watewfldischarge 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, threeseats TS4-Kyotera road,TS5
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Kajansembe road an@dS6-Mbarara road) parallel to the main roads passing
through the wetland were chosen for easy accesgrofiler was used for this
purpose as described by Kansiime and Nalubega J1#2@h transect was made
five meters away from and parallel to the roadwoic the construction impacted
area on the natural wetland hydro-morphologicalcstire. Along each transect, the
total distance (in meters) was determined and pdartdepth profile measurements
identified and marked. The distance between twdilpraneasurement points
ranged from 60m to 80m depending on the total leon§the transect.

(a) (b)

-

BT

2y W

i,
i

Water
lereal

| Water depth
Water column

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

A hole was made through the vegetation mat usingugyer. The profiler was then
pushed through the hole until it touched the sedtme€&he total depth of the mat
and water column was noted. The profiler was treefally lifted upwards until its
base was intercepted by the mat. In this case tiiedepth was measured. As a
result, the depth of the water column was calcdlas a difference between the
total depth and the mat thickness (Figure 3.5)0Adt each profile measurement
point, a GPS was used to record the coordinatesgéwgraphical position
referencing and mapping purposes.

3.3.3.2 Wetland area

The wetland area was determined using the DEM té@igelevation model)
developed from SRTM (Shuttle Radar Topography Misgiglobally available
elevation data (SRTM, 2000) and field wetland deptasurements using the Arc
View computer programme. However, the field deptbfife GPS reference points
did not coincide properly with the DEM. This coulé attributed to the GPS
precision error or resolution of the data useddweetbp the DEM. Consequently, a
shift was applied to precisely fit the field measuents with the DEM. With this
adjustment, the study area was delineated andiitace area calculated using the
GIS software. Also, average wetland depth and velurare estimated.

3.2.4 Water balance

The water balance of the wetland system during stiuely period was based on a
conceptual model summarised in Figure 3.6 and exquatl.
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Figure 3.6 shows a conceptualised water balance neldor the wetland study area

P + Qin + Gin - ET - Qout - Gout - AbSt = S t 31

Where P = Precipitation,ET = EvapotransipirationAbst = Water abstractionQ, =
Surface inflow,Qot = Surface outflowGi, = Ground water inflowGgy = Ground
water outflow,S = storage capacity of the wetland system herfge t = Change in
water storage of the system in a defined periodnoé. However, ground water flow
and its interaction with surface water is quite pticated and requires detailed hydro-
geological investigation on a long time scale cedpWwith wetland soil infiltration,
capillarity, permeability and hydraulic conductitexperiments. For this study
therefore, since the wetland firm sediment was dawed by clay after the depth profile
characterisation, it was assumed that the commiuimicand hence interaction between
ground and surface water was of less importancéhfordaily water quantity changes.
As a result, the ground water fluxes were elimiddtem the water balance equation
3.1and simplified to form equaticd.2

P+Qin —ET—Qou—Abst= S t 3.2

Precipitation data was obtained from Kitovu metémyical station, surface flows
where measured in the field and NWSC abstractida das obtained from the water
treatment plant.

There are various methods for estimating ET (Evapspiration). They include; use of
an Evapotranspiration pan, Bowen ratio, Eddy cati@h, aerodynamic method and
lysimeter technique. All these estimate ET at aapa@re time consuming and require
elaborate and sensitive instrumentation (Oberg Btedesse, 2006). Using hydro
meteorological data, the Penman/Montieth combinati®thod can also be used. This
is however based on many assumptions and estinmzdeaimeters. In this study
therefore, ET was based on Saunders et al. (200@)investigated the net water flux
on a diurnal resolution scale using the eddy cav&e method in a papyrus vegetation
of Kirinya wetland, Jinja Uganda. The maximum wétex rate at night was found to
be 1mmol HO nfs?, whereas during the day the maximum rate rangadees 9mmol
H,O nfs* and 12mmol KO nfs™. Generally, the average total daily flux of wabeer
the wetland vegetation canopy was estimated to.B&kd HO nfd™. Consequently,
this data was adopted for the Nabajjuzi wetlandewhtlance based on the assumption
that its in the same climatic region (Lake Victobasin) as Kirinya wetland, are both
dominated byCyprus papyrusvegetation and hydro-meteorological variability is
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minimal, save for some site specific differences thay exist.

3.4 Water Quality

Water quality along the wetland hydrological gradi€upstream-downstream) was
monitored at selected sampling poin&l (o S6) with constant flow regimes using
physical and chemical parameters including; tentpeza pH, conductivity, dissolved
oxygen (DO), total suspended solids (TSS), nutsi¢Ntand P) and iron (Fe).

3.3.1 Water sampling and measurement of water quayi parameters

Water temperature, pH, and conductivity were messiarsitu using WTW meters, bi-
weekly for three months (November 2009 — JanuarjOR0The parameter pH was
measured using a pH meter, conductivitysfcm) and temperature (°C) were both
determined using a conductivity meter. Dissolved/gen (DO) (mg ) was analysed
in the laboratory using Winkler's method after figi the samples in the field. Water
samples for laboratory analysis were collected é&ekly (same time asn-situ
measurements) in plastic bottles (500ml) pre-wastdddilute hydrochloric acid (HCI)
followed by thorough rinsing with distilled watdn the field, each sample bottle was
again rinsed with the respective site water. Aegnated sample at each sampling point
was obtained at 2/3 of the water column depth hynahg water from the stream or
culvert to flow into the sample bottle until it gidted to an over flow point.

After collection, water samples were kept in a swpbox at 4C, prior to transportation
to the National water and sewerage corporationraklatboratory, Bugolobi, Kampala.
For total iron analysis, a separate clean 500nstiglasample bottle was used. After
collection of the water sample, 4mls of 6M hydrachd acid was added to keep iron in
solution and prevent adsorption or deposition @wtlalls of the sample container. The
acid treatment could interfere with the analysi®thfer water quality parameters hence
justification for a separate sample bottle. In ldgoratory, 150mls of each sample for
nutrients analysis was immediately filtered usinigaad operated vacuum pump before
both the filtrate and unfiltered samples were starea refrigerator at°€ - °C for not
more than 24 hours before further analysis.

3.3.2 Laboratory processing and analysis of wateasnples

Filtration of the sample for nutrient analysis fragach site was done with a 0.45
glass fibre filter using a hand pump. However, delr@g on the sample, the volume
filtered with a single filter varied to avoid exsege clogging. Consequently, soluble
nutrients (NQ-N (nitrite-nitrogen), NG@N (Nitrate-nitrogen), NEBN (ammonia-
nitrogen), and POP (SRP soluble reactive phosphorus) in the féteatd total nitrogen
(TN), total Phosphorus (TP) in the unfiltered saenplere determined by standard
colorimetric methods (APHA, 1995) using a Hatch BBQ spectrophotometer.

The wetland water except at Kijonj&1) exhibited a pale yellow colour even after
filtration. To minimise interference with colorinm&t analysis, the filtrate was diluted
depending on the water colour intensity followedaallition of a known concentration
of the nutrient to be analysed. Consequently, tiginal concentration of the sample
was indirectly obtained by subtraction of the knosamcentration added, from the final
concentration detected after analysis. In additfon,each analysis, standard solutions
of nitrate (for nitrogen parameters) and orthophasp (for phosphorus parameters)
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were prepared for the standard calibration curve.

Nitrate —nitrogen and ammonium-nitrogen were deieech using sodium salicylate
method. Fresh sodium salicylate was always use@aich determination. Nitrite-
nitrogen determination was by diazotisation metlisthg sulphanilamide and N-(1-
napthyl) ethylenediamine dihydrochloride. Totalragen was determined by sodium
salicylate colorimetric nitrate analysis followinmgersulphate digestion. Total reactive
phosphorus and total phosphorus (after persulpthigeestion) were determined using
the ascorbic acid method. In addition, the unfitesample was used to determine the
total suspended solids (TSS) by the photometrihate{Non-filterable residue method)
using hatch DR2800 spectrophotometer. Total iros determined using the ferrozine
method following reduction of all Fe (lIl) to FAX(APHA, 1995).

3.3.3 Sediment and soil sampling, processing andabiron analysis

To further characterise the catchment - wetlanch ioconcentration gradient hence
describe its influence on water quality, wetlandisent and catchment soil analysis
was carried out. At each water quality monitorinige,sabout 0.5Kg of two sediment
samples in the wetland and catchment top soil vable to erosion (at a reasonable
elevation relative to the wetland level) were takedanuary 2010. Wetland sediment
from the surface (first 10cm) was taken using avehoTop soil was taken from

randomly selected points on either side of the ametlbank using a local farmer’s hoe.
Both the sediment and soil samples were placedlastip bags, tightly sealed and
transported in a cooling box at aboulC4to the National agriculture research
organisation soil and plant analytical laboratdtgyanda, Kampala, Uganda.

The sediment and soil samples were gradually owéed cat 45°C for a week to
preserve the original chemical composition, whiahuld otherwise be altered if rapidly
exposed to excessive heat. An amount of 0.3g ofitieel sample was weighed and the
total iron (Fe) extraction was carried out follogrithe wet digestion procedure with
sulphuric acid and 30% hydrogen peroxide (Westerrh@80). The digest was analysed
for total iron using the atomic absorption specteten (AAS) method (APHA, 1995).

3.5 Data analysis

Statistical analysis was carried out usiRgonsole softwareR 2.8.1). Analysis of
variance and variation interactions for water gygtiarameters was carried out using
one wayandtwo way ANOVA respectively. However, all data were firgisted for
homogeneity of variances and normality using Btitlend Shapiro tests respectively.
On the contrary, variation in macrophytes covereddasn a rank score scale was
analysed using a non-parametric H-test after Kriuakd Wallis. In addition, for all
statistical tests the experiment-wise error wasase5%. The Triangulated Irregular
Network (TIN) model and Digital Elevation Model (IMj were developed in Arc GIS
version 9.2. Graphics and a non-linear hydrologisgiess regression model were
constructed using Sigma plot version 10.0. In aoldjitExcel 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 badims study revealed that Nabajjuzi is
dominated byCyperus papyrusOther major wetland macrophytes found inclugiéscanthus
violeeus, Miscanthidium violaceum, Phragmites alstiand Acanthus pubesceiiBigure 4.).
However, there was a remarkable change in macrephgercentage cover following the
hydrological gradient from upstream to the dowrastrevetland areas (Figure 4.2).

(@) (b) (©) (d)

australis (b) Miscanthidium violaceum(c) Cyperus papyrugd) Miscanthus violeeus

The wetland upstream study area, which is chaiaetkiby high temporal and spatial
fluctuations in inundation and surface flow dynasnizvas dominated biiscanthus
violeeus In addition, upstream macrophytes survey areab@gd a variety of other
species includin@yperus papyrus, Miscanthidium violaceum, Phragsratistralisand
Acanthus pubescen@able 4.1). However, no significant variation macrophytes
cover p = 0.0992 was found based on the rank score of dominanétadign species
(Figure 4.3a) afteH-test Therefore, there was a general overlap of magteghcover
on a spatial scale with no complete dominance &ingle species.

On the contrary, the downstream survey transect@racterised by permanent
inundation and deep water levels exhibited compttaminance ofCyperus papyrus
(Figure 4.3h and some patches bfiscanthidium violaceumMiscanthus violeeuand
other species were mainly restricted to the wetladde. Also, the variation in
macrophytes species cover after théestbased on a rank score scale was signifigant (
= 0.04). This indicated overall dominance o€gperus papyrus
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Figure 4.2 Major wetland emergent macrophytes’ spaes cover

Table 4.1 Nabajjuzi wetland macrophytes cover clagged 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

Miscanthidium violaceum
Miscanthus violeeus
Phragmites australis

Cassia floribunda
Desmodium salicifolium
Leersia hexandra
Penisetum purpureum
Relypteris fadenii
Solanum mauritianum
Triumfetta macrophylla

Alchornea cordifolia

Coix cycro-jobi
Crassocephalum vitellium
Echinochloa pyramidalis
Ipomoea wightii

Oryza longistarnmata
Phytolacca dodecandra
Polygonum senegalense
Rubus rigidus
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Figure 4.3 Variation of dominant vegetation speciesover based on a rank score
scale (a) upstream (b) downstream.

A _thus = Acanthus pubescens, M_dium = Miscanthidivimlaceum, M_thus =
Miscanthus violeeus, papyrus = Cyperus papyrusaBhr Phragmitis australis

4.2 Hydrology of Nabajjuzi wetland
4.2.1 Hydrometeorology

4.2.1.1 Precipitation patterns

Nabajjuzi wetland lies in the equatorial regionEafst Africa which is characterised by
two rainy and dry seasons annually. Consequentiglyais of monthly rainfall data
(Figure 4.4 (a) and (b)) showed a bi-seasonalatiipattern between March to May and
September to November typical for this climaticioeg However, the total annual
precipitation (Figure 4.4 (dghows a gradual decline in rainfall amount from 2@
2009 with an exceptionally dry period in 2005. Owe tontrary, analysis of variance
(one-way ANOVAof the monthly precipitation means (Figure 4.34) (showed no
significant difference f = 0.2313, indicating a relatively even temporal rainfall
distribution pattern. Generally, the average anmquectipitation for the area during the
10 year period amounted to 95339 mm.
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Figure 4.4 Precipitation patterns of Nabajjuzi wethnd area from 2000 to 2009

(a) Precipitation cycles based on monthly means fdanuary 2000 to December 2009. (b) Variation in
monthly precipitation means (error bars represetaindard deviation). (c) Variation in annual
precipitation based on monthly mean, 1-10 represeatrs from 2000 to 2009 whereas error bars
represent standard error of the mean. (d) Total @rprecipitation 2000-2009.

4.2.1.2 Solar radiation and air temperature

The wetland area temperature and solar radiatioowsth a similar pattern of
pronounced seasonal fluctuations over the lasteHdsy(Figure 4.1.5a). Therefore, this
indicates an influence of solar energy flux on diretemperature of Nabajjuzi wetland
area. However, it was also noted that althoughamestemperature showed a relatively
stable trend for the entire period, there was dgabdecline in solar radiation flux from
2001 to 2008 (Figure 4.5b). Generally, the mearuahsolar radiation amounted to
5293.1 864.1Wn¥ whereas average temperature for the entire 10perand was 20.6

0.6°C.
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Figure 4.5 shows the variation in solar radiation ad temperature.
(a) monthly means spread over a decade (b) Anneahmwith error bars representing standard dewiatio

4.2.1.3 Vapour pressure deficit (VPD)

Generally, the fluctuations in VPD coincided witih @mperature. Therefore, the VPD
dependence on temperature was strongly exhibitééabgjjuzi wetland area. Increase
in temperature generally results into higher evapon rates hence high VPD. Figure
4.6 shows the annual variation in (VPD) with tengpere. The mean annual VPD
amounted to 165.732.4 Kpa whereas the average annual relative hitynics 81.7%

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

4.2.1.4 Wind speed

Figure 4.7 shows the monthly variation in wind spaethe wetland area. Generally the
wind speed was stable with low variation for théirerperiod of 10years. The average
annual wind speed was 1.1260.524 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 (M)sfor Nabajjuzi wetland area

4.2.2Triangulated Irregular Network (TIN) model

Figure 4.8 shows a Triangulated Irregular Networddel (TIN) which was developed
in arcGIS to show the relief of the catchment arsgomsurface flow paths that drain the
Nabajjuzi wetland watershed. Generally, the TINvebo that functionally, Nabajjuzi
wetland is connected to upstream and downstreansystwmms and laterally
characterised by a complex network of inflows frasncatchment which influence the
hydrology and water quality dynamics. As a resihlis riverine wetland is potentially
vulnerable to widespread landscape changes duethoopogenic pressure. Observed
degradation of the river bank vegetation actingbaffer zone areas is particularly
detrimental since it exposes the ecosystem to aseck surface runoff and erosion with
potentially severe consequences for hydrology,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 througte tivetland from the upstream to the downstream
wetland area.

4.2.3 Surface flow dynamics

Table 4.2 summarises the results of flow measur&snesrried out during the study.

Discharge measurement for Kyotera road (S4) wagassible in November because
most culverts were clogged with debris resultingrfrroad construction works. Since

the method used for calculating culvert discharges wery sensitive to water depth,
deposition of material at the culvert base couklilteinto over estimation. Generally,

the lowest discharge was encountered in Novemberegls December had the highest.
On the other hand, discharges measured in Januarg moderate and showed a
gradual attenuation of a peak flood event encoedter December during the study.

All surface flow monitoring sites except Kijonjo {sshowed a gradual increase in
discharge from November to December before a hgdrchl draw back in January

(Figure 4.9). Kijonjo (S1) is a small fast flowistyeam whose hydrological events can
only be well captured on a very short dischargeetseries monitoring interval. This

also indicates low hydraulic retention time caud$msdroutine stream clearance for
domestic water abstraction. All the other siteswsd high hydraulic resistance to the
December peak flow event due to vegetation coveclwprovides a complex structural

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

period experienced in January, the discharge rexdaiguite high compared to

November especially at the downstream sites.
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Table 4.2 Summary of monthly mean SD) surface flow measurements.

Site name (code) November December January
[m®. day’] [m®. day’] [m®. day’]
Kijonjo (S1)’ 683 3 704 4 630 8
Kamwozi (S2) 3117 60 4099 12 2114 140
Gulama (S3) 10249 161 13558 384 7758 851
Kyotera road (S4) ** 51827 903 41650 609
Kajansembe (S5) 17302 2870 68985 1638 47856 6300
Mbarara road (86) 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 dferent sampling sites.
(a) Monthly mean discharge per site (b) Dischaige tseries for downstream sites (¢) Discharge time
series for upstream sites.
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4.2.4 Flow regime characterisation

Based on the discharge measurements, the studydgériv regime could be divided
into peak flow and low flow periods. The down streatudy area was chosen for
detailed analysis since it had a relatively closgdrological basin with two major

inflows and one outflow. As a result, it was notspible to include the November
discharge measurements in the water balance amdrégime characterisation since
one of the major inflows (Kyotera road - S4) was captured. A peak flow event was
observed in December whereas in January, a low 8duation was encountered.
However, the latter did not really reflect an id¢bdhse flow” regime since the
hydrological draw back seemed to be continuing bg time of the last flow

measurement campaign. This also indicates that vatlands hydrological

characterisation, long term water flow measurememd monitoring are crucial to
capture both extreme events and typical flow regitasting over longer periods.

The surface flow water balance during the peak lamd flow regimes showed that
Kajansembe tributary (S5) contributes the gregiestentage (55.3% average) of water
to the downstream wetland study area compared twefy road (S4) (44.7%) which
actually drains the major upstream areas of Nabajyetland. The percentage outflow
discharge through Mbarara road (S6) compared tdafa inflow however, remained
relatively constant at 80.6% and 80.4% during piak (December) and low flow
(January) respectively. Evapotranspiration andrabsbn accounted for the remaining
20% of the outflow assuming negligible ground waeepage (see Section 4.3.6).
Table 4.3 Surface flow water balance

Inflow Peak flow [m ° day™] Low flow [m ®day™]
Kyotera road (S4) 51826.96 41649.58
Kajansembe (S5) 68984.83 47856.09
Outflow

Mbarara road (S6) 97413.29 71980.74
Proportion of out