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Abstract 
Hydrological investigations were performed in the Lubigi papyrus wetland in suburban 
Kampala, Uganda, impacted by human encroachment for settlement and agriculture. The first 
aim was to investigate the water flow variations and the dampening effect of the wetland. A 
second aim was to estimate the effective wetland volume and area, and relate this to the 
wetland function of treating the suburban runoff. A study site with well defined inflows and 
outflows was chosen, and three transects were cut through the papyrus to be able to study the 
water movement beneath the floating papyrus mat. Water flow measurements showed a flow 
dampening effect of the wetland on peak flows after rains. Water balance calculations revealed 
that the precipitation on the wetland was only 4 % of the inflow during the study. The tracer 
added at the inlet was rapidly detected downstream in the canal in the middle of the wetland, 
indicating a strong short-circuiting effect of the human-made canal. At the outlet the tracer 
concentration was lower than the detection limit, suggesting a good mixing in the downstream 
part of the wetland, which was also supported by other water quality measurements in the 
transects. Ammonium-N concentrations at the inflow and outflow indicated a net export of 
ammonium-N, but the observed flow variations suggest that intensive water sampling 
campaigns are necessary for a proper evaluation of the water treatment function. The 
calculated effective volume and area amounted to 74 and 46 %, respectively, of the 
theoretically estimated, with a corresponding loss in the flow dampening and water treatment 
function of the wetland.  
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Introduction 

In the year of 2000, the leaders of 189 countries around the world committed themselves, 
through the UN Millennium Declaration, to eradicate human poverty and achieve peace, 
democracy and environmental sustainability (UNDP 2003). The seventh goal of the declaration 
means to ensure environmental sustainability, and reverse the loss of environmental resources, 
where wetlands are one.  
 
Wetlands provide an essential habitat for many plants and animals, but can also serve as 
detention basins for storm water flows. Many wetlands receive and reduce nutrients and 
pollutants and as a result they are sometimes described as “the kidneys of the landscape” (Mitsch 
and Gosselink 2007). Today much work is performed to preserve and understand the functions of 
wetlands, some of the most important and productive ecosystems in the world.  
 
The discharge of untreated or partly treated domestic wastewater to the environment is a global 
issue, which results in pollution of ecosystems and in particular drinking water sources. Higher 
production rates in industries and agriculture, in addition to an exponential population growth 
and a very large urbanization in the last decades, have resulted in an enormous increase in the 
release of nutrients, e.g. various phosphorus (P) and nitrogenous (N) compounds, to the 
environment. Wastewater treatment facilities are not widespread in developing countries, mainly 
due to high costs and the lack of an efficiently enforced legislation for environmental pollution 
control. Instead, wetlands play an important role to reduce organic matter and nutrients that are 
discharged from anthropogenic activities. Where wastewater treatment plants are present, 
wetlands provide tertiary treatment of the effluents. 
 
The wetlands in Uganda cover 30 000 km2, or about 13 % of the total area of the country 
(Ministry of Water, Lands and Environment in Uganda 2001). Wetlands in Uganda, as in many 
other developing countries, are under pressure as the population increases and encroachment is a 
large problem, especially in the suburban areas. The Wetland Sector Strategic Plan 2001-2010 
has the following vision: “Uganda’s wetlands provide sustainable benefits to the population of 
Uganda as a whole, mankind in general and the environment” (Ministry of Water, Lands and 
Environment in Uganda 2001). Government of Uganda promotes use of wetlands for water 
treatment and nutrient retention. The Wetland Management Department in Uganda monitors the 
wetlands in Uganda and promotes and collaborates in research on wetlands and their 
management.  
 
Wetlands vary a lot in type, system and function, which makes it difficult to translate results 
from studies of wetland functions in one geographic region to another (Kadlec and Wallace 2009 
p.201). So far, most of the studies on treatment wetlands have been carried out in temperate 
regions, hence less information is available about the function of tropical systems (Kansiime and 
Nalubega 1999 p.7). Studies made in papyrus dominated wetland systems have demonstrated 
their capacity to remove nutrients from wastewater (Kansiime and Nalubega 1999; Loiselle et al. 
2006; Bavor and Waters 2008), but there are still several gaps in our knowledge about the 
treatment capacity of tropical wetlands and how that compares with treatment wetlands in 
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temperate regions. For example, it is well known that hydrological variations and the internal 
hydraulics in a wetland are of key importance for the water treatment (Persson and Wittgren 
2003; Kadlec and Wallace 2009 p.176), but little is known about the flow dynamics and 
hydraulics in floating papyrus wetlands.  
 
This study was designed to focus on the water movements in a papyrus wetland, and investigate 
the flow dampening effect, which is important for flood control. A second objective was to gain 
knowledge that could contribute to enhance the efficiency of nutrient removal in tropical 
wetlands, as a sustainable way to reduce the eutrophication of tropical lakes. 

Background 

The capacity of the wetland to reduce a sharp peak inflow to a slower discharge during longer 
time is an important service provided by wetlands to reduce negative impacts of heavy rains, 
which is often caused by the peak flow (Mitsch and Gosselink 2007 p.347). 
 
The dynamics of water movements within a wetland has a significant influence on the efficiency 
of the pollutant removal interactions between sediments, microorganisms, litter, plants, the 
atmosphere and the wastewater (Kadlec and Wallace 2009 p.172-176). The contact time between 
wastewater and the sediment and biota, affects the degree of biogeochemical reactions 
responsible for wetland nutrient cycling and therefore how large proportion of nutrients in the 
inflow water that is removed (Arheimer and Bergström 2002). If some parts of a wetland are 
bypassed by the main water movements, so called dead zones, it will reduce the hydraulic 
residence time and the nutrient retention (Kadlec and Wallace 2009 p.176). As the area and 
volume active in water treatment is less than the entire area covered by the wetland, the 
treatment capacity is not fully utilized. The reason for such dead zones, with a resulting decrease 
in effective volume and area, could be an irregular shoreline or canalization due to deeper zones 
or differences in vegetation density (Persson and Wittgren 2003). According to the same authors, 
the effective volume ratio is the most important hydraulic factor influencing wetland nitrogen 
removal. The effective volume ratio is the residence time of water, determined by a tracer test, 
divided by the theoretical residence time, where the later is calculated by dividing the nominal 
wetland volume with the water flow. Another key process for nutrient removal in wetlands is the 
settling and storage of suspended solids, which is promoted by low water velocities and hence an 
efficient use of the whole wetland volume (Kadlec and Wallace 2009 p.203). 
 
The main method used to study internal hydraulic processes is to release an inert substance as a 
tracer, e.g. lithium or bromide, and measure the concentration changes over time at fixed 
positions along the flow path (Kadlec 1994; Persson and Wittgren 2003; Headley and Kadlec 
2007). 
 
Many permanently flooded wetland areas in central and eastern Africa are dominated by Cyperus 
papyrus, commonly called papyrus (Fig 1), and it has been estimated that an area of 40 000 km2 
in central and eastern Africa is covered by papyrus wetlands (Hughes and Hughes 1992 p.107). 
Papyrus wetlands are among the most productive ecosystems on the planet, and if managed 
correctly, generate a large amount of biomass that can be harvested (Loiselle et al. 2006). 
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Papyrus is a robust rhizomatous perennial plant with an 
umbel on the top of erect culms which grows to 3-5 m in 
height and often forms extensive rafts of floating rhizomes 
called floating mats. The loose root structure of papyrus 
provides a lot of microbial attachment sites, which is one of 
the explanations for the high potential for water quality 
improvement in papyrus wetlands (Kyambadde et al. 2004). 
The papyrus wetland slows down the flow of wastewater and 
increases the residence time of pollutants and the interaction 
of wastewater with plants (Kansiime et al. 2003). 
 
Wetlands in Uganda are owned and protected by the 
government, but illegal farming by landless people, mainly in 
the towns, results in canalization to drain the wetlands for 
cultivation, and loss of natural wetland vegetation. Apart 
from the negative effect on the vegetation community, the 
short-circuiting effect of such ditches and canals may 
significantly reduce the residence time, and hence the 
treatment efficiency, of the remaining wetland ecosystem (Kadlec and Wallace 2009 p.176). 
Cocoyam (Colocasia esculenta) is one of the common crops cultivated in wetlands, but 
experimental microcosm studies by Kansiime et al. (2005) have shown that cocoyam are not as 
efficient in nutrient removal as the papyrus. This could be attributed to the following 
characteristics of the papyrus: high phytomass, well developed root systems, and the ability to 
adopt to both floating and rooted conditions. Cocoyam, on the other hand, has large cylindrical 
rhizomes, which result in a smaller surface area and less microbial attachment sites. Cocoyam 
does not grow well while floating, and therefore the soils are drained by the farmers (Kansiime et 
al. 2005). The drainage reduces the effective volume ratio and treatment efficiency of the 
wetland (Persson and Wittgren 2003). 
 
A study made by Kansiime and Nalubega (1999) in a papyrus zone of the Nakivubo wetland, 
Uganda, indicated that the removal of total-N and total-P amounted to 67 % of the load, and that 
the major processes for nutrient removal were plant N and P uptake and sedimentation of 
particles with adsorbed P. Bavor and Waters (2008) monitored water quality during 9 months 
and used historical precipitation data to model water quality changes in a papyrus wetland in 
Kenya over a 7-year period. Conclusions were that the wetland retained approximately 60 % of 
the total suspended solids and total-P, and approximately 70 % of total-N. It was suggested that 
one reason for the high retention was the long residence time; estimated to about 12 days using 
sodium chloride as a tracer. Bavor and Waters (2008) studied the high flows following heavy 
rains (storm events) closely and they indicated the occurrence of net export of nutrients and 
sediments during some, but not all, of the monitored storm events. 
 
According to Loiselle et al. (2006) there was no significant difference in the P removal rates 
between the rainy and the dry seasons in the Kirinya papyrus wetland in Uganda. The authors 
argue that P uptake by plants was of minor importance as a treatment process, and showed that 
the sediment had a high P adsorption potential. Laboratory experiments on sediment cores 
showed uptake capacities of 1,7-6,8 mg P g-1. It was estimated that the sediment in the Kirinya 

Fig 1. A papyrus plant with culm 
and umbel. 
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wetland would be saturated with P in 25-50 years with the current load. In the same wetland, a 
significantly higher P removal was observed in 2002/2003 than in 2000/2001, and the most 
likely explanation was the improved distribution efficiency due to the installation of a 
distribution pipe to spread the wastewater at the inlet (Loiselle et al. 2006).  
 
A two week hydraulic residence time is not unusual for wetlands, and if they were in plug flow 
the entering cohort of water would leave the wetland two weeks later. Obviously, a same-day 
grab sample taken at the inlet and outlet should not be used to calculate the treatment efficiency 
of the wetland. Indeed, the flow patterns are more complex than plug flow and the entering 
cohort brakes up and pieces depart at different times after the entry. It is difficult to sample the 
same water at the inlet and outlet, and one solution is to do a mass balance period that covers 
several residence times. (Kadlec and Wallace 2009 p.171) 
 
Kyambadde et al. (2004) studied the water quality at the inflow and outflow of Nakivubo 
papyrus wetland in Uganda. He showed that an increased water flow brought an increased load 
of ammonium-N and biochemical oxygen demand (BOD5), and that the highest values occurred 
during storm events. The load of ammonium-N into the upper Nakivubo wetland was 1 100 kg/d 
the 2nd of March, and increased to 1 700 kg/d during a storm event 8 days later when the flow 
was almost double (78 000 m3/d). At the outflow, the ammonium-N transport for the same days 
were 750 kg/d and 1 900 kg/d, respectively, indicating a net release of ammonium during the 
high-flow day (Kyambadde et al. 2004). No attention was paid to the hydraulic residence time, 
which makes it difficult to properly evaluate those results. It is important to measure both 
concentrations and water flow to be able to make calculations about the treatment efficiency of a 
wetland. Ideally, the sampling period should cover at least two hydraulic residence times to make 
sure that a proper mass removal is estimated (Kadlec and Wallace 2009 p.171). The short but 
heavy tropical rains may have a great impact on the nutrient loads and transformation in 
wetlands. As there are indications that the rains could result in a net export of nutrients, it is 
particularly important to study those periods with good mass balance estimates. 
 
Another study of the water treatment potential of papyrus wetlands was made in the Lubigi 
wetland in Kampala, Uganda. This wetland is situated downstream a densely populated peri-
urban area, and is supposed to fulfill both flow buffering and water treatment functions. Water 
quality changes in the wetland were investigated by Okiror in 2004 (unpublished). Using grab 
water sampling, she indicated that the concentrations of ammonium-N and total-N were reduced 
from the inflow at Hoima Road to the outflow at Sentema Road, both during the wet and the dry 
season, while concentrations of total-P were reduced only during the wet season. A similar study 
at the same site was made by Natumanya in dry conditions in February and March 2009 
(unpublished). The results showed reduced concentrations of ammonium-N and total-N from the 
inflow at Hoima Road to the outflow at Sentema Road, while concentrations of total-P increased. 
In both studies, the concentrations of total-N and total-P were reduced even more in the less 
impacted wetland area downstream the Sentema Road at the sampling station Mityana Road. 
One suggested explanation was that there was no canalization and less encroachment in this last 
part of Lubigi wetland, but no measurements of the human activities were made in either of the 
two sections. As no water flow data was recorded in those studies, and no estimation of the water 
residence time, it is difficult to accurately interpret the results (Kadlec and Wallace 2009 p.169). 
This is particularly true for the rainy season with high pollutant loads and rapid flow variations. 
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Aim 

The aim of this study was to investigate the water flow variations at the inflow and outflow of a 
natural papyrus wetland to assess its flow dampening effect. A second aim was to study the 
hydraulic flow pattern and assess the effective wetland volume and area, and relate this to the 
water quality changes from the wetland inlet to the outlet during different flow situations. The 
study site was chosen with well defined inlets and outlets, i.e. culverts passing two roads. The 
specific questions addressed were: 
1) What is the wetland water balance, i.e. how large is the impact of precipitation, 
evapotranspiration and groundwater flow? 
2) Does the wetland serve to dampen the peak flows during precipitation events? 
3) What is the volumetric efficiency and hydraulic residence time of the wetland? 
4) What is the impact of the wetland on the water quality of the surface water inflow? 
 
The results from the study could contribute to a better understanding of papyrus wetlands 
hydrology and hydraulics, and to a more efficient design of studies looking at water quality 
effects in tropical wetlands. Further, they may contribute to a more effective use and 
management of wetlands for water quality improvements, and as part of low cost sanitation 
solutions. 

Material and methods 

Site description 

Lubigi wetland is one of the biggest wetlands around the city of Kampala in Uganda (App 1) and 
the part of the wetland investigated in this study is delineated in northeast by the Hoima Road 
with the main inflow (latitude 00˚20’48” N and longitude 32˚32’28” E) and in southwest by 
Sentema Road with the outflows (latitude 00˚19’56” N and longitude 32˚31’34” E) (Fig 2). The 
geology of the area is characterized by alluvial and lacustrine sands, silts, clay and gravel 
overlaying granites and gneisses (Geological Survey of Uganda 1957, cited in Kansiime and 
Nalubega 1999 p. 23 Fig 2.4). The soil underlying the wetland is similar to that of a reclaimed 
wetland 2 km upstream, where it was described as impermeable silty clay with a permeability of 
1-3x10-7 m/s (Kulabako et al. 2007). The Lubigi wetland receives precipitation during two rainy 
seasons, in March to May and September to November. However, even during the drier months 
occasional heavy rains do occur. The drainage area of the study site is about 40 km2 with a 
slightly sloping topography, and floods commonly occur during storm events. The main inflow 
at I1 (Fig 2) is a canalized stream which receives wastewater from informal industries and 
domestic sources, as well as storm water from a densely populated residential area. The wetland 
is dominated by papyrus, and a part of the wetland is regularly harvested. There is also an on-
going encroachment to reclaim land for farming, as well as to drain off stormwater from the peri-
urban areas surrounding the wetland. There is a visible man-made canal in the wetland from the 
inlet at the Hoima Road bridge (Fig 3) to about 630 m downstream. The continuation of the canal 
another 1 300 m downstream, and the open water areas just upstream the Sentema Road (Fig 2), 
reportedly formed during heavy rains in the autumn 2007 (Kansiime oral communication). On a 
satellite picture from 2003 (App 2) only a 200 m long canal from the inlet is visible. 

Spring 1 

Spring 2 
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Fig 2. The studied part of Lubigi wetland, Uganda, between the inlet at Hoima road in northeast and the 
outlet at Sentema road in southwest. The canal from the inlet is marked with a blue line, and arrows 
where it crosses the three transects. Observed inlet and outlets are also marked with arrows. The satellite 
picture was provided by Google earth and taken the 27th of Dec 2007. 
 

 Fig 3. A canal entering the study site at Hoima Road (I1). 

Spring 2 

Spring 1 
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Wetland volume and area 

An estimation of the wetland depth was undertaken during the dry season (8th of December 2008 
and 5th of January 2009). The depths were measured in three transects cut across the width of the 
wetland at 440 m (T440), 930 m (T930) and 1670 m (T1670) upstream of the outflow, and in holes 
close to Sentema and Hoima Road (Fig 1). The precise locations of the transects and the holes 
were geo-referenced by using a Geographical Positioning System (GPS) and the coordinates 
were transferred to a digitized map of the area. Holes were made in the papyrus mat every 25 m 
in each transect. Using a tape, the measuring started at the edge of the tarmac road (Northern 
bypass) southeast of the wetland and the first hole was made when the wetland vegetation 
appeared, after 25 m in T930 and after 50 m in T1670 and T440. A hand auger (Eijkelkamp Edelman 
6-inch diameter) was used to excavate the holes. 

As the auger reached the free water column under the mat, 
water started to rise in the hole and the stable water table was 
used to measure the depth. The atmospheric pressure makes the 
water table the same in the whole wetland and it was used as a 
reference surface. Some parts of the papyrus mat were not 
floating and in these cases you knew the auger was through the 
mat when it reached the grey silty clay sediment. To measure 
the water depth, a profiler rod (Fig 4) was pushed down in the 
augered hole until it reached firm sediment and the water lever 
was marked on the profiler. To know the thickness of the water 
column, the profiler was pulled up until it stopped at the bottom 
of the mat and the distance between the mark and the new water 
level was measured. As the profiler was pulled out of the hole, 
the water depth was measured between the mark and the lower 
part of the profiler. The papyrus mat under the water level was 
calculated by subtracting the depth by the water column. It was 
not possible to know when the profiler reached the top of the very 
soft peat, falling down from the mat, so it was pushed through it 
until it reached the firm sediment, which resulted in an 
approximated 5-50 cm very loose peat included in the water 
column. 

A triangular irregular network model (Eklundh 2003) was composed in ArcGIS 9.3, using the 
depth measurements, to determine the volume of the entire wetland and the papyrus mat. The 
area of the wetland was assumed to be equal to the area covered by wetland vegetation and 
recently encroached wetland was also included. It was determined in ArcGIS from field 
observations and remote sensing of a satellite picture from Google earth taken in December 2007 
(Fig 2). The papyrus has a dark green color on the picture and the papyrus vegetation spread 
within the wetland was also estimated. To indicate the loss of natural papyrus vegetation, remote 
sensing was made in the same area of a satellite picture taken in August 2003 (App 2). The 
volume of free water in the wetland below the papyrus mat was calculated as the difference 
between the total volume of the wetland and the volume of the papyrus mat below the water 

Fig 4. Schematics of the use 
of a profiler rod to measure 
depth and papyrus mat 
thickness. 
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table. The volume of the canal was calculated using depth and width measurements along the 
canal and the length was measured with the GPS. 

Wetland water balance 

During the period 5th of December 2008 - 26th of January 2009, the water flow was measured at 
the wetland inlets and outlets. Water flow in the main canal entering the wetland at Hoima Road 
(I1) was determined by the wading method (Rantz 1982 p.143-146) in a 3,1 m wide rectangular 
culvert. It was also compared with the water flow 200 and 400 m downstream in the canal. A 
water current meter (Ott C20) was used to measure the water velocity in the cross-section at 
three vertical points and at 1/5 and 4/5 of the depth at each point. The revolutions were counted 
in 5x30 s and the average was used to calculate the velocity with the following formula 
calibrated for this specific current meter 
 �n � 0,59�  v � 0,2214 n � 0,030 
 �n � 0,59�  v � 0,2500 n � 0,013 
 
where 
n = number of revolutions, n/s 
v = velocity of water, m/s. 
 
The water flow was determined by multiplying the velocity at each point by the area it 
represented in the cross-section. The flow in the small stream I6 was measured like in I1 but the 
velocity was only measured at 2/3 of the depth. During the dry season there was no measurable 
flow in I2, I4 and in small culverts crossing the Northern bypass road and no high flow events was 
measured. The water velocity through circular concrete and iron culverts (I3, I5 and O1-O5) was 
measured with the current meter at the culvert outlet, where there was less turbulence. The area 
of each culvert filled with water was calculated using the segment formula 
 A � r �b � s� � s h2  

 
where 
A = area of culvert cross-section filled with water, m2 
r = radius of culvert, m 
b = bow length of water in culvert, m 
s = surface length of water in culvert, m 
h = height of water in culvert, m. 
 
Spring 1 and 2 (Fig 1) were man-made with a pipe coming out of a concrete wall in a slope down 
towards the wetland and the water flows were determined by filling a bucket during 30 s and 
measuring the volume of water collected in the bucket. It was repeated five times and the 
average flow value was used. In the canal of T930

 the water velocity had to be measured by the 
float-method (Bydén et al 2003 p.23), because it was not safe to enter the canal with the current 
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meter. An orange was used as a float and the time it takes to travel 10 m was recorded five times 
to get the average velocity, and the water flow was calculated by 
 Q � A v��� k 
 
where 
Q = water flow, m3/s 
A = area of canal cross-section, m2 

 vmax = velocity of surface water, m/s 
k = constant for sand bottom of stream, dimensionless = 0,7. 
 
Rain was collected in two 1,5 L plastic bottles, and to prevent evaporation the top was cut off 
and placed upside down in the bottle. The bottles were standing freely on the ground in the 
northern and southern part of the wetland. Because of the uneven bottom of the bottle it was 
filled with water to a mark on the bottle to create an even surface. After each rainfall the increase 
of water in the bottle above the mark was measured and poured away. 
 
The evapotranspiration in the wetland was estimated by multiplying the area of the study site by 
the value 4,75 kg H2O m-2 d-1 as determined by Saunders et al. (2007) in the Kirinya papyrus 
wetland located near Jinja in Uganda. This evapotranspiration value was used to represent the 
whole study site as papyrus is the dominant plant, though it is not occupying the entire area. 
Saunders et al. (2007) determined the evapotranspiration utilizing the Eddy covariance 
techniques to measure the water flux in a tower 1,5-2 m above the papyrus culms during 126 
days.  
 
The measured and estimated components of the water balance were inflows (I), outflows (O), 
evapotranspiration (ET) and precipitation (P). The residual (R), which could be inflow/outflow 
of ground water, changes in water storage in the wetland or represent error in the estimates, was 
calculated with the following formula 
 R � I � O � P � ET 

Tracer study 

To find out the water residence time in the wetland a tracer, lithium, was added in the inflow 
canal 400 m downstream from Hoima Road (I1 + 400 m). This place was chosen because the 
water speed was high and the following bends increased the mixing of tracer and canal water, 
which is important to prevent the tracer sinking to the bottom (Headley and Kadlec 2007). 
Before releasing the tracer, the 15 kg lithium chloride (2,456 kg Li+) was well mixed with 250 L 
of canal water in two 200 L plastic containers. A metal plate (1x1,2 m) was placed on the bottom 
of the stream to make sure that the lithium would not stick to the bottom. The tracer was released 
at 7:08 AM on the 9th of January and both containers were emptied within 15 s. Water samples to 
detect the tracer were collected in washed and rinsed polythene bottles (15 and 25 ml) at T930 and 
O1-O5 with the focus on O1 (for sampling program, see App 3). The bottles were tightly closed 
and stored in room temperature until analyzed at the department of Water and Environmental 
studies, Linköping University. Lithium does not degrade (Headley and Kadlec 2007) and the 
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concentrations were determined using an atomic absorption spectrometer (Perkin-Elmer mod. 
1100) air/acetylene flame and the wavelength 670,9 nm. The detection limit for lithium was 
0,008 mg/L and the background absorption of the canal water was 3,3 % higher than the Milli-Q 
water mixed with standard solutions. 
 
The tracer test was evaluated by calculating the tracer recovery rate (R) at the sampling point 
downstream 
 R � 1M�

! Q� ∞

�
C #$  

 
where 
M i = mass of tracer in, g 
Qo = outflow rate, m3/d 
C = outlet tracer concentration, mg/L 
t = time, d. 
 
The actual hydraulic residence time is presumed to be the tracer residence time (Kadlec and 
Wallace 2009 p.179) and is calculated from 
 τ � 1M�

! t  Q�

�

�
 C #$ 

 
where  
τ = tracer residence time, d. 
 
The nominal hydraulic residence time in the wetland is 
 τ� � V�Q  

 

where  
τ n  = nominal hydraulic residence time, d 
Vn = nominal wetland water volume, m3; i.e. the actual total volume  
Q = flow rate, m3/d. 
 
The volume of the wetland where the water is actually flowing is expressed as the volumetric 
efficiency 
 e	 � V�
���V� � ττ� 

 
eV = wetland volumetric efficiency, dimensionless 
Vactive = the active volume of water m3, i.e. the volume calculated from the tracer residence time. 
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Water quality measurements 

Conductivity, temperature and pH were recorded during the period 9th of December 2008 - 27th 
of January 2009, at six occasions. Conductivity and temperature were measured using a WTW 
LF96 Microprocessor Conductivity Meter and pH with an Aqualytic digimeter pH 21. These 
parameters were measured along each transect in the holes every 25 m and at the inlets (I1, I3, I5, 
spring 1 and 2) and outlets (O1-O5). The parameters were not recorded in I2 and I4, because they 
had no water flow at the measuring occasions. 
 
Samples for nutrient analyses were taken between the 7th and 27th of January 2009 at four 
occasions. The samples were taken below the water surface at the major inflow (I1), outflows 
(O1-O5) and every 100 m in the transects. T1670 and T440 were sampled two times and the very 
high water level the 27th of January after a heavy rain made it impossible to sample in any 
transect this occasion, but water samples were taken at the inlet and outlet. The samples were 
collected in washed 0,5-1 L polythene bottles, which were rinsed with the wetland water three 
times before the sample was taken. To collect the water from the holes in the papyrus mat, a 
manual pump was used and its collecting tube was fixed into the umbel of one papyrus plant to 
filter the largest particles. Initially, the water pumped up was very turbid, but after some 
pumping it cleared to light brown and was collected. The samples were kept in a cool box and 
analyzed immediately or preserved in a deep freezer at -20 ۫C. Samples from the deep freezer 
were allowed to warm up to room temperature before analyzed. The concentration of 
ammonium-N was determined by the direct Nesslerization method (APHA 1992). 
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Results  

Wetland volume and area 

According to the depth measurements in the transects, the mean arithmetic water depth of the 
wetland from measurements in the dry seasons was 1,02 m. The free water column, i.e. between 
the lower part of the floating papyrus mat and the bottom of wetland, is smaller in T1670 and T930 

(Fig 5A and 5B) than T440 closest to the outlet (Fig 5C). 
 

 

 
 

 
 
Fig 5A-C. Depth profiles along three transects 1670, 930 and 440 m from the outflow (T1670, T930 and T440) 
A, B and C repectively of the Lubigi wetland, Uganda. Measurements every 25 m, starting (0) at the road 
southeast of the wetland, show the sediment surface of the wetland and the lower edge of the papyrus mat, 
using the water level as the reference. Arrows marks the open canal crossing the transect. 
 
Based on the geographical model created from the depth measurements, it was estimated that the 
total wetland volume consists of 59 % floating papyrus mat and the remaining part is the free 
water column under the papyrus (Tab 1). In 20 % of the wetland area the water column was less 
than 5 cm during the dry season. The remote sensing of satellite pictures from Google earth 
taken the 15th of August 2003 (App 2) resulted in 920 400 m2 of papyrus vegetation compared to 
637 990 m2 the 17th of December 2007 (Fig 1), suggesting an area decrease of about 31 % in four 
years. 
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Tab 1. Surface area and volume of the entire wetland and the papyrus mat, as well as volume of the water 
column (WC) below the mat for the entire wetland (WC I-O) and for sections delineated by the transect 
perpendicular to the road at 930 m from the outflow (WC I-T930 and T930-O). The volume and area of the 
canal between the inlet and T930 (Canal I1-T930) is also shown. 
 Wetland Papyrus mat WC 

I-O 
WC  
I-T930 

WC  
T930-O 

Canal 
I1-T930 

Area (m2) 1 093 739 1 093 739  595 301 498 438 3 710 
Volume (m3) 1 073 056 633 419 439 637 114 331 325 306 2 177 

Wetland water balance 

The measured rainfall in January was 118 mm, or 3,8 mm/d. The inflows and outflows varied 
during this dry season and the flows were similar along the canal (Fig 6). The high flow was a 
result of the short and heavy rains (App 4). After 13 mm of rain the 12th of January, the sharp 
peak inflow was transformed to a slower discharge over a longer period (Fig 7), showing the 
flood buffering effect of the wetland. During the study period, the major inflow I1 accounted for 
94 % of the total inflow (range 88-98 %), whereas the major outflow, O1, represented 80 % of 
the total outflow (range 78-83 %) (App 5). 
 

 
Fig 6. Water flow in the canal of the major inflow (I1) and 200 and 400 m downstream respectively (I1 + 

200m and I 1 + 400m) and in the canal crossing the middle transect 930 m from the outflow (T930 canal) of Lubigi 
wetland, Uganda, for the measuring period 5th of Dec 2008 - 22nd of Jan 2009. 
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Fig 7. Total water flow at the inlets (I1-6) and the outlets (O1-5) of Lubigi wetland, Uganda,every morning 
for the measuring period Jan 9-19 2009. *=Values calculated from a linear interpolation between 
measurements. **=Depth was measured in the evening two hours after the rain and value taken from a 
former flow measurement with the same depth. 
 
The nominal hydraulic residence time in the wetland depends on the volume of water in the 
wetland and how well the water is distributed in the entire wetland. Based on the entire wetland 
volume (Tab 1), the theoretical residence time at the lowest outflow (0,347 m3/s) would be 15 
days, and at the highest outflow recorded in the study (2,482 m3/s), the residence time would be 
2 days (Tab 2). 
 
Tab 2. Calculated nominal residence times (τn in days) of the Lubigi wetland, Uganda, with two wetland 
volume estimates: assuming water flowing in the entire area covered by wetland vegetation or excluding 
a section at the inflow due to a 1 500 m long canal (canal+T930-O). Wetland volume is set equal to the 
volume of free water below the papyrus mat (WC) and residence times are shown for measured minimum 
and maximum outflows during the period Dec 2008 - Jan 2009. 
  Min flow O1 5 Max flow O1-5 
τn (d) of WC total wetland area  14,6 2,1 
τn (d) of WC canal + T930- O   10,6 1,5 
 
A water balance for the total period from the 9-19 of January 2009 (roughly equal to the 
theoretical residence time) resulted in a low residual (-2 %; Tab 3). If the balance was made for 
shorter periods of three days, the residuals were -32 and -43 %. During the study period, the rain 
and the evapotranspiration were minor parts of the wetland water balance, amounting to 4 % and 
15 % of the surface inflow and outflow, respectively. 
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Tab 3: The water budget for the study site during two short periods (9-11 Jan and 17-19 Jan) and the 
total period including the heavy rain (9-19 Jan) for the following parameters: inflows (I1-6 ), outflows (O1-

5), evapotranspiration (ET), and rain on the study site. The residual was calculated by subtracting the I1-6 

and rain by the O1-5 and ET and as a percentage of the inflow. A linear interpolation was made between 
the flow measurements to receive flow values for every hour (m3/h) and they were added from midnight of 
the first day to 23:00 of the last day for the chosen period. 
Dates  
2009 

I1-6  

(m3) 
O1-5 

(m3) 
ET  
(m3) 

Rain 
(m3) 

Residual 
(m3) 

Residual  
(% of inflow) 

9-11 Jan 88 858 101 722 15 422 0 -28 285 -32 
17-19 Jan 78 631 98 455 15 422 1 094 -34 152 -43 
9-19 Jan 416 507 385 091 56 546 15 312 -9 818 -2 

Tracer study 

The tracer study was performed to estimate the actual hydraulic residence time. As the water 
moved in the canal from I1 to T930 it was only a minor difference between the flow at the 
measuring points along the canal (Fig 6), and no branches for exchange of water was observed. 
The lithium concentration was 1,227 mg/L at T930 two hours after the tracer release at I1+400m, and 
ten hours after the release the concentration was below the detection limit (Fig 8). The tracer was 
not detected at O1-O5 during the sampling period of 19 days (App 6). 
 

  
Fig 8. Changes in concentration of lithium (Li+) in the canal of the transect 930 m from the outlet (T930) of 
Lubigi wetland, Uganda, after release of 2 456 grams of lithium at time 0. * =The recorded concentration 
is lower than the detection limit of 0,008mg/L. 
 
The nominal residence time for the tracer in the estimated total volume of the first part of the 
wetland between the I1+400m and T930 was 2 days and 6 hours at the flow recorded when the tracer 
study was performed. If that part was entirely short-circuited by the canal, the nominal residence 
time (in the canal) would have been 1 hour and 30 min. 
 
Based on speed and distance measurements, the first lithium ion would theoretically have 
reached T930 1 hour and 20 min after the release. An integration of the concentrations in fig 8 
(assuming that the highest measured value was the peak concentration) and measured water flow 
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along the time scale indicated that 88 % of the added tracer passed the canal T930 within 8 hours 
and 40 min. The tracer residence time between the I1+400m and T930 was 1 hour and 47 min 
compared with the > 2 days theoretical wetland residence time at that point, resulting in a 
volumetric efficiency for the section between I1+400m and T930 of only 3,3 %. 
 
If it was assumed that the inflow water flows in the canal until it reaches T930 and then spreads in 
the entire downstream water column, the residence time would be 73 % of the theoretical 
residence time (Tab 2) and the effective wetland volume and area would be 74 % and 46 % 
respectively (Tab 1). 

Water quality measurements 

The pH range within 7,0-7,3 at I1 and 6,8-7,8 at O1 and 6,3-7,7 in the holes of the transects. The 
average temperature in the holes of the transects were 21,2 ˚C (range 18,1-26,2 ˚C) and the 
average temperature decreased from 23,0 ˚C at I1 to 22,6 ˚C at O1. The highest conductivity 
average was 40,6 mS/m at O3 and the lowest 4,1 mS/m in the water from spring number 1 (Fig 
9). 
 

 
Fig 9. The average conductivity (EC; n = 5) at inflows (I1, I3 and I5), springs and outflows (O1-5) of Lubigi 
wetland, Uganda. 
 
The conductivity recordings in the transects fluctuated (Fig 10) but in T1650 there was a decrease 
in the free water column along the transect. The peak values of T1650 were recorded in recently 
encroached and burned parts of the wetland with no water below the papyrus mat; i.e. the water 
was slowly running into the hole through the papyrus mat. In T930 and T440 the conductivity was 
highest in the center of the transect, closer to the open water canal in T930. The conductivity 
recordings in the free water column of T440, closest to the outflow, were generally higher and 
more even than in the other transects. In all transects, the lowest values were recorded closest to 
the north edge of the wetland with no or little water below the mat. 
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Fig 10. Average conductivity (EC; n = 5 for T930 and n=4 for T440 and T1670) in the three transects 440, 
930 and 1670 m from the outflow (T440, T930 and T1670). In each transect holes where made in the papyrus 
mat every 25 m starting at the northern bypass road southeast of the Lubigi wetland, Uganda, and the 
first sample in the holes was 50, 25 and 75 m from the road for T440, T930 and T1670 respectively. Arrows 
marks the open canal crossing the transect, but in T440 the canal water was not possible to sample. 
 
The ammonium-N concentrations were highest in the canal of T1670 and dropped on the way to 
T930, where the values were highest in the canal crossing the transect (Fig 11). In transect T440, 
the ammonium-N values were more even spread and the curve has no sharp peak. 
 

 
Fig 11. Mean ammonium-N concentrations (NH4-N; n = 3 for T930 and n=2 for T440 and T1670) in the three 
transects 440, 930 and 1670 m from the outflow (T440, T930 and T1670). In each transect samples were taken 
in holes every 100 m starting 50, 25 and 75 m from the road southeast of the Lubigi wetland, Uganda, for 
T440, T930 and T1670 respectively. The arrows marks the canal crossing the transect, but in T440 the canal 
water was not possible to sample. 
 
The ammonium-N concentrations in the outflow were higher than in the inflow at each sampling 
occasion. The water flow was changing a lot and the highest inlet and outlet concentrations were 
recorded the 22nd of January one day after the heaviest rain. 
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Fig 12. Ammonium-N concentrations (NH
Lubigi wetland, Uganda. The arrows mark rain occasions me
is proportional to the amount of rainfall.
measurement with the same depth. 

Discussion 

To get an overview of the discussion
dampening function; Wetland hydraulics; 

Wetland flow dampening function

It was apparent that the wetland water balance was dominated by the surface inflow and outflow 
of water during the study period, with other flow paths accounting for a minor part of the total 
water flows (Tab 3). The estimated evapotranspiration between 9
of the outflow and the recorded rainfall 
mm/d in January 2009 is higher than 
precipitation of 3,2 mm/d in Kampala between 1962
(1999 p.21 Fig 2.3). This might be explained by the 
Africa (Dore 2005). 
 
The main water inflow occurred through I
and the proportion remained the same 
predominantly peri-urban areas, and the response to precipitation events was very rapid 
flow increased two hours after a rainfall of 13 mm 
the inflow were more dramatic than at the outflow, where the response to increased i
remained during an extended time but with a lower amplitude. As shown in 
inflow dropped back to normal after one day, 
after the peak outflow. This shows that the wetland was dam
The capacity of the wetland to reduce a sharp peak inflow to a slower discharge 
time is an important service provided by wetland
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N concentrations (NH4-N) and water flow at the major inlet (I1) and 
The arrows mark rain occasions measured in mm, where the length of the arrow 

is proportional to the amount of rainfall. *=Depth was measured and value taken from a former 
 

cussion, it was divided in to the following three parts: 
etland hydraulics; Wetland wastewater treatment function.

Wetland flow dampening function 

It was apparent that the wetland water balance was dominated by the surface inflow and outflow 
study period, with other flow paths accounting for a minor part of the total 

3). The estimated evapotranspiration between 9-19 January represented 15
and the recorded rainfall 4 % of the inflow. The recorded precipitation 

than the average 2,4 mm/d and the maximum January
Kampala between 1962-1994 reported by Kansiime and Nalubega 

might be explained by the large temporal variability of rainfall in East 

The main water inflow occurred through I1, which accounted for 94 % of the measurable inflows
portion remained the same at all measurement occasions. The main inlet canal drains 

areas, and the response to precipitation events was very rapid 
two hours after a rainfall of 13 mm by a factor 10 (Fig 7). The flow variations at 

the inflow were more dramatic than at the outflow, where the response to increased i
remained during an extended time but with a lower amplitude. As shown in fig 7, 

after one day, whereas the outflow was still decreasing 
This shows that the wetland was dampening the extreme flow variations. 

The capacity of the wetland to reduce a sharp peak inflow to a slower discharge 
is an important service provided by wetlands to reduce possible negative impacts 
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events (Mitsch and Gosselink 2007 p.347). This dampening effect increases the importance of 
performing a water balance study over a prolonged period. As shown in tab 3, the outflow of 
water exceeded the inflow when adding up measured flows over short three days periods, 
resulting in negative differences of 32 % and 43 % of the inflow. This would suggest a large 
groundwater inflow component. However, when summarizing for a longer 11 days period, it 
seems that this negative difference was caused by a temporary increase in wetland water storage 
during the previous storm event, and that this storage was released to the outlet over a longer 
period. 
 
The nominal hydraulic recidence time in the wetland range between 2, and 11 days for high and 
low flow respectively (Tab 2). For the total water mass balance period of 11 days (Tab 3), 
including the high flow rate after a rain, the residual was only -2 %. As it was only one period, 
with limited amount of inflow measurement occasions, the seemingly good agreement could be a 
mere coincident. According to Kadlec and Wallace (2009 p.34) it is only with great care you can 
obtain a residual of ±5-10 % in wetland water balance studies. The exchange with ground water 
was not recorded in the study because it is very difficult to do appropriate measurements. 
Assuming that the geology of the area is the same as in the study by Kulabako et al. (2007), the 
groundwater influence would be very low. Those authors found that the silty clay underlying a 
reclaimed wetland 2 km upstream of Lubigi was quite impermeable.  
 
The average water depth was 1 m, and the floating papyrus mat is occupying a major portion of 
the total wetland volume (Tab 1). During the dry season the mat was attached to the bottom in 
approximately 20 % of the wetland, but after the storm events the 26th and 27th of January it was 
observed that the increased flow lifted the papyrus mat up and also that water was flowing on top 
of the mat, which possibly 
would reduce the speed of 
water and increase the 
residence time. As the 
water leaves the study site 
through culverts under the 
Sentema road, the road has 
a damming effect. During 
the high flow January 28th, 
water was actually flowing 
over parts of the road, as a 
small island of papyrus 
was released from the main 
mat and plugged the main 
outflow culvert, resulting 
in a water level increase of 
about 1 m (Fig 13). 

 
 

Fig 13. A picture of the main outflow culvert taken the 28th of Jan  
when a papyrus island was clogging the outflow. 
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The area covered by papyrus vegetation in the study site has decreased by about one third from 
August 2003 to December 2007, mainly because of cutting, burning and agricultural activities. 
The open water surface observed in the later satellite picture (Fig 2), which was absent 2003 
(App 2), is a part of the natural changes of a papyrus wetland. However, the human 
encroachment, e.g. the canal construction, might have an impact on the vegetation development 
as the canalization concentrates the flow and it can lead to weakening of the papyrus mat. 

Wetland hydraulics 

Both the water flow measurements along the inflow canal (Fig 6), and the lithium tracer 
detections (Fig 8) suggests that the inflow wastewater only flows in the canal until it spreads 
laterally under the papyrus mat after passing T930. Hence, a large part of the wetland is short-
circuited and not “used” for pollutant removal. The use of the float-method in T930 adds 
uncertainty to this result, and it could be possible that a small amount of water seeped in under 
the papyrus mat. However, the papyrus was firmly rooted on both sides of the canal (Fig 5A), 
which together with the short peak in lithium concentrations at T930 makes this quite unlikely. 
According to Kadlec and Wallace (2009 p.176 and 180) rivers are often conceptualized as plug 
flow with some dispersion, such as observed in this study, and similar results have never been 
observed in a wetland tracer test, where the typical response curve is skewed and bell-shaped. A 
more frequent sampling at T930 would have given a better quantitative estimation of the shape 
and amplitude of the peak, and thus a better estimation of the residence time in the canal. 
However, more effort was put into sampling at the wetland outflows to estimate the residence 
time of the entire wetland, which unfortunately failed due to a too small amount of lithium 
added. 
 
The volumetric efficiency is an estimate of the effective volume in the wetland, i.e. the volume 
with an active water exchange. It is 100 % for a perfect distribution of the inflow in the total 
wetland volume, but according to the tracer results the effective volume was only 3,3 % between 
I1+400m and T930. The few tracer concentration measurements make this value uncertain, but 
clearly indicates that the canal has a strong short-circuiting effect in the first part of the wetland. 
Canalization is well known to cause huge decreases in the effective volume of wetlands (Persson 
and Wittgren 2003), and it also reduces the wetlands function as a flood control unit. An 
uninterrupted fast pathway through a wetland, directly short-circuits a fraction of influent waters 
to the outflow, thus bypassing some of the wetlands treatment potential and contributing to 
elevated outflow concentrations (Kadlec 2000). 
 
Conductivity has been used as a fairly good natural tracer for wastewater, and corresponded well 
with fecal coliform concentrations in studies made by Kansiime and Nalubega in Nakivubo 
wetland in Uganda (1999 p.55 and 87). The conductivity was much higher in the streams from 
the large densely populated areas (I1and I3) than in sparsely populated area (I5) and the wells, 
spring 1 and 2 (Fig 9). Such high conductivity values are due to the high content of organic 
matter, ammonium ions and other salts in urban runoff (i.e. wastewater) from peri-urban areas in 
tropical countries. The conductivity results along the transects of the study site decreased 
towards the edges of the wetland (Fig 10), similar to the trend and range (15-40 mS/m) observed 
in the Nakivubo wetland by Kansiime and Nalubega (1999 p.55), who interpreted that as 
reflecting the flow paths of the wastewater. In T440, closer to the outlet, equally high conductivity 
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values were observed along a larger central section of the transect, which indicated a better 
distribution of the wastewater. However, the cycling of organic matter and nutrients in the 
papyrus ecosystem itself also contribute ions that are included in the conductivity values, which 
confounds the interpretation of the observed conductivity. Similar results were observed for 
ammonium-N (Fig 11), where the distinctly higher values in the canal of T1670 and T930 were 
followed by more even values along T440. Again, this suggests a transport of wastewater in the 
main canal followed by a good distribution under the thinner papyrus mat (Fig 5C) in the 
downstream part of the wetland. 
 
Based on those four types of observations (flow measurements along the canal, tracer test and 
conductivity and ammonium-N recordings in transects), it is suggested that the wastewater 
entering the study site at I1 flows in the canal until it reaches T930 and is then better distributed in 
the entire water column of the downstream part of the wetland. This resulted in a volumetric 
efficiency of 74 %. Most probably it is even less, as the water does not spread 90˚ after T930. The 
volumetric efficiency is seldom 100 %; Persson (2005) made a tracer study in two parts of Magle 
Wetland Park, Hässleholm, Sweden, and found a volumetric efficiency of 46 and 91 %, 
depending on the wetland shape and water flow paths. In a review by Kadlec (2007) the median 
volumetric efficiency was 77 % in free water surface wetlands. In another study, thirteen 
hypothetical ponds with no vegetation and the same size were analyzed with a computational 
fluid-dynamics model and the volumetric efficiency was between 34 % and 100 % (Persson 
2000). The wetland with a similar shape as Lubigi and with only one inlet had a volumetric 
efficiency of 79 %. The calculated volumetric efficiency in Lubigi wetland assumes the 
efficiency of a wetland without canalization is 100 %, but according to the studies by Kadlec 
(2007) and Persson (2000 and 2005) it is not common. As no tracer response curve was recorded 
at the outflow, it is not possible to make a clear statement about the actual residence time and 
volumetric efficiency of the wetland, but most certainly the latter is less than 74 % in Lubigi 
wetland. Accounting for the short-circuiting results in an “active” area estimate of only 46 % of 
the total wetland based on the extent of wetland vegetation on a satellite picture (Fig 2). This has 
to be taken into account if the areal pollutant removal efficiency (g m-2 d-1) of the wetland would 
be calculated. 
 
The added lithium was not detected at the outlet during the sampling period of 19 days and the 
most likely explanation is that the tracer was diluted too much in the large amount of water in the 
last part of the wetland between T930 and the outlet (Tab 1 and Fig 5C). The tracer peak was 
detected in the middle of the wetland after two hours and if the last part would have been as 
canalized as the first part, the tracer should have reached the outlet before the evening sampling 
more than 11 hours after the release (App 6). The tracer could have passed during the nighttime, 
when no samples were taken, but it is improbable as no lithium concentration increase was 
recorded in any morning or evening sample. It is also possible that the tracer passed after 19 
days. This is, however, also unlikely as the tracer peak typically occurs at 50-90 % of the 
theoretical residence time (Headley and Kadlec 2007), and the nominal residence time was 11 
days at low flow conditions in the study site (Tab 2). 
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Wetland wastewater treatment function 

The ammonium-N concentrations in the water leaving the study site were higher than the inlet 
concentrations at all four occasions (Fig 12). The high ammonium-N concentration January 22nd 

could be explained by the heavy rain the previous day, which resulted in a more turbid outflow 
than the earlier sampling and the analyzing method, direct nesslerization, have included the 
ammonium-N bounded to particles. During the dry seasons the organic-N and ammonium-N 
could be stored in the catchment area and storm events flush N away and increase the 
concentration, but after some heavy rains the N storages are empty and get diluted. This 
phenomenon could explain the reduced inlet and outlet concentrations of ammonium-N January 
27th. Fig 12 indicate a net release of ammonium-N, especially after the heavy rains, but because 
of the few sampling dates it was not possible to make a mass balance and to come to any 
conclusion. The reason for the net export of ammonium-N could be that organic-N was entering 
the wetland and was converted to ammonium-N within the wetland. Bavor and Waters (2008) 
showed a net export of nutrients during some storm events, using an automatic water sampler in 
a natural papyrus wetland in Kenya, but over longer periods the wetland functioned as a net 
nutrient “sink”. They monitored water quality and flow during 9 months and used a model and 
historical data to calculate the wetland retention/release of nutrients, which resulted in a 60 % 
retention of total suspended solids and total-P and 70 % removal of total-N. One suggestion for 
the high wetland buffering effect was the long residence time of about 12 days, which was 
similar to that in the Lubigi wetland (Bavor and Waters 2008). 
 
The papyrus mat slows down the flow of wastewater and increases the residence time of 
pollutants and the interaction of wastewater with plants (Kansiime et al. 2003). The loose 
hanging roots of the floating mat increase the surface area for uptake of nutrients and attachment 
of nitrifying bacteria (Kansiime et al. 2005). A study carried out Kyambadde et al. (2006) has 
shown a large distribution of nitrifying bacteria in Nakivubo wetland, Uganda, and the root 
associated nitrification was more important for the total wetland nitrification than the water and 
sediment compartments. A simmilar distrubution of nitrifying bacteria is possible in Lubigi 
wetland as the pH and temperature, which influences the growth of nitrifiers, was roughly within 
the same range as in Nakivubo wetland. 
 
A large part of the pollutants are associated with suspended matter (Kadlec and Wallace 2009 
p.203) and in the present study, it was observed that the water cleared distinctly between the 
canal of T440 and the outlet (Fig 14), indicating a reduction of suspended solids as the water 
flowed only 440 m under the papyrus. 
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Fig 14. The turbid water in the canal crossing the transect cut through the papyrus 440 meter from the 
outflow (T440) and the clear water leving the study site through the main outflow culvert at Sentema road 
(O1). The pictures was taken in Lubigi wetland, Uganda the 18th of Dec 2008. 
 
Obviously, grab samples taken the same day at the inlet and outlet should not be used to 
calculate the treatment efficiency of a wetland with two weeks residence time and variable flow 
and concentrations at the inlet. In fact, the flow pattern is more complex than plug flow and a 
considerable mixing and dispersion occurs as the water flows through the wetland. Without an 
automatic water sampler, it is difficult to sample the same water at the inlet and outlet. One 
solution is to do a mass balance period that covers several residence times (Kadlec and Wallace 
2009 p.171). This is particularly true for the tropics where the flows and concentrations vary a lot 
within a short time (Fig 12). Large variations was observed in the study made by Kyambadde et 
al. (2004), but still he used same-day grab samples to compute the removal efficiency of 
Nakivubo wetland, Uganda, and he did not know anything about the water flow dynamics and 
residence time. Knowledge about the actual flow pathways in a wetland is important in order to 
make correct computations and statements about the treatment efficiency (Kadlec and Wallace 
p.176). 
 
The transformation of wetland to agricultural fields most likely has a negative influence on the 
water quality changes, as the natural papyrus vegetation has a higher nutrient retention potential 
than the commonly cultivated crop cocoyam (Kansiime et al. 2005; Loiselle et al. 2006). Even 
more important are probably the effects of the hydraulic short-circuiting. The negative effect of 
human encroachment on wetland function for water pollution control was also indicated by the 
results of Okiror and Natumanya (unpublished). Their studies showed that the TN and TP 
concentrations decreased more after passing a less encroached and canalized part of Lubigi 
wetland than in the encroached part that was the focus of the present study. The large 
urbanization in Kampala is one aspect that explains the encroachment and man-made 
canalization, but a solution has to be found if the papyrus wetlands should remain as a provider 
of pollution control and reduce the effects of storm events. 
 
The dominant inflow is I1 and with improved knowledge about the drainage area it would be 
possible to model the minor inflows for future water quality studies in Lubigi wetland. O1 
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represents 80 % of the outflow and a continuation of the measurements could result in a model 
for the minor outflows. Care should be taken during the rainy season, because it was observed 
that the peak flow pulse following a rain reached the main outflow about 20 hours before O2-O5, 
indicating a short-circuiting also in the later parts of the wetland. 
 
It is well known that flow distribution to, and hydraulics within, wetlands affect the contaminant 
removal efficiency (Kadlec 1994; Persson et al. 1999; Kadlec and Wallace 2009). The nominal 
residence time is dependent on both actual wetland volume and the flow conditions (Tab 2). 
According to Persson and Wittgren (2003) the most important hydraulic factor for the nitrogen 
removal is the effective volume ratio and in Lubigi it is suggested to be less than 74 %, i.e. the 
whole wetland is not used for pollutant removal processes. Today the major part of the 
wastewater enters the study site at I1, and if the inflow instead could be distributed to the other 
culverts along Hoima road (I2-I4) it would possibly increase the volumetric efficiency and 
pollutant removal according to the results by Persson (2000) and Loiselle et al. (2006). 

Conclusions 

The wetland water balance was dominated by the main inflow in the canal; precipitation and 
evapotranspiration was 4 % and 15 % of the inflow and outflow respectively. The nominal 
hydraulic residence time varies a lot between high and low flow and also depends on the volume 
of water in the wetland. The intense flow measurements after a heavy rain visualize the storage 
capacities of water within the wetland and the flow dampening effects, which reduces the effects 
of flooding. Human impact and especially farming activities has reduced the papyrus vegetation 
by about one third within four years. Different measuring methods indicate that the canalization 
has reduced the active wetland area to 46 %, and the effective volume was less than 74 %. A 
large part of the wetland was not used, and the suggested potential of water treatment and flow 
dampening was not fully utilized. The few analyzed water samples at the inflow and outflow 
indicate a net export of ammonium-N. Visual observations suggested that the wetland is a 
sediment trap, because of the clearance of water between the inlet and outlet. 
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Appendix 1 

 
A map of the republic of Uganda (https://www.cia.gov/library/publications/the-world-factbook/geos/ug.html) 28th of 
April 2009 and a satellite picture of Kampala city in Ugand (http://maps.google.se/) 28th of April 2009. 
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Appendix 2 

 
A satellite picture of the study site in Lubigi wetland, Uganda, between Hoima road in northeast and Sentema road 
in southwest taken the 15th of Aug 2003 provided by Google earth. 
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Appendix 3 

Sampling occasions for a tracer study in Lubigi wetland, Uganda.The numbers symbolizes the amount of bottles 
sampled at the certain day at the different locations: major outflow(O1), minor outflows( O2-5), in the canal of the 
transect 930 m from the outflow (T930 canal), in the augured holes 25, 50 and 75 m in southeast and northwest 
direction from the canal along the transect (T930 canal +/-75 m). *=Pool samples where the percent volume of 
sample from culvert O2-5 represents the flow through each culvert 

 

 

Appendix 4 

Rain recorded every day in min and mm.*= rain measured by a volunteer living next to the Lubigi wetland, Uganda. 
Date Rain (mm/d) Time (min/d) 
3-Dec-08  55 
10-Dec-08  30 
15-Dec-08  60 
19-Dec-08  180* 
24-Dec-08  30* 
28-Dec-08  75* 
8-Jan-09 5 15 
12-Jan-09 13 33 
19-Jan-09 1 5 
20-Jan-09 4 20 
21-Jan-09 38 180 
24-Jan-09 6  
26-Jan-09 31 200 
27-Jan-09 20 210 

Date Number of sampling occasions per day 
 (Jan) O1 O2-5 T930 canal T930 canal +/-75 m 
9 3 1* 3  
10 3 4 3 6 
11 3 4 2  
12 3 4 1 6 
13 3 4 1  
14 3 4 1  
15 3 4 1  
16 2 1* 1 6 
17 2 1* 1  
18 1 1*   
19 1 1* 1  
20 1 4   
21     
22 1 4 1 5 
23 1    
24     
25     
26 1 4   
27 1 4   
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Appendix 5 

Measured inflows (I1 and I2-6) and outflows (O1 and O2-5) to a part of Lubigi wetland, Uganda for the time period 
Dec 5th 2008 - Jan 26th 2009 and the median percentage of I2-6 to the total inflow ( I1-6) and O2-5 to the total outflow 
(O1-5). 
 I1 (n=11) I2-6 (n=4) O1 (n=30) O2-5 (n=24) 
Water flow range (m3/s) 0,297-3,050 0,006-0,068 0,280-2,068 0,074-0,414 
Water flow median (m3/s) 0,386 0,038 0,352 0,090 
Median % of I1-6/O1-5 94 6 80 20 

Appendix 6 

Lithium concentrations at each sampling occasion in the major outflow (O1), pool sample at the minor outflows  
(O2-5) and single samples at each minor outflow of Lubigi wetland, Uganda. 

Date Time Concentration Lithium at the outflow (mg/L) 
 2009 O1 O2-5 O2 O3 O4 O5 
9-Jan 6:20 0,000 
9-Jan 12:00 0,002 
9-Jan 18:20 0,001 0,001 
10-Jan 7:04 0,002 
10-Jan 12:23 0,002 
10-Jan 17:56 0,003 -0,001 -0,001 0,001 0,000 
11-Jan 6:58 0,002 
11-Jan 12:20 0,001 
11-Jan 18:50 0,001 0,001 0,000 0,001 0,001 
12-Jan 6:29 0,001 
12-Jan 12:32 0,002 
12-Jan 17:36 0,001 -0,001 0,000 0,000 0,001 
13-Jan 6:43 0,001 
13-Jan 12:25 0,001 
13-Jan 18:48 0,001 0,000 0,000 -0,001 -0,001 
14-Jan 6:45 0,001 
14-Jan 12:33 0,001 
14-Jan 18:12 0,000 0,001 0,000 -0,001 0,001 
15-Jan 6:57 0,001 
15-Jan 13:00 0,001 
15-Jan 18:37 0,000 0,000 0,001 0,001 -0,001 
16-Jan 6:54 0,000 
16-Jan 17:57 0,001 0,001 
17-Jan 7:05 0,001 
17-Jan 18:41 0,001 0,000 
18-Jan 11:14 0,001 0,000 
19-Jan 11:33 0,002 0,001 
20-Jan 16:24 0,001 0,000 0,002 0,001 0,000 
22-Jan 14:13 0,000 0,000 0,001 0,001 0,001 
23-Jan 11:24 0,002 
26-Jan 17:21 0,001 -0,002 0,001 -0,002 
27-Jan 10:47 0,001 0,001 0,001 0,001 0,001 
 


