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The Namatala Wetland in Uganda faces severe degradation from agricultural

development and urbanization. Besides the Namatala River and tributary rural streams,

the wetland receives surface water from Mbale town and wastewater from two sets of

wastewater stabilization ponds. The objective of this study was to examine water quality,

and sediment and nutrient retention in different land use zones. Five hydrogeomorphic

units (HGMUs) were distinguished on the basis of soil, hydrology and land use. HGMUs

1 and 2 in the upstream part of the wetland are characterized by drainage channels and

mixed agriculture. HGMU 3 is a wet floodplain with intensive rice farming. HGMU 4 and

5 are permanently wet units in the downstream part of the wetland with moderate rice

farming and partly intact papyrus (Cyperus papyrus L.) vegetation. Stream discharge

was measured, and surface water samples collected, monthly from the river channel,

the tributaries, and the five HGMUs from April 2015 to October 2016. Significant

differences in total nitrogen (TN), phosphorus (TP) and total suspended solids (TSS) were

observed among the streams and among the five HGMUs, with highest concentrations

in urban streams and lowest in the main river channel and rural streams. Among the

HGMUs, nutrients and TSS were highest within HGMU 3 and lowest in HGMU 1

and 5. Loads of nutrients and sediment into the wetland were greater from the main

river channel compared with urban and rural streams. Regressions of net TN, TP, and

TSS yields for each HGMU against river discharge showed a net loss of nutrients

and sediments in HGMU 3 with the most intensive agriculture, and net retention in

HGMUs 4 and 5 which mostly maintain their wetland character. This study shows that

sediment and nutrient retention in the downstream part of the wetland compensate for

increased export caused by agricultural and urban land use in the middle and upper

zones of the wetland, thus maintaining net nutrient retention of Namatala Wetland.

However, there is a trade-off between economic development and wetland protection

and future management planning should incorporate more sustainable farming practices

and improved wastewater treatment.

Keywords: Namatala Wetland, papyrus, sustainable use, water quality, agriculture in wetlands, integrated wetland

management
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INTRODUCTION

Conversion of wetlands for agriculture and settlements, and their
degradation through pollution with wastewater, are a persistent
and global environmental problem (Davidson, 2014). This
leads to loss of ecosystem services with negative consequences
for people and wildlife (Verhoeven et al., 2006; Díaz et al.,
2015; Ramsar Convention on Wetlands, 2018). In Sub-Saharan
Africa, although many countries are signatories to the Ramsar
Convention on Wetlands and have national policies for wetland
protection (Gardner et al., 2009; Dini and Everard, 2018),
loss and degradation of wetlands continue. Agriculture is one
of the most important drivers of wetland loss (van Asselen
et al., 2013; Ramsar Convention on Wetlands, 2018), with most
countries having policies for expanding agricultural production
(OECD/FAO, 2016). The need to produce food is increasing, and
a projected growth of the population on the African continent
to 2.1 billion people by 2050 drives a policy conflict between
protecting wetlands and achieving food security.

Uganda was one of the first African countries to recognize
the importance of wetland ecosystem services by developing a
wetland policy and designating Ramsar sites. The policy aims at
ensuring that there is no drainage of wetlands, that activities in
and around wetlands are non-destructive, and that developments
are subject to environmental impact assessment and audits
(Mafabi, 2000, 2018). Despite this, sustainable management of
Ugandan wetlands has often floundered in the face of local
pressures. Striking a balance and accepting trade-offs between
protection and exploitation of wetlands is often restricted by
lack of knowledge on wetland function. More information is
needed on land use that contributes to nutrient and sediment
loads (Namaalwa et al., 2013) and the capacity of wetlands
to remove nutrients from wastewater (Kansiime and Nalubega,
1999; Bateganya et al., 2015). A lack of government capacity
in implementing policy exacerbates the problem (Ostrovskaya
et al., 2013). More knowledge about the impact of economic
development and land use change would help wetland users and
policy makers view patterns and impacts more clearly, prioritize
vulnerable zones of the catchment, and implement sustainable
land use planning and practice.

Several processes contribute to retention of sediment and
nutrients in wetlands, including sedimentation, uptake and
storage in vegetation, adsorption to soil, and gaseous losses
to the atmosphere. Their relative importance depends on
environmental conditions, soil characteristics, and hydrology
(Burt and Pinay, 2005; Noe and Hupp, 2007; Lohse et al.,
2009; Pärn et al., 2012). Variable land use and seasonal
climatic patterns in small wetland areas provide scale-dependent
effects on biophysical processes (Jung et al., 2008; Park et al.,
2011; Uwimana et al., 2017). Translating knowledge of hydro-
ecological processes into maintenance of ecosystem services
and conservation of biodiversity is needed as an evidence-
based approach to managing pressures from wastewater, food
production and livelihoods (Biggs et al., 2015).

Different zones of a wetland catchment that are subject to
different intensities of anthropogenic pressure can be expected
to vary in their contributions to nutrient and sediment retention

(Baker et al., 2006; Noe and Hupp, 2007). This raises questions
about the overall functioning of the wetland. Can the loss of
retention in one zone be compensated by retention in another?
How does this overall functionality depend on hydrological
connectivity and flow paths? Can these functions be quantified
to find a sustainable balance between the use of the wetland
ecosystem (e.g., for agricultural production) and a desirable level
of ecological functioning? For Namatala Wetland in Uganda, we
hypothesize that retention in the zones influenced by agriculture
and wastewater is reduced compared with zones where the
integrity of the original wetland and its natural processes (with
papyrus vegetation and regular flooding) are still intact. The
overall objective of this study was to examine water quality
and estimate sediment and nutrient loads across upstream
and downstream zones with different anthropogenic pressures
(wastewater discharge and agriculture) in a tropical wetland and
river system. Specific objectives were: (1) to describe discharge
and water quality in river and wetland in relation to seasonal and
land use variation; (2) to estimate loads of sediment and nutrients
(nitrogen, phosphorus) from the river and its tributaries; and (3)
to compare different wetland land use zones in terms of sediment
and nutrient retention.

MATERIALS AND METHODS

Study Area
The Namatala Wetland is part of the Doho-Namatala Wetland
System within the Lake Kyoga Basin. It lies along the main
Namatala River with a stretch of about 31 km from upstream
to downstream, and a surface area of 113 km2 (Figure 1).
The average rainfall in the wetland is 1,300 mm per year in
a bi-modal pattern, with peaks in April-June and September-
November. Ambient air temperature is in the range of 20–
30◦C. The wetland has an elevation range from 1,150 m
upstream to 1,060 m downstream. The geology of the area
comprises Pre-Cambrian rock, mainly granites (WMD, 2008).
The wetland soils consist of clay loam in the central area and
sandy loam in the swampy lowlands (WMD, 2008; Kayendeke
and French, 2019). The major tributaries are three perennial
streams, Nabuyonga, Nashibiso, and Nambale/Ndukwe, which
receive water from other intermittent streams and ephemeral
channels (Figure 1). In addition, the wetland receives surface
water from two urban streams (Budaka and Nashibiso) draining
the upstream catchment and the urban center of Mbale town,
including the wastewater discharge from two sets of wastewater
stabilization ponds (WSPs) operated by National Water and
Sewerage Corporation (NWSC), Uganda.

The wetland is located in a densely populated region (average
577 inhabitants km−2) within the districts of Mbale, Butaleja,
Budaka, Bududa, Sironko, and Pallisa (UBOS, 2014). Mbale
district has a population of 488,900, with 93,000 people residing
in Mbale town which has an expanse of informal settlements
along Namatala River and Nabuyonga, Budaka and Nashibiso
streams (Cities Alliance, 2015). Open waste disposal is common
within these settlements. Only 3.7% of the population is served by
the sewer network. Because of old sewer mains, ingress of storm
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FIGURE 1 | (A) Location of Mbale town and Namatala Wetland within Uganda; (B) Drainage system of Namatala Wetland. Data source: Mapping and Inventory

Centre, National Forestry Authority Uganda, 2005. Maps produced by authors.

water in the pipe network is common, resulting in overloading
of the WSPs. Final effluent has been reported to have a COD
of 300 mg L−1, BOD of 180 mg L−1, and fecal coliforms of
26,000 CFU (100 mL)−1 (NWSC, 2017).

The population around the wetland depends on agriculture
as the main source of livelihood. The extent of wetland area
cleared for farming has been increasing over the years. In the
upper part of the wetland, about 100 km2 was cleared for
wetland farming between 1990 and 2010 (NFA, 2005; Namaalwa
et al., 2013). Agricultural practices include surface drainage, soil

compaction and removal of wetland vegetation. The original
papyrus vegetation (Cyperus papyrus L.), which is known for its
high productivity and storage capacity for nutrients (Kansiime
et al., 2007; van Dam et al., 2014), has declined. This has
created concerns about the impact of the land use change
on sediment and nutrient retention in the wetland and on
downstream water quality.

Currently, the seasonally wet zones in the upper wetland
comprise subsistence agriculture with cultivation of rice, yams,
maize, bananas, and sweet potatoes. The middle part of the
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wetland is used mainly for commercial rice farming in two
seasons (February-July and August-January). Land preparation at
the beginning of each season includes tillage, creation of channels
and ditches for irrigation of the nursery beds, and construction
of compacted dikes to ease access to the farms and regulate
water flows. The wettest lower part of the wetland still has a
considerable area with intact papyrus vegetation.

Field Sampling Design and Selection of
Sampling Points
The wetland was divided into five hydrogeomorphic units
(HGMUs) according to soil, hydrology and land use (Figure 2;
Namaalwa et al., 2013). HGMUs 1 and 2 are located in the
upstream part of the wetland, with a catchment that includes
Mbale town and settlements in the neighboring areas of Mutoto,
Bungokho, Bumageni, Nambale, and Nakaloke. HGMUs 1 and
2 have straightened river channels, compacted surface soils, high
surface water flow rates, and low connectivity with, or inundation
from, the main river. HGMU 3 is the mid-floodplain of the
wetland, characterized by intensive rice farming. The major
surface inflow into HGMU 3 is the Namatala River channel
flowing out of HGMU 1 and 2. Within HGMU 3, intensive
rice farming involves excessive tillage, tile drainage, diversion of
surface water and high surface water flow rates. HGMUs 4 and 5
are permanently wet units in the downstream part of the wetland
with moderate rice farming, some soil tillage in rice fields, and
diversion of surface water flow. Partly intact wetland vegetation
maintains a stronger wetland character compared with upstream
HGMUs (see Table 1).

The wetland surface inflows were grouped into three
categories, determined by the immediate catchment: (1)
Namatala River, with seven sampling points (Kumi Road,
Kamonkoli, Jami, Naboa, Sapiri, Kazinga, and Irabi) along the
main river channel as it flows from upstream to downstream;
(2) rural streams, Nabuyonga, Nashibiso-1, and Ndukwe, which
are natural tributaries of Namatala River fed by smaller, often
ephemeral streams; and (3) urban streams, also tributaries of the
river, two of which (Budaka and Nashibiso-2) receive untreated
domestic and industrial wastes from Mbale town, and the other
two (Namatala WSP and Doko WSP channels) that discharge
effluent from the two sets of WSP systems. A detailed layout and
characteristics of the HGMUs are given, respectively, in Figure 2

and Table 1.

Precipitation and Discharge
Daily precipitation data recorded at the weather station in Mbale
town, and discharge data recorded from the automatic gauge
station (Figure 2) were obtained from the Directorate of Water
Resources Management, Entebbe, for the period 2003–2016.
Data was processed to generate mean monthly total rainfall and
discharge. To estimate the contribution of groundwater to the
wetland’s water resources, baseflow separation was carried out
using the method developed by WMO (2008), and a 16 years
long daily time series (period 2000–2015) of discharge at the
Kumi Road gauge (Figure 2). The long-term average value of
the Base Flow Index (BFI), which is the ratio of the cumulative

volumes of baseflow and total discharge, was estimated. The
quality of the groundwater was investigated by comparing the
separated hydrograph with the monthly variations in water
quality (especially nutrients) at Kumi Road.

Data to support calculation of discharge in the other sampling
stations in Namatala River channel and in the tributary streams
were collected monthly from April 2015 to October 2016. Flow
velocity was measured at 25, 50, and 75% of the total stream
width using a portable velocity flow meter with electromagnetic
sensor (model FH950, Hach Company, Colorado, United States).
At the same time, width and depth of the wetted perimeter
were measured. Discharge was calculated using the velocity-area
method (Herschy, 2009).

Water Quality
Samples for measuring water quality were collected monthly
from April 2015 to October 2016 at the sampling points
(Figure 2). For the river and tributaries, samples were taken
using an alpha horizontal water sampler (Science First/Wildco,
Yulee, Florida, United States) to make a composite sample from
different depths (surface, middle and bottom). Because of the low
water levels at the wetland points, grab samples were taken by
filling the bottle beneath the surface of the water.

A photometric method was used to determine total suspended
solids (TSS) of unfiltered samples using a spectrophotometer (DR
6000, Hach Company, Colorado, United States). Temperature,
pH, electrical conductivity (EC), and dissolved oxygen
concentration (DO) were measured in situ using a multi-
parameter water quality meter with probe (Hydrolab Quanta,
Hydrolab Corporation, Texas, United States). Water samples
were placed in cool boxes kept at below 4◦C and transported to
the NWSC central laboratory in Bugolobi, Kampala, for analysis
of nitrogen and phosphorus following standard methods (APHA,
2005). For nitrogen, ammonium (NH4-N; sodium salicylate and
hypochloride method), nitrate (NO3-N; sodium salicylate
method), nitrite (NO2-N; sulfanilamide and N-naphthyl-(1)-
ethylendiamin-dihydrochlorid method), and total nitrogen
(TN; alkaline persulfate digestion) were determined. For
phosphorus, soluble reactive phosphorus (PO4-P; ascorbic acid
method) and total phosphorus (TP; acidic persulfate digestion)
were determined.

Sediment and Nutrient Loads in Surface
Inflows
Total monthly sediment and nutrient loads at each river and
stream sampling point were calculated by relating monthly
discharge and water quality measurements to the river discharge
measurements at the Kumi Road gauging station (based on
Wollheim et al., 2005). First, we used regression equations
to relate the measured discharge to corresponding discharge
recorded at the gauging station for each sampling occasion.
Regression equations (covering samples from the whole 19
month period, R2 in the range 0.82–0.97; Supplementary

Table 3) were used to estimate discharge at each sampling
point for every day of the sampling period (except for the
months August-November 2015, when the gauging station
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FIGURE 2 | (A) Layout of hydrogeomorphic units (HGMUs); and (B) schematic map of sampling points in Namatala Wetland, Uganda. Inflow and outflow points for

calculation of net yields were: HGMU 1: P1, R1, and S1 (in) and R2 (out); HGMU 3: R3 (in) and R4 (out); HGMU4: R4 (in) and R5 (out); and HGMU5: R5 (in) and R7

(out) (see legend for codes; R, river; S, rural streams; P, polluted streams; W, wetland). For HGMU 2, no net yield calculation was done because no outflow location

was available. WSP, wastewater stabilization pond. For further explanation, see text. Data source for (A) Mapping and Inventory Centre, National Forestry Authority

Uganda, 2005. Map produced by authors.

was not working). Then, regressions were calculated between
measured concentrations of TSS, TP and TN and measured
discharge at each sampling point. These regressions (R2 in
the range 0.71–0.96 for TSS; 0.80–0.93 for TP; 0.61–0.90 for
TN; Supplementary Table 4) were then used to estimate daily

concentrations of TSS, TN, and TP from the estimated daily
discharge values at each sampling point. Finally, monthly TSS,
TP, and TN loads (metric tonnes month−1) were calculated
for all river and stream sampling points by multiplying daily
discharge and concentration estimates, and summing for each
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TABLE 1 | Characteristics of the hydrogeomorphic units (HGMUs) in Namatala

Wetland.

HGMU Area and

physical

features

Surface water

flows and regime

Soil

texture

Land use

HGMU

1

3874 ha

seasonally wet

River: Namatala

Rural streams:

Nabuyonga

Urban streams:

Namatala WSP

Clay Subsistence mixed

agriculture; Crops

include cassava,

sugarcane, tomatoes,

bananas, yams, maize

HGMU

2

3816 ha

seasonally wet

Rural streams:

Nakibisho-1,

Ndukwe Urban

streams: Budaka,

Nakibisho-2, DOKO

WSP

Sandy

clay

Subsistence mixed

agriculture;

Crops include

cassava, sweet

potatoes, tomatoes,

bananas, yams, maize

HGMU

3

1387 ha

permanently wet

River: Namatala Sandy

clay

Predominantly rice

HGMU

4

1509 ha

permanently wet

River: Namatala Sandy

clay

Rice (65%); Papyrus

and sedges (35%)

HGMU

5

679 ha

permanently wet

River: Namatala Sandy

clay

Papyrus and sedges;

Crops (sugarcane,

rice, maize) occupy

36% of the unit

For river network (see Figures 1B, 2B). Soil data were collected under the EU-FP7

WETwin project in 2010.

month. The significant linear regressions across a wide range
of discharge values with high R2-values provided confidence in
these monthly load estimates.

Net Yields as Estimate of Sediment and
Nutrient Retention
From the loads at each stream sampling point, net yields (in
tonnes month−1 km−2) were calculated for each month in
HGMUs 1, 3, 4, and 5 as the difference between total incoming
and outgoing load (based on the sampling points in the inlets and
outlets of these HGMUs; see Figure 2), divided by the surface area
of the HGMU (in km2), as follows:

HGMU1: [Load (Kumi Rd) + Load (NamatalaWSP) + Load
(Nabuyonga) – Load(Kamonkoli)]/38.74
HGMU3: [Load (Jami) – Load (Naboa)]/13.87
HGMU4: [Load (Naboa) – Load (Sapiri)]/15.09
HGMU5: [Load (Sapiri) – Load (Irabi)]/6.79

The calculation could not be done for HGMU 2 because
it did not have a suitable outflow point (Figure 2). Positive
values of these net yields are interpreted as a measure of
retention, whereas negative values suggest export of sediment or
nutrients from the HGMU.

Data Analysis
To compare HGMUs and stream types, linear mixed effects
ANOVA models were formulated using HGMU or stream type,
month and their interaction as fixed variables, and individual
sampling points as a random effect. The random effect accounted
for the dependence of the repeated measurements (Everitt and
Hothorn, 2010). Random intercept models were compared with
models without the random component, and the model with

the lowest AIC (Akaike Information Criterion) was selected.
Mean values of water quality variables were compared among
the HGMUs and among stream types (only the tributaries, as
the river sampling points were not replicated) using least square
means with Tukey adjustment. River water quality samples were
compared from upstream to downstream using a non-parametric
pairwise test (Wilcoxon signed rank test). Monthly net yields
in HGMUs 1, 3, 4, and 5 were related to mean inflow into the
respective HGMU using simple linear regression. All calculations
were done using function wilcox.test for the signed rank test,
function lme for estimating the mixed models, function lsmeans
for post-hoc analysis, and function lm for the regression (for the
load and net yield calculations), all part of R software version 3.3.1
(R Core Team, 2018). Significance is reported at p < 0.05, unless
stated otherwise.

RESULTS

Precipitation and Discharge
During the study period, precipitation ranged from almost zero
in the very dry months of February and July of 2016 to peaks of
130-150 mm in May-June 2015, 230 mm in October 2015, and
160-170 mm in April-May 2016 (Figure 3). These rainfall peaks
were reflected in the highest discharge observed in Namatala
River between April and June, and between August and October
in both years (Figure 4A). The highest discharge of about
22,000 m3 h−1 was recorded at Naboa in HGMU 3, and at Jami
after the confluence of Namatala River with the Nabuyonga and
Ndukwe streams (Figure 5). This discharge was about three times
higher than that recorded at Kumi Road, the upstream point of
the river. Maximum discharge in the tributaries was on average
1,000−1,100 m3 h−1 in the rural streams during the rainy periods
in 2016. The urban streams had the lowest peak discharge, at
200–300 m3 h−1 (Figure 4B).

Figure 6 shows the separated hydrograph of Namatala
River at Kumi Road for the experimental period, along with
concentrations of nitrogen and phosphorus. The BFI value
estimated for the Namatala River at Kumi Road was 0.605,
which means that, in the long run, about 60% of the inflow
into Namatala Wetland at Kumi Road originates from the
groundwater of the upstream catchment. Peaks in nutrient
concentrations coincided with waves of surface runoff which
washed organic and inorganic substances into the river, mainly
from agricultural lands. By contrast, nutrient concentrations were
low during baseflow-dominated periods.

Spatial and Temporal Water Quality
Variation of Streams
Water quality in the Namatala River changed significantly from
upstream to downstream sampling points, with the strongest
changes observed from Jami to Naboa (the sampling point just
downstream of the rice farming area in HGMU 3), and from
Naboa to Sapiri (where the more natural part of the wetland
starts). TSS and EC (Figures 5B,C) were significantly higher in
Naboa than in Jami (upstream) and Sapiri (downstream). For
nutrients (TP, PO4-P, TN, NH4-N), a similar significant peak in
concentrations at Naboa occurred (Figures 5E,F). DO had the
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FIGURE 3 | Total monthly rainfall at the weather station in Mbale, Uganda, during the study period April 2015–October 2016. No or very little rainfall occurred in the

area in February and July 2016. Data source: Directorate of Water Resources Management, Entebbe.

opposite pattern, with a significant drop from around 6 mg L−1

in Kamonkoli and Jami to 3.4 mg L−1 in Naboa, and further
significant decreases in Sapiri and Kazinga (all comparisons
Wilcoxon paired t-test, p < 0.001; see Supplementary Table 1).
Nitrite (NO2) and nitrate (NO3) concentrations decreased
significantly from Jami to Naboa and from Naboa to Sapiri.

Water quality in the tributaries exhibited clear differences
among stream types and seasons (Figure 7), but with significant
interactions between stream type and month for EC and
nutrients (ANOVA; see Supplementary Table 2 for all means and
variation). Mean EC over the 19-month sampling period was 111
and 235µS cm−1 in river (Kumi Road station) and rural streams,
respectively, with low seasonal variation. In the urban streams,
EC was significantly higher (mean value 898 µS cm−1), with
peaks in the dry seasons (July 2015, February 2016, and June-
August 2016). Mean TSS ranged from 25 to about 250 mg L−1,
with differences in mean TSS not significant among tributaries.
Variation in TSS was mostly related to seasonal differences, with
peaks in the periods of high discharge (May-June 2015, October
2015, April-May 2016, and September 2016). Similarly, nutrient
concentrations (NH4-N, TN, PO4-P, and TP) showed seasonal
peaks during the wet periods, with significantly higher nutrient
concentrations in the urban streams. Mean DO concentrations
were lowest in the urban streams (1.3 mg L−1), compared with
the river (5.7 mg L−1 at Kumi Road station) and rural streams
(3.2 mg L−1). pH was highest in urban streams (mean 8.4) and
lowest in the river (mean 7.7). Mean temperature ranged from
24.7◦C in rural streams, to 25.2◦C in both the river and in
urban streams. There was a slight seasonal range of 2–3◦C (see
Supplementary Table 6).

Spatial and Temporal Water Quality
Variation Among HGMUs
High spatial variation in DO, EC, pH, and TP was observed
among the wetland units (Figure 8). Mean DO decreased
significantly from upstream to downstream HGMUs, with
highest DO in HGMU 1 and lowest values in HGMUs 4 and
5. For EC and TP, the lowest mean values were observed in
HGMUs 1 and 5, and highest values in HGMU 3. TSS, pH and
nutrients were significantly higher in HGMUs 3 and 4 than in the
other HGMUs, except for N03-N which was significantly lower
in HGMUs 3 and 4 than in the other HGMUs. In HGMUs 3,
4, and 5, total nitrogen consisted of NH4-N for about 70% of
the samples, whereas in HGMUs 1 and 2 this was only 30%.
A slight seasonal effect was observed with a decrease of pH in
the wet seasons (April-June, October-December), possibly due to
increased discharge. Fluctuations in EC were observed over the
entire sampling period; however, values were consistently higher
for HGMUs 2 and 3. EC values ranged from 174 to 243 µS
cm−1 in HGMU 2 and from 180 to 338 µS cm−1 in HGMU 3.
Within each HGMU, peak values of EC were recorded during the
drymonths (July-August, January-February).Mean temperatures
were slightly lower in HGMU 4 (23.9◦C) and 5 (23.8◦C) and
higher in HGMU 1 and 2 (25.0◦C), with an average of 24.7◦C
for HGMU 3.

Sediment and Nutrient Loads
Seasonal trends were also observed in TSS, TP, and TN loads of all
surface inflows with high loads during the peak rainfall period of
April-June (especially in 2016), and a reduction in loads during
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FIGURE 4 | Discharge in m3 h−1 measured monthly in Namatala Wetland for the period April 2015–October 2016, with (A) seven sampling points in Namatala River;

and (B) mean values for the four urban streams (n = 4) and three rural streams (n = 3). Error bars indicate standard error.

other months of the year (Figure 9). The loads of TSS, TP and
TN in the main river were one (TP, TN) to two (TSS) orders of
magnitude greater compared with rural and urban streams, with
the lowest loads recorded among urban streams for the entire
period. Along the main river channel, TSS loads decreased from
the upstream point (Kumi Road) through the mid-stream sub-
catchment (Naboa, Sapiri) to the downstream points (Kazinga,
Irabi). Nutrient (TN and TP) loads, however, were highest in
Jami (after the confluence of Ndukwe stream with the river), and
especially Naboa (just downstream of HGMU 3).

Net Yields for HGMUs With Different
Land Use
Positive net yields were observed mainly in downstream HGMUs
4 and 5, and negative to near-zero yields in the upstream HGMU
1 and midstream HGMU 3. The highest mean net TSS yields
were found in HGMU 4 (331 t km−2 month−1) and HGMU
5 (72 t km−2 month−1), and the lowest in HGMU 3 (-160
t km−2 month−1). Similarly, mean net yields of TP and TN
were highest in HGMU 4 (3.3 t km−2 month−1 for TP and
3.7 t km−2 month−1 for TN) and lowest in HGMU 3 (-1.3 t
km−2 for TP and -1.5 t km−2 for TN). Net yields in HGMUs 4
and 5 showed significant positive linear relationships with mean
monthly inflow (all R2 = 0.85 or higher), suggesting retention

of sediment and nutrient in these downstream HGMUs. In
HGMUs 1 and 3, this relationship had a significant negative
slope suggesting export of sediment and nutrients in these highly
converted HMGUs (except for net TN yield in HGMU1 where
R2 = 0.38; Figure 10, see also Supplementary Table 5).

DISCUSSION

Lake Kyoga and its connected wetlands drain the groundwater
bodies underneath the surrounding hills and high grounds, and
water flow in the opposite direction is unlikely (Owor et al.,
2011; Kayendeke and French, 2019). The estimated BFI value
in this study was practically identical to the BFI calculated
for the Namatala River by Rugumayo and Ojeo (2006), who
also calculated BFIs for other rivers in the Kyoga basin and
derived similar, or even higher, values (e.g., BFI was 0.875 for
Mpologoma River). The high BFI values mean that groundwater
inflows from the hills and mountains into the wetlands are high
compared with surface runoff inflows. To assess the influence
of these groundwater inflows on surface water quality in the
Namatala Wetland, we checked the water quality of the river
during baseflow periods, such as February 2016. Concentrations
of dissolved inorganic nutrients (NH4-N and PO4−P), as well as
concentrations of TSS, TN, and TP were the lowest in this month
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FIGURE 5 | Variation of discharge and water quality in the main channel of Namatala River from upstream to downstream for the period April 2015 – October 2016.

(A) Discharge; (B) Total suspended solids (TSS); (C) Electrical conductivity (EC); (D) Dissolved oxygen (DO); (E) Total and soluble reactive phosphorus; (F) Total

nitrogen, and ammonium, nitrate and nitrite nitrogen. Names of the sampling points are indicated in panel (A). Data points are means of 19 monthly measurements;

error bars indicate standard error. Differences between consecutive sampling points are significant (Wilcoxon signed rank test, P at least < 0.05) unless indicated by

“ns” (not significant).

compared with the rest of the monitoring period. This means that
groundwater, although contributing significantly to the wetland’s
water resources in quantitative terms, does not carry considerable
amounts of nutrients into the wetland. The bulk of organic and
inorganic nutrient inputs come with surface runoff during the
flood periods, as shown by the coincidence of flood periods with
the peaks of nutrient concentrations.

There were clear differences in water quality among the
Namatala River and its rural and urban tributaries, with a strong
influence from the different types of land use in the wetland. The
highest TSS and nutrient concentrations and EC were observed
in the urban streams in HGMUs 1 and 2, which also showed
strong seasonal differences in EC and nutrient concentrations.
This seasonal dynamic of nutrient flow from urban streams
is influenced by the characteristics of their catchment. Open
waste disposal, limited sewer network coverage, and storm water
and sewage overflow during rainfall periods lead to overflow

of nutrients into the streams. The runoff resulting from soil
compaction, stream widening, diversion, and straightening in
the upper catchment of Namatala Wetland mobilizes sediments
and nutrients from impervious surfaces and farms into receiving
streams (Recha et al., 2012; Uwimana et al., 2017). The presence
of inorganic nitrogen (mainly NH4-N) and orthophosphate as
main forms of TN and TP, respectively, is characteristic of the
influence from the urban catchment, as shown in other studies
on the impact of land use on water quality (Nyenje et al., 2010;
Haidary et al., 2013). However, these higher concentrations in
the urban streams did not have a strong impact on the nutrient
concentrations after the confluence with the river in Jami,
which were not significantly different from those in Kamonkoli.
This was confirmed by the load calculations which showed
much higher sediment and nutrient loads in the river than in
the tributaries. While their impact on river water quality is
limited, locally these polluted streams may lead to environmental
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FIGURE 6 | (A) Separation of baseflow for the Namatala River; (B) nitrogen concentration; and (C) phosphorus concentration; all at Kumi Road, Mbale, during the

experimental period. Daily discharge data from the gauge at Kumi Road were used from the period 2000–2015 using the method from WMO (2008). Estimated Base

Flow Index (BFI) for Namatala River was 0.605. Owing to a technical problem at the gauging station, there was a gap in discharge data in the period

August–November 2015. For further explanation, see text.

and health risks, especially if they also carry high amounts
of heavy metals or other contaminants (K’oreje et al., 2016;
Sereyrath et al., 2016).With a growing urban population, the load
from these streamsmay increase in the future. On the other hand,
the riparian communities also utilize these nutrient-rich streams
to cultivate maize and vegetables (Namaalwa, pers. obs.).

Compared with the polluted urban streams, the rice farming
in HGMU 3 had a much stronger effect on sediment and
nutrient concentrations and loads entering the river. Significantly
higher sediment and nutrient concentrations and EC were
observed in Naboa, downstream of HGMU 3, compared with
sampling points upstream and downstream of Naboa. Also, DO
concentration decreased significantly between Jami and Naboa,
and concentrations of TN, TP, and TSS within HGMU 3 were
significantly higher than in the other HGMUs. These high
nutrient and sediment concentrations likely originate from the
commercial rice farming in HGMU 3, which involves a high
degree of tillage erosion and drainage that lead to elevated
concentrations of TSS, accompanied by NH4-N and PO4-P
that are known to adsorb to soil particles (Shore et al., 2015;
Weigelhofer et al., 2018). Leaching from agricultural soil can also

lead to the increase in EC and the lower DO concentrations
at Naboa. It is also likely that fertilizers are applied in these
rice farms, although interviews with farmers reported no use
of fertilizers (Namaalwa, unpublished results). This can be
expected to increase NH4-N and PO4-P concentrations from
mineralization under the prevailing high temperatures, slightly
alkaline pH and the alternate soil drying and wetting between
seasons (Manguiat et al., 1996; Sahrawat, 2010).

The combination of land use in the wider catchment and
agricultural practices within the wetland provide a complex
seasonal dynamic, leading to loss of the retention function in
the agricultural zones of Namatala Wetland. Increased discharge
during the months of greater precipitation (March-June; Sept-
November) increased the nutrient concentrations and loads
from all surface inflows. Farming practices in HGMU 1 have
permanently changed the ecological character of this area, which
is now mostly disconnected from the river. Similar long term
changes to surface water flow patterns caused by agriculture have
been reported in headwater catchments in western Kenya (Recha
et al., 2012). Plowing (between January and March) and weeding
(in April and October) take place just before the onset of the
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FIGURE 7 | Variation of water quality parameters in Namatala River (at the Kumi Road sampling point), urban streams (mean value of four streams) and rural streams

(mean value of three streams) of Namatala Wetland, Uganda, in the period April 2015–October 2016. (A) pH; (B) dissolved oxygen (DO); (C) electrical conductivity

(EC); (D) total suspended solids (TSS); (E) ammonium nitrogen (NH4-N); (F) total nitrogen (TN); (G) soluble reactive phosphorus (PO4-P); (H) total phosphorus (TP).

rainy season, increasing sediment suspension and the release of
sediment-bound nutrients into the water column. This results in
a pulse of sediment and nutrients that is carried downstream. The
modified agricultural zones (HGMUs 1 and 3) cannot retain this
pulse. A similar synchronicity of seasonal rainfall and agricultural
practices was observed in the Migina catchment in Rwanda
(Uwimana et al., 2018).

Downstream of Naboa in HGMUs 4 and 5, sediment and
nutrient concentrations in the river gradually decreased. Values
in Irabi, the most downstream sampling point, were lower
than those at the Kumi Road station. Here discharge was
also much lower and, as the river connects laterally with the
wetland, the water quality is typical of papyrus wetlands found
elsewhere (Kansiime et al., 2007; van Dam et al., 2014). DO
concentrations in these wetlands are low because of accumulation
of organic matter from decaying vegetation, and pH decreases
from accumulation of humic acids Whereas the decrease in DO
concentration in the river after HGMU 3 can be seen as a negative
impact of farming activities, the low DO in HGMUs 4 and 5 is
partly a natural feature of the papyrus wetland.

The yield calculations show that HGMUs 4 and 5 retain
sediment and nutrients, whereas HGMU 3 exports them. The
net yields calculated for each HGMU can be interpreted as the
retention of sediment or nutrients within that area. Because of

the location of the sampling stations, it was not possible to
calculate net yield for HGMU 2, and the calculations for the
other HGMUs should be seen as crude indications for sediment
and nutrient retention. Nevertheless, there were clear differences
in net yield with HGMUs 4 and 5, showing mostly positive
net yields throughout the year, while HGMU 3 generally had
negative net yields. HGMU 1 had net yields close to 0. The
significant regressions of net yield with discharge show that
retention increased with higher discharge in HGMUs 4 and 5,
while it decreased in HGMU 3. The positive slopes of these
regressions in HGMUs 4 and 5 were all greater (about double
for TSS and TP, and almost triple for TN) than the negative
slopes in HGMU3, suggesting that retention capacity of the
two downstream HGMUs still compensated for the increased
export of sediment and nutrients from HGMU 3 during period
with high discharge.

The retention function of the lower Namatala Wetland
is likely the result of the intact lateral connectivity with
the river, with high flows dispersing and slowing down
in the downstream zone of the wetland, where there is
ample opportunity for sedimentation, adsorption and uptake.
Sediment and nutrient retention in floodplains and buffer
zones are influenced by many factors, including length of
the inundation period, hydraulic characteristics of the soil,
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FIGURE 8 | Seasonal variation of water quality parameters in HGMUs 1–5 of Namatala Wetland, for the period April 2015–October 2016. (A) pH; (B) dissolved

oxygen (DO); (C) electrical conductivity (EC); (D) total suspended solids (TSS); (E) ammonium nitrogen (NH4-N); (F) total nitrogen (TN); (G) soluble reactive

phosphorus (PO4-P); (H) total phosphorus (TP).

FIGURE 9 | Total suspended solids (TSS), total phosphorus (TP), and total nitrogen (TN) loads (tonnes month−1) from the different streams of Namatala Wetland in

the period April 2015–October 2016. For details of load calculations, see text. Loads between August and November 2015 could not be calculated because

discharge data from the Kumi Road gauging station were not available.
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FIGURE 10 | Net yield (tonnes km−2 month−1) (left panel), and regression of net yield (Y) on mean monthly inflow (X) (right panel). (A) Total suspended solids (TSS);

(B) Total phosphorus (TP); (C) Total nitrogen (TN). Data are from the period April 2015–October 2016 in HGMUs 1, 3, 4, and 5 of Namatala Wetland. For further

explanation, see text.

relative contributions of groundwater and surface water, and
characteristics of vegetation and microbial communities (Noe
and Hupp, 2007; Weigelhofer et al., 2018). The retention of
phosphorus is strongly linked to sedimentation of particulate
matter (Shore et al., 2015), and in papyrus wetlands adsorption
of phosphorus to sediment can be important (Kelderman et al.,
2007). For nitrogen, sub-surface transport and nitrification-
denitrification are generally more important pathways (Pärn
et al., 2012; Weigelhofer et al., 2018) although in Namatala
Wetland, NH4-N adsorption to sediment may also play a role.
In headwater streams, nitrification of NH4-N and uptake of
NO3-N by benthic periphyton dominate N removal (Peterson
et al., 2001). In more downstream river reaches impacted by
agriculture, the relative importance of coupled nitrification-
denitrification is, however, likely reduced (Kemp and Dodds,
2002). In NamatalaWetland, most of the TN consisted of NH4-N,
which is more likely to be taken up by the papyrus vegetation
and accumulate in peat than to be removed by nitrification
(Hes and van Dam, 2019). Nevertheless, NO3-N concentrations

also decreased toward the downstream stations. Partly this could
reflect uptake by biota in the wetlands, but the conditions for
denitrification are good with low DO and high organic matter
availability. Experiments on potential denitrification in Namatala
Wetland showed much higher potential in the intact wetland
zones than in agriculturally converted soils (Namaalwa et al.,
unpublished results).

Results from this study demonstrate that the Namatala
Wetland delivers important regulating ecosystem services for
the downstream Mpologoma River and the Lake Kyoga
catchment. However, this function of the wetlands is at risk.
The connectivity and integrity of the downstream wetland
zone are threatened by encroachment and further development
of agriculture, accompanied by overharvesting and removal
of papyrus. Similar developments have been observed in the
East African region (Maclean et al., 2013; Bateganya et al.,
2015; Uwimana et al., 2018). Future management strategies of
Namatala Wetland should include sustainable agriculture in
the upper wetland, including introduction of buffer strips
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along the main river channel, conservation of the remaining
papyrus swamp and its connectivity with the river in the
lower wetland, and improved wastewater treatment (including
integrated nutrient management) around Mbale town. Options
for reducing erosion and nutrient runoff caused by rice farming
in HGMU 3 should be considered. Support among stakeholders
for integrated management solutions and more sustainable
farming practices seems to be present (Zsuffa et al., 2014)
and can be used, together with the results of this study, to
strengthen wetlandmanagement planning for NamatalaWetland
and similar wetlands in Uganda.

Land use change has a strong impact on landscape sediment
and nutrient retention (Burt and Pinay, 2005; Jung et al., 2008;
Uwimana et al., 2018). This study shows that the agricultural and
urban development pressure in the upstream zones of the wetland
can be mitigated to a large extent by the natural functioning
of the downstream zones of the wetland ecosystem. This
delicate balance between economic development and wetland
protection is representative of many wetlands in Africa and
other parts of the world, and determining a sustainable level
of wetland use is a challenge for many wetland managers and
governments (Ramsar Convention on Wetlands, 2018). Detailed
knowledge of water and nutrient flows in relation to natural
variation, local conditions and land use is important, but more
studies on rivers and wetlands in Africa are needed. Besides
water quality regulation, other ecosystem services such as fish
production, tourism, and biodiversity conservation should be
taken into account. Practical methods for quantifying different
ecosystem services and determining optimum management
strategies are needed (Wood et al., 2013; Zsuffa et al., 2014).
A lot of useful information could be obtained from regular
monitoring of hydrology and water quality, but this is often
lacking. Economic valuation studies show that the monetary
value of water quality regulation by wetlands often exceeds the
value of the provisioning services (Emerton et al., 1999; Russi
et al., 2013). Allowing agricultural and urban development to
gradually replace natural wetlands is, therefore, also economically
undesirable. Lost regulating services need to be replaced through
capital investment in water treatment facilities.

CONCLUSION

Urban streams had significantly higher concentrations of
sediment and nutrients than the Namatala River and its
tributaries. However, the largest loads of sediment and nutrients
were carried into the wetland by the Namatala River. The
largest nutrient loads were observed downstream of the main
rice growing area in the central part of the wetland. Sediment
and nutrient loads were strongly related to seasonal variation
in rainfall and river discharge, and to the corresponding peaks
in agricultural practices. Peak loads coincided with the rainy
seasons and consisted of accumulated material from densely
populated urban areas, as well as sediment and nutrients from
intensively cultivated parts of the wetland. The capacity for
sediment and nutrient retention was 2–3 times higher in the
downstream part of the wetland with more intact papyrus

vegetation and lateral hydrological connectivity. Retention in the
downstream part of the wetland increased at higher river flow
rates. On balance, the sediment and nutrient retention in the
intact parts of Namatala Wetland absorbed the export from the
converted parts. It can be concluded that Namatala Wetland still
performs its sediment and nutrient regulating ecosystem services
in the Lake Kyoga catchment. However, further conversion to
agriculture puts this function of the wetland at risk. To maintain
the regulating ecosystem services of Namatala Wetland in the
future, improved wastewater treatment, sustainable agricultural
practices and conservation of the remaining intact wetland zone
are needed. Detailed knowledge of the sediment and nutrient
retention processes can be used for determining trade-offs in
sustainable wetland management.
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