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Abstract

Papyrus wetlands of the upper Nile basin in Eastern Africa provide water and fertile
soils that are essential to sustain agricultural production. Due to the need to improve
food security, there is increased pressure to convert wetlands into agricultural land. This
results in removal of natural wetland vegetation and river diversions and yet the
impacts of these changes on wetland functioning and basin wide hydrology are not fully
understood.

The thesis objectives were to quantify changes in vegetation productivity and
moisture, to assess the water storage dynamics of papyrus wetlands in different seasons,
and to identify the key processes of the wetland’s hydrological regime for papyrus
wetlands in the Lake Kyoga basin, Uganda.

Time series of MODIS NDVI were classified to create a map of land cover complexes
for the study area, and the NDVI trend of each cover complex was analysed using ‘Breaks
for Additive Season and Trend’ (BFAST). Vegetation moisture was monitored by
calculating Normalised Difference Water Index (NDWI) from Landsat data at 15 year
intervals. The bathymetry of a section of the wetland was mapped to estimate the depth-
volume relationship, from which water volume was calculated. A profiler rod was used
to measure papyrus root mat thickness and depth of the free water column in the dry
and wet seasons. Water balance components were calculated using climate,
groundwater, wetland stage, and discharge data that were recorded at a selected
wetland section.

The results showed that vegetation moisture and productivity have declined and
are still declining as a result of land cover changes that occurred more than 15 years ago,
since there were no significant land cover changes in the last 15 years. The study also
showed that papyrus plants are physically adapted to increasing water levels in the
wetlands because their root mat can compress with the pressure of the rising water,
which increases the depth of the free water column beneath the plant. These dynamics
facilitate an additional storage capacity of 50% in the wet season. Flow in the main
wetland channel is the key component (99%) of the papyrus wetland’s hydrological
regime implying that the wetland is vulnerable to continued land use changes in the

upstream catchment.



Converting wetlands into agricultural land, changes wetland hydrology, leading to
reduced moisture availability and productivity in adjacent areas. Because wetlands
serve as a boundary for groundwater, their drainage could lead to gradual reduction of
the groundwater table over a larger area. Therefore, utilising stored wetland water for
irrigation of small-scale farms could be a more sustainable option for improving
agricultural productivity. However, further research is needed to understand the

impacts of water withdrawal on wetland hydrology.



Sammendrag

Papyrus-vatmarker i de gvre delene av Nilens nedbgrfelt i @st-Afrika sikrer vann og
fruktbar jord, og er av stor betydning for & opprettholde landbruksproduksjon. Pa grunn
av behovet for a forbedre matvaresikkerheten, er det gkt press for & gjgre om vatmarker
til jordbruksarealer. Dette fgrer til endringer av elvelgpet og fjerning av naturlig
vatmarksvegetasjon, til tross for at virkningene pad vatmarkenes funksjon og
nedbgrfeltets hydrologi ikke er kjent.

Malene med dette doktorgradsarbeidet er a kvantifisere endringer i vegetasjonens
produktivitet og vanninnhold, & kunne analysere papyrusvatmarkenes sesongmessige
vannlagringsdynamikk og & identifisere ngkkelprosesser i papyrusvatmarkenes
hydrologiske regime i Lake Kyogas nedbgrfelt, Uganda.

Tidsseriene MODIS NDVI ble Klassifisert for a lage et Kkart over
arealbrukskomplekser for studieomradet, og NDVI-trenden i hvert kompleks ble
analysert ved hjelp av ‘Breaks for Additive Season and Trend’ (BFAST). Vegetasjonens
vanninnhold ble overvaket ved a beregne ‘Normalized Difference Water Index’ (NDWI)
fra Landsat-data med 15 ars mellomrom. Fra en undersgkelse av vitmarkens batymetri
kunne dybde-volum forholdet bestemmes, for videre beregning av vannvolumet. En
rotmattestang ble brukt til 8 male rotmattetykkelsen og fri vannhgyde under rotmatta i
bade tgrke- og regntiden. Vannbalansen ble beregnet fra klimadata, logging av
vatmarks- og grunnvannsniva og vannfgringsdata for et utvalgt omrade av vatmarken.

Resultatene viser at vegetasjonens vanninnhold og produktivitet har avtatt og
fortsetter & avta som et resultat av arealbruksendringer som fant sted for mer enn 15 ar
siden, ettersom det ikke har veert signifikante endringer i arealbruk de siste 15 drene.
Studien viste ogsa at papyrusplanter er fysisk tilpasset gkt vannstand ved at rotmatten
komprimeres med gkt vannfgring, noe som gker vanndybden under plantemassen.
Denne dynamikken fgrer til at vannlagringskapasiteten gker med 50 % i regntiden.
Vannfgringen i hovedlgpet dominerer den lokale vannbalansen og det hydrologiske
regimet (utgjgr 99%), noe som innebaerer at papyrusvatmarker er sarbare for fortsatt

gkning av landbruksomradene oppstrgms i nedbgrfeltet.

Xi



Omgjgring av vatmarker til landbruksproduksjon endrer hydrologien i vitmarkene,
og farer til redusert vanntilgjengelighet og produktivitet i omliggende jordbruksarealer.
[ tillegg vil avrenningen fra vatmarkene, pga. sin naere tilknytning til grunnvannet, fgre
til gradvis reduksjon i grunnvannsnivaet over stgrre omrader. Det vil derfor vaere mere
berekraftig hvis vannlagringskapasiteten i vatmarkene ble benyttet til vanning av
smaskala gardsbruk for & forbedre jordbruksproduktiviteten. Men mer forskning er

ngdvendig for a forsta virkningene av slikt vannuttak pa vatmarkshydrologien.

Xii
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1. Introduction

1.1. Definition and classification of wetlands

Wetlands are defined as transitional zones between permanently flooded areas and dry
land, in which the water table is at or near the ground surface all year round or for part
of the year (Rasmussen et al, 2018). They provide goods and services that include food,
fuel wood, raw materials, water storage, regulatory and supporting functions like flood
mitigation, water purification, nutrient cycling, as well as numerous cultural services (de

Groot et al., 2018; Whigham, 2018).

A broader definition of wetlands was given by the RAMSAR convention as “areas of
marsh, fen, peatland or water, whether natural or artificial, permanent or temporary,
with water that is static or flowing, fresh, brackish or salt, including areas of marine
water the depth of which at low tide does not exceed six metres”. This definition
therefore includes a wide range of wetland types including lakes, rivers, swamps,

marshes, and peatlands among others (Gerbeaux et al., 2018; Grobicki et al., 2016).

The RAMSAR definition of wetlands is based on biological characteristics like type
of vegetation, therefore similar wetland types are categorised under different names or
individual wetland types are duplicated across categories. For example: forested
swamps (Europe); marshes (Southern Hemisphere); and meadows (United States) all
occur in seasonally flooded basins but are classified as different wetlands because of

differences in climatic conditions and vegetation type (Semeniuk & Semeniuk, 1997).

Thus Semeniuk and Semeniuk (1995; 1997) proposed a classification system based
on land form type and hydrological regime to aid with global comparison among
wetlands. They suggested landform types such as basins, channels, flatlands, slopes, and
hills while hydrological types include permanently flooded, seasonally flooded,
permanently waterlogged and seasonally water logged regimes among others. They
recommended that anyone of the landforms can be combined with any of the
hydrological regimes to classify a given wetland independently of climatic setting or
vegetation type. For example, a permanently flooded channel would be classified as a

river regardless of vegetation type or lack thereof and climatic setting.



However, Brinson (2011) argued that there is no single correct way to classify
wetlands but suggested three categories of classification based on wetland functions,
structure, and utility. Structural classification is based on vegetation types while utility
classification stresses how wetlands can be managed to enhance their ecosystem
services (Brinson, 2011). Functional classification emphasizes hydrological
characteristics like source of water and duration of flooding and is also referred to as

hydrogeomorphic classification.

The hydrogeomorphic classification highlights the functioning and ecological
importance of different wetlands (Semeniuk & Semeniuk, 2018). Indeed, although
wetlands are known to provide various goods and services, the range of services differs
among wetlands depending on water sources and their location within the landscape
(Semeniuk & Semeniuk, 2018). For example, Acreman and Holden (2013) pointed out
that upland and flood plain wetlands do not have the same flood mitigation capacity

because of their location in the landscape.

Because of the different ways of defining wetlands, there is a broad range of
wetlands including estuaries, peatlands, mangroves, tidal freshwater wetlands, and
tropical freshwater wetlands (Milton et al, 2018). This has made it difficult to have a
comprehensive estimate of the global coverage of wetlands (Finlayson et al., 2018), with
documented estimates varying between 3.7 to 12.8 million km? (Finlayson et al., 1999;

Finlayson et al, 2018; Lehner & Déll, 2004; Milton et al., 2018).

1.2. Papyrus wetlands

Papyrus wetlands are tropical swamps that are largely classified based on the dominant
vegetation (Cyperus papyrus L.), since they occur in both riverine and lacustrine
landscapes. They are predominant in central and eastern Africa, but have been observed
in the Okavango delta in southern Africa as well as in the Middle East and southern
Europe (Kipkemboi & van Dam, 2018). Although they are commonly referred to as
swamps, they are actually marshes because they contain herbaceous rather than

forested vegetation (Kipkemboi & van Dam, 2018).

Papyrus exists either in rooted or floating form, and spreads through germination

of seeds exposed on wet soils or by rhizome propagation over open water bodies



(Gaudet, 1977; Terer et al, 2014). Rooted papyrus have roots anchored in the sediment
but can spread over open water to form continuous floating mats (Figure 1). The floating
mats are formed by the entanglement of roots, rhizomes, and organic matter (Saunders

etal,2012; van Dam et al, 2007).

Figure 1: Floating papyrus wetland in Eastern Uganda, with open water at the inlet
culvert. The depth of the water column beneath the papyrus mat varies between 1 to 2
meters

Both the above ground and below ground parts of papyrus plants contain large
amounts of spongy air filled tissue (aerenchyma). The plants are thus adapted to
growing in permanently inundated areas. They thrive in low energy environments that
have moderate water level fluctuations and wind velocity (Mburu et al.,, 2015). Rooted
and floating papyrus plants survive on nutrients present in the soil and water,
respectively (Kansiime & Nalubega, 1999). Floating plants access nutrients through
exchanges of water between the water column beneath the plant and its root system.
These exchanges are possible due to the loose structure of the floating mat (Azza et al,

2000).

The plants are made up of roots and rhizomes from which culms grow (Chale, 1987).
The plant’s morphology is illustrated in Figure 2. Culms have a low photosynthetic
ability (Mburu etal.,, 2015), but are capped by umbels which are the main photosynthetic
part of the plant (Mburu et al,, 2015; Saunders et al., 2012; Terer et al., 2014). The plant



grows to maturity in about 6 to 9 months (Mburu et al.,, 2015), and can grow up to 6 m
tall in suitable environments (Kipkemboi & van Dam, 2018). The growth stages of
papyrus include: culms with closed umbels; culms with opening umbels; culms with
fully open umbels; senescent culms; and dead culms. The different growth stages occur
continuously, and decomposing plant material forms detritus that accumulates within
the root-mat layer or falls through to the sediment layer (Jones & Muthuri, 1997;
Muthuri et al.,, 1989; Opio et al., 2014).

Umbel

Culm
1 meter

Scale
leaves
3 7 Rhizome
Roots j%\

Figure 2: Illustration of papyrus morphology at different growth stages, adapted
from Gaudet (1975)

Papyrus wetlands provide several goods and services including fuel wood,
medicinal herbs, fish, raw materials for crafts and building materials as well as land for
wetland edge agriculture (Donaldson et al, 2016; Terer et al, 2014). In addition,
regulatory functions include water purification (van Dam et al,, 2007), flood mitigation
and water storage (Saunders et al, 2013). Thus they are important in supporting
community livelihoods, but face pressures of excessive plant harvesting and

encroachment for agricultural and industrial expansion (van Dam et al., 2014).



1.3. Wetlands of Uganda

Wetlands cover about 11% of Uganda’s land surface of which 66% are seasonal, 34 %
are permanent, while swamp forests cover less than 1% of the total wetland area (GOU,
2016). Papyrus is the dominant vegetation in most of Uganda’s permanent wetlands. For
example: it occurs along shorelines of Lakes Victoria and Albert; in valley swamps and
rivers of central and western Uganda; as well as in rivers of the Lake Kyoga basin in

Eastern Uganda (Kipkemboi & van Dam, 2018).

Uganda was the first African country to pass a National wetlands policy in 1995
(GOU, 2016; Mafabi, 2018). The policy has five goals, three of which include: ending
practices which diminish wetland productivity; maintaining wetland biological
diversity; and integrating wetland concerns into other sectoral plans (Mafabi, 2018).
The policy was strengthened by incorporating wetland matters into the 1995
Constitution, the National Environment Act of 1995, and the 1998 Land Act (Mafabi,
2018).

Great strides have been made in wetland conservation and management with an
increased awareness of their functioning among local communities and politicians alike.
In addition, a mapping exercise of the country’s wetlands was recently completed
(Mafabi, 2018). However, there are still challenges because of complicated land tenure
systems, and weak enforcement of the law where people encroach on wetlands with
impunity. In addition, there are existing knowledge gaps about the connections among
climate, land use, surface and subsurface water. This is complicated by impacts of
climactic variation and high population growth rate which is estimated at 3.2% per year

(GOU, 2016; Mafabi, 2018).

Wetland encroachment has thus continued despite the efforts put in place to halt
their degradation. The degradation is mainly due to expansion of residential and
industrial areas, and conversion of wetlands for agricultural expansion in urban and
rural areas, respectively (GOU, 2016). As a result, there was a 30% national decline in
wetland coverage between 1994 and 2008, with only a 0.03% increase between 2008
and 2014 (GOU, 2016). The highest declines of 54% and 27% were recorded in the Lake
Victoria and Lake Kyoga basins, respectively (NEMA, 2008b; Nsubuga et al., 2014).



The main driver of wetland degradation is high population growth rate. For
example, Uganda’s population increased by 169% between 1986 and 2014. This has led
to widespread conversion of wetlands for agricultural production (GOU, 2016;
Turyahabwe et al.,, 2013). Although agricultural activities have expanded into wetlands,
crop yields have remained low mainly because of poor land management with only 30%
of cultivated land managed sustainably, and climatic variability characterised by
prolonged dry spells (GOU, 2017). Because of the low yields, only 10% of communities
adjacent to wetlands are food secure, and this is likely to drive further wetland

degradation as people strive to improve food security (Yikii et al., 2017).

1.4. Development of wetland agriculture in the Lake Kyoga Basin
The Lake Kyoga basin is located in Eastern and North-eastern Uganda, it covers an area
of 57,000 km? and drains 41 districts. Rice production started in 1942 with the
establishment of the Doho rice scheme along River Manafwa (Figure 3a). The scheme
covers about 32 km? and has a network of channels to irrigate the rice fields as well as
a dam for water storage (GOU, 2016). The scheme collapsed after 1945 and rice
production reduced greatly until the government rehabilitated it between 1976 and
1989 (Nakano & Otsuka, 2011; Sserunkuuma et al., 2004).

Local farmers formed the “Doho Rice Scheme Farmers’ Association” in 1994, and
government devolved management of the scheme to the association (Nakano & Otsuka,
2011). Currently, the government does not offer financial support for running the
scheme apart from maintaining an irrigation management office whose staff offer
extension services to the farmers. Small scale farmers (out growers) took advantage of
water draining from the scheme and established rice fields downstream of the main
scheme (Nakano & Otsuka, 2011). The neighbouring Namatala wetland (Figure 3a) has
also been encroached upon with up to 90% of the wetland converted for rice growing

(GOU, 2016).

The basin has another large scale rice scheme adjacent to River Malaba (Figure 3a).
The scheme is called “Kibimba rice scheme” and covers approximately 6 km2. This
scheme was established in 1973 with the help of the Chinese government, in a bid to

increase food production for the country. This scheme was sold to Tilda Rice (Uganda)



in 1996 (Pisters, 2014). Another wetland of interest is the Naigombwa wetland (Figure
3a), which is currently utilised for rice growing by small scale farmers. Part of this
wetland was sold to a private company in 2009 for large scale rice production although

production is yet to start (Pisters, 2014).

Despite expansion of rice fields in the Lake Kyoga basin, food security declined by
13% between 2010 and 2016 (GOU, 2017). The rice expansion is mainly due to the
increasing market for rice, which encourages farmers to invest in rice production rather
than increasing subsistence food production. They often sell up to 55% of the rice
produced leaving them with insufficient food for consumption, and then use proceeds
from the sales to buy additional food for their families (GOU, 2017; NEMA, 2008a;
Uganda Bureau of Statistics, 2017).

Agriculture in upland areas is mainly rain-fed and crop production is low because
no external inputs are used to improve soil fertility. Although there are a number of
farmer field schools run by Makerere University, National Agricultural Research
Organisation (NARO), and International Centre for Tropical Agriculture (CIAT) to help
farmers improve soil fertility, the farmers are reluctant to leave the wetlands because of

increasing rainfall variability in the basin (NEMA, 2008a).

1.5 Status of wetland mapping in Uganda

The Wetland Inspection Division (currently, the Wetlands Management Department)
built inventories for wetlands in approximately 30 districts of Uganda between 1995
and 2005, and created the National Wetlands Information System (Wetlands
Management Department et al, 2009). The information system tracks changes in
wetland uses and classifies them according to level of impact. However, there are no
accurate statistics on changes in wetland coverage since generated maps give
information for a single point in time (Wetlands Management Department et al., 2009).
Further, the large expanse of the wetlands make detailed mapping difficult. For example,
the most recent wetland map (2010) classified some degraded wetland areas as papyrus
areas, which indicates that the mapping exercises cannot keep pace with the rapid land

use changes.



In the absence of land use change records, as well as information about their impacts
on land productivity and hydrology for ungauged catchments; time series of remote
sensing data can be used to make rapid assessments of historical land use/cover
changes and to monitor land degradation. For example, Ali et al. (2013) used hyper
temporal Normalised Difference Vegetation Index (NDVI) data from the Moderate
Resolution Imaging Spectroradiometer (MODIS) to monitor land cover gradients in
Greece. Furthermore, vegetation productivity and moisture can be monitored using time
series of NDVI and Normalised Difference Water Index (NDWI). This is possible because
NDVI and NDWI indices are highly correlated to vegetation primary productivity and
open water surfaces, respectively (Dobriyal et al., 2012; Schyns et al.,, 2015; Verbesselt
etal, 2010). Both indices range from -1 to 1; where high values indicate high vegetation
biomass and presence of open water for NDVI and NDWI, respectively. The formulas for

NDVI and NDWI are given in equations 1 and 2 (Gao, 1996; Kastens et al., 2005);

NDVI = NIR — RED/NIR + RED (1)

NDWI = NIR — SWIR/NIR + SWIR 2)

where NDVI = Normalised Difference Vegetation Index, NDWI = Normalised Difference
Water Index, and NIR/RED/SWIR = spectral reflectance in the near infrared, red, and

shortwave infrared portions of the electromagnetic spectrum

This thesis contributes to a better understanding of land use changes within
wetlands in the Lake Kyoga basin by exploring low cost means for mapping land use
history. In addition, new information on papyrus wetland dynamics as a function of
hydrological conditions was generated by monitoring papyrus mat responses to water

level fluctuations, and quantifying water storage in the dry and wet seasons.

1.5. Problem statement

As many countries, Uganda inclusive, seek to improve food security for rural
populations, there is an increased backing by African governments and Non-
Governmental Organisations (NGOs) for increased wetland agriculture to improve food
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production (Leemhuis et al, 2016). Therefore, there is widespread conversion of
wetlands for agricultural expansion especially for rice paddies, and river channelization

for irrigation.

Since wetlands provide a wealth of other goods and services aside from food
production, it is important to balance the need to use wetlands for improved agricultural
productivity and protecting their functioning (Burghof et al, 2017; Leemhuis et al,
2016), especially since the long term maintenance of agriculture depends on these very
ecosystem services like water availability and fertile soils (Vlek et al, 2017). Despite
wetlands’ importance, there are currently no records on the impacts of land cover
changes on vegetation productivity and moisture availability within data scarce basins
of Sub-Saharan Africa. Further, although the regulatory and provisioning services of
papyrus wetlands like water storage are well known, they are not quantified which
makes it difficult to make sustainable compromises between food production and wise

use of the wetlands (van Dam et al, 2014).

1.6. Objectives

The overall objective of this study was to assess the water storage capacity of papyrus
wetlands under changing land uses in the Lake Kyoga Basin. The objectives for the

individual papers are:

Paper [: To assess the impacts of land use changes on vegetation moisture and
productivity in the Lake Kyoga Basin. The specific objectives were: (i) to map the spatial
coverage of intact wetlands and other land uses using MODIS NDVI time series; (ii) to
use NDVI as a proxy to monitor the trend of vegetation productivity; and (iii) to monitor

changes in vegetation moisture using Landsat derived NDWI

Paper II: To assess the water storage dynamics of a papyrus wetland section.
Specifically the study sought to: (i) to assess the response of the papyrus root mat to
changing water levels; and (ii) to quantify the water storage capacity in the dry and wet

seasons

Paper III: To quantify the water balance for a papyrus wetland section, with specific
objectives to: (i) to identify the main components of the wetland’s water balance; and

(ii) to estimate the wetland’s retention time in the dry and wet seasons.
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2. Materials and methods

2.1. Study area

The study was carried out at two scales: at the landscape scale (paper I) where the
impacts of land cover changes on vegetation moisture and productivity were quantified
within the Mpologoma River catchment (Figure 3a); and at the local scale where the
water storage capacity, and papyrus root mat dynamics were assessed (paper II) for a
section of the Naigombwa wetland (Figure 3b). In addition, the wetland water balance

was calculated for the Naigombwa wetland section (paper III).

2.1.1. Mpologoma River catchment

The Mpologoma River catchment is a sub catchment of the Lake Kyoga basin and covers
approximately 8,900 km?2. It drains 11 districts, and its elevation ranges from 1020 to
4310 m.a.s.l. The Mpologoma River has four tributaries: Namatala, Manafwa, Malaba,
and Naigombwa (Figure 3a). It contributes about 600 million m3 of water to Lake Kyoga
(Hughes & Hughes, 1992). These rivers are referred to as wetlands from here on,
following the hydrogeomorphic classification scheme for wetlands of Semeniuk and
Semeniuk (1995; 1997). The dominant vegetation in undisturbed portions of the
wetlands is papyrus, which exists as floating mats in permanently flooded areas but is
rooted at river edges.

The geology of the Mpologoma catchment is made of up of Precambrian crystalline
basement rocks. The rocks are covered by a layer of weathered material referred to as
regolith whose average thickness is 30m (Howard & Griffith, 2009; Howard et al., 1992;
Smedley, 2001). High altitude areas are dominated by clayey soils while mid latitudes
and low lands have clay loams and sandy loams, respectively (Mbogga, 2012). The area
has a bimodal rainfall pattern with average annual rainfall of 1300 mm (Kigobe et al,
2014). Rainfall seasons are typically from March to May, and September to November
but rainfall patterns have become erratic in recent years. For example the first rain
season is more unpredictable with late onset and early cessation of rains, while the
second season has a higher frequency of high intensity rainfall events (Kansiime et al,,

2013).
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Figure 3a: The Mpologoma river catchment within Lake Kyoga basin, showing the
location of the local scale monitoring site along Naigombwa River, and large scale rice
irrigation schemes

The main land use is subsistence agriculture, the low lands have both small scale and
commercial rice farms and other food crops like maize, beans, and cassava, while
highlands have coffee banana systems, with commercial production of coffee and
vegetables (NEMA, 2008a). In the highlands, cultivation is carried out up to the banks of
river Manafwa, which has increased siltation and affected quality of the water for
domestic use. In the low lands, the river is increasingly channelized to provide irrigation
water for rice paddies which has reduced the volume of flow. The reduced volume makes
it easier for further channelization of the river (NEMA, 2008a; Sserunkuuma et al,
2004).

The Mpologoma River catchment has four weather stations and four hydrological
monitoring stations. Two of the weather stations are now defunct while the other two
record only rainfall data since 2010. None of the weather stations have complete data
records (Mbogga, 2012), and they are unevenly distributed through the catchment
(Figure 3a).
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2.1.2. The Naigombwa wetland site

The Naigombwa River drains northwards into the Mpologoma River. Its catchment area
is relatively flat with elevation varying from 1056 to 1348 m.a.s.l, the soils are mainly
ferralitic with reddish brown sandy loams (NEMA, 2008b). Part of the Naigombwa
wetland that is located upstream of the instrumentation site (Figure 3a) is used for small
scale rice farming, with the rice planted directly in the stream. Although the stream was
initially perennial, the upstream section now dries out in periods of delayed onset of
rains which exacerbates droughts in the area (Iganga District Environmental Officer,
personal communication, 27th May 2014).

The monitoring site is located at a section of the Naigombwa wetland that is
demarcated by a highway and railway line in the South east and North west, respectively
(Figure 3b). The wetland section is 0.18 km? in size and drains an area of 734 km2. The
ground water divide for this wetland section is approximately at 250 m and 170 m for
the western and eastern edges of the wetland, therefore the ground water contributing
area is less than 0.1 km?2 on both sides of the wetland. Main activities in and around the
wetland include papyrus harvesting, fishing, livestock grazing, and subsistence
agriculture at wetland edges. The wetland water is used for washing, building, and

livestock watering.

Legend
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Figure 3b: The instrumentation site along Naigombwa River, bright red points
represent locations of automatic water divers
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2.2. Data collection
For paper 1. precipitation data was downloaded from the website

(https://globalweather.tamu.edu/) of National Centers for Environmental Prediction

(NCEP). The data is provided on a 35 by 35 meter grid and ranges from January 1979 to
July 2014. MODIS NDVI time series (2001-2016) and Landsat data (1986, 2001, 2017)
were downloaded from the National Aeronautics and Space Administration (NASA)

archive (https://reverb.echo.nasa.gov/reverb/) and from the United States Geological

Survey (USGS) data archive (https://earthexplorer.usgs.gov/), respectively.

For paper II: access transects were cut through the wetland, and the wetland’s
bathymetry was mapped at points along the transects and around wetland edges (Figure
4) using a CHC GNSS receiver (Model: X900; operation mode: RTK). Automatic water
divers were used to record daily values of wetland water depth at three points in the
wetland centre (Figure 3b). A profiler rod was used to measure papyrus root mat
thickness and depth of the water column beneath the plant in the dry and wet seasons

(Figure 4).

Profiler |
rod
P — ‘Water r— Root
level Tt
2
Free
Total water
depth coluran
1 Bottom

sediraent

Figure 4: Clockwise from top left: cutting access transects through the wetland;
location of points at which wetland bathymetry was mapped; and illustration of

method used to measure papyrus mat thickness and depth of free water column
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For paper III: data on groundwater, wetland stage, and climatic data (rainfall,
temperature, humidity, wind speed) were recorded daily using shallow ground water
wells, staff gages, and an automatic weather station (model: Davis Vantage Vue 6250),
respectively. In addition, discharge measurements were carried out at all inlet and outlet

culverts on five separate occasions using an OTT current meter (Figure 5).

Figure 5: Clockwise from top left: borehole monitoring, setting up weather station,
installation of water gauges at wetland in lets and outlets, discharge measurements
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The monitoring duration of the different datasets is shown in Table 1. Wetland stage had
the longest monitoring record of 20 months, while climate and groundwater monitoring
was for 18 and 19 months, respectively. Discharge measurements were done in each
successive dry and wet season over a 10 month period. A survey of the wetland’s
bathymetry was done once in January 2016, while the wetlands water depth was

monitored for 12 months.

Table 1: Duration of monitoring datasets at the local wetland site

Data sets Time period
2015 2016

5/6/7/8/9 10 11 12 |1/2/3 4|56 |7/8|9| 10 11 12
Climate X|X| x| X X X | X[x|x|x|x|x|[xX]|x|xX|] X X X
Wetland x| x| x| x| x| x X X | x|x/x|x|x|x|x|]x|x| X X X
stage
Groundwater X|X| x| x| X X X | XXX |X|X|X|[X|X|[X| X X X
level
Discharge* X X X X X
Survey of X
wetland
baythmetry
Wetland XX x| x| x| x|x|x|xX| X X X
water depth

*No discharge measurements done after February 2016 because of construction works on

culverts
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3. Overview of papers

3.1. Trend of vegetation productivity and moisture (paper I)

The aim of the first paper was to understand the historical land use patterns within the
Mpologoma River catchment, and their impacts on vegetation moisture and
productivity. This paper’s novelty is that it utilised hyper-temporal image analysis to
link the catchment’s hydrological history to spatial differences in vegetation
productivity for an ungauged catchment in the Lake Kyoga basin. The Drivers,
Pressures, State, Impact, and Response (DPSIR) framework was used to appreciate the
ecosystem goods and services provided by natural resources within the catchment
(Figure 6). Ecosystem goods include portable water, food from crops and fish, fuel wood,
craft materials, while services comprise climate regulation, flood mitigation, and water
storage (Kansiime et al., 2007). The framework identified land cover changes and river

modification as the main pressures on the natural resources.

Climate variation

River flow modification
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R

Figure 6: lllustration of impacts of land use changes on ecosystem services using the
DPSIR framework

The paper’s objectives were to quantify the impacts of land cover changes and flow
modification on vegetation moisture and productivity. Changes in vegetation moisture
were assessed using the Normalised Difference Water Index (NDWI). NDWI was
calculated from three Landsat images (1986, 2001, 2017) taken at 15 year intervals over
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a 30 year period. The trend of vegetation productivity was calculated from a time series
of MODIS NDVI images (2001 to 2016). These images were also used to create a land

cover map for the study catchment (Figure 7).

Datasets Analysis I Outputs

MODISNDVItime
series :
16years (368 staking
images)

Image Unsupervised
| dlassification

Trend analysis

Wetland map (BFAST)

Figure 7: methodological flow chart for MODIS NDVI image processing and trend
analysis

Results showed a reducing trend for both vegetation moisture and vegetation
productivity despite an increasing trend in precipitation. This was attributed to
agricultural encroachment on wetland systems that occurred prior to 2001. The
research therefore illustrated that wetland degradation can have lasting impacts on

wetland hydrology, and productivity of adjacent agricultural land.

This paper contributed to a better understanding of the current state of the environment
in the catchment by quantifying the spatial extent of intact and degraded wetlands. It
also brought into perspective the pressure on papyrus wetlands, and associated impacts
on ecosystem services. Since the water storage capacity of these wetlands has not been
quantified before, the subsequent papers sought to give a better understanding of the
functioning of papyrus wetlands by carrying out experiments at a small wetland section

within the catchment.
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3.2. Wetland water storage and papyrus mat dynamics (paper Il)

Paper II had two objectives which were: (i) to assess papyrus root mat dynamics at
changing water levels; and (ii) to quantify the water storage capacity of a papyrus
wetland section in the dry and wet seasons. The paper’s novelty is that it quantified the
water storage capacity of papyrus wetlands and papyrus root mat dynamics which had

not been done before.

For the first objective, measurements of papyrus mat thickness and depth of the free
water column were made along three transects in the wetland in the dry and wet
seasons. The data was examined using both Analysis of Variance (ANOVA) and
correlation analysis. For the second objective, a survey of the wetland’s bottom elevation
was carried out to generate data on the wetland’s bathymetry, from which the depth-
volume relationship was estimated. Monitored depth data was then used to calculate

wetland volume in the dry and wet seasons.

Results showed that the depth of the free water column increased across all
transects in the wet season. Changes in mat thickness were influenced by the rate of rise
of the free water column, and spatial location within the wetland. There was a significant
negative correlation between changes in free water column and papyrus mat thickness
(n=32, r=-0.85, p=000) between the two seasons. This indicated that the papyrus mat
compresses in response to increases in free water column. The observed increase in
water column facilitates storage of excess water during rainy seasons. Indeed, there was

a 50% increase in water storage capacity for the wetland section in the wet season.

The paper alluded to the opportunity that this storage function could provide for
sustainable agricultural improvement, but stressed the importance of additional
research to understand the water level threshold required for maintaining the wetland’s

hydrology.

3.3. Wetland water balance (paper lll)

Paper III aimed to identify the main components of the water balance, and to estimate
retention time in the dry and wet seasons. Monitoring stations were set up to collect
data on water flows into and out of the wetland. These flows were described using a

conceptual model (Figure 8). Each component in the conceptual model was calculated
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using the monitoring data at the study site, and aggregated to monthly time steps. A
monthly water balance was then estimated by subtracting all water outputs from the

inflows according to equation 1.

ds/dt = Qi, + P + Qgin + Qf — Qout — ET - e (all terms in m*/day) (1)

where ds/dt = change in storage, Qin = channel inflow, P = precipitation, Qgin =

groundwater discharge, Qf = overland flow from edges of wetland section, Qout

channel outflow, ET = evapotranspiration, e = residual error

— v
—_—

Figure 8: Conceptual model of the water balance for the wetland section.

Water retention was estimated using two methods: by calculating the volume-discharge
ratio; and use of salt as a tracer to estimate water velocity and the travel time from the
inlet to outlet culverts. The water balance of the studied wetland section is dominated
by channel flow contributing approximately 99.7% of the total inputs, while
precipitation and ground water discharge contributed 0.2% and 0.1%, respectively.
Estimated retention time varied between 2 hours and 7 days during periods of high and
low flows, respectively. The groundwater gradient showed groundwater flow towards
the wetland throughout the monitoring period, with average gradients of 0.0074 and
0.0043 on the western and eastern sides of the wetland edge, respectively. It was noted
that the wetland’s hydrology is vulnerable to continued land cover changes in the
upstream catchment. Further, because the wetland serves as a boundary for the local
groundwater, wetland drainage could impact groundwater levels. The study proposed
further research using catchment models to assess impacts of land use changes on
channel flows.
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4. Discussion

The main pressure causing wetland degradation in the Lake Kyoga basin is the need for
land for agricultural expansion. This is driven by increasing population and market
changes, including increased demand for rice (Turyahabwe et al., 2013). Results showed
that agricultural expansion into wetlands and associated river diversions reduce
vegetation productivity in the long run due to reduction in plant available moisture for
evapotranspiration. The reduction in plant available moisture (Paper I) is likely caused
by changes in wetland hydrology, which have long term impacts on ground water level

and soil moisture availability (Falkenmark, 2001; Gordon et al., 2010).

It is therefore important to maintain a balance between agricultural productivity
and wise use of the wetlands, especially since increasing the agricultural land does not
necessarily increase food security for small scale farmers (GOU, 2017). However, there
is still insufficient knowledge on the best agricultural management practices for the
different types of wetlands (permanent and seasonal). This makes it difficult to plan
what proportions of wetlands should be utilised for agriculture, and how the farming
should be carried out (McCartney et al., 2010; McCartney & Houghton-Carr, 2009). In
addition, the impacts of land use changes on wetland functioning are not well
understood. This is partly because of limited monitoring data within Ugandan wetlands
(Langan et al, 2018). Despite the data scarcity, this research demonstrated through
trend analysis of NDVI time series that wetland degradation leads to reduced

productivity, and increased flood incidents in downstream areas (Paper I).

In spite of the wide spread encroachment on wetlands, the expansion of commercial
rice farms does not translate into improved food security mainly because the produced
rice is sold to affluent urban dwellers or exported, while local farmers remain dependent
on low yields from subsistence farming. Even in cases where rice out growers benefit
from water discharged from irrigation schemes, the benefits accrued are at the expense
of downstream communities due to reduction in quality and quantity of river discharge
(NEMA, 2008a). It is important therefore to invest in measures that improve

productivity of small scale farms in a sustainable manner.

Itis this need that motivated the second study (Paper II); which quantified the water
storage capacity and demonstrated that even a small wetland section is capable of

storing a large volume of water. This stored water is currently used by local

20



communities for washing as well as construction, but there is a potential to utilise this
water to improve the adaptive capacity of small scale farmers to climatic stresses.
However, the farmers need financial backing to come up with cost effective methods for
water harvesting as well as capacity building on irrigation best practices, especially

regarding water use efficiency (Falkenmark, 2001; Gordon et al, 2010).

It is important to note that the water storage capacity of the wetland depends on
channel depth (Kayendeke et al., 2018). This means that upstream land uses which
increase erosion gradually lead to changes in channel morphology as sediments settle
at the bottom. Therefore, the storage capacity of a seemingly intact wetland can still be
reduced by upstream land uses like farming along river banks, as has been observed for

upstream areas of River Manafwa (NEMA, 2008a).

Paper II also looked at papyrus root mat dynamics, and showed that the papyrus
plant is physically adapted to the changing water levels in the wetlands. The paper
described for the first time the relationship between papyrus mat thickness and the free
water column beneath the plant, and alludes to the flood mitigation potential of these
wetlands due to friction drag by the plant mat system. The paper provides new insight
into the plant’s role in wetland functioning and gives more reason to advocate for the

protection of natural wetland vegetation.

Paper III looked at the key processes of the wetland’s hydrological regime, since
understanding a wetland’s hydrology is critical to its sustainable management
(Falkenmark, 2001). The research showed that flow in the main wetland channel is the
key component of the hydrological regime of the studied wetland section. Therefore
maintenance of the wetland’s functioning should concentrate on holistic management
in the entire catchment because unrestricted upstream drainage will eventually cause a
shift in the hydrological regime of downstream wetlands and negatively affect
associated agricultural activities (Falkenmark, 2001; Gordon et al, 2010). There is also
a need to devise appropriate means of measuring discharge and flow dynamics within
wetlands for their hydrology to be better understood, since current discharge methods

were developed for open water channels.

However, implementation of these management changes requires institutional
support, which can be obtained through continued dialogue with politicians and policy
makers (Allan et al., 2013). Further, stakeholder participation especially of the local
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community is the key to coming up with sustainable and feasible management
alternatives. This is because new scientific knowledge does not automatically translate
into positive changes in land management due to entrenched cultural and institutional

perceptions and attitudes (Schoeman et al., 2014; Wanyama et al., 2017).

[t is important to note though that halting wetland degradation requires that the
underlying pressures of degradation like poverty and high population growth rate be
addressed (Galatowitsch, 2018), since it is difficult to maintain wise use of wetlands
without alternative livelihood options for local communities (Mafabi, 2018).
Furthermore, it is vital to recognise that there is no single correct approach for
sustainable wetland management but it is important to collaborate with researchers and
other stakeholders from different fields, promote data sharing, as well as being open to
learning from indigenous knowledge (Allan et al., 2013; Mafabi, 2018; Schoeman et al.,
2014; Varady et al, 2016; Wang et al., 2016; Zeitoun et al., 2016).

5. Conclusions, implications for wetland management and future
research

Wetland degradation has undesirable impacts on catchment hydrology like reduction in
river discharge and soil moisture availability. This study demonstrated reducing soil
moisture condition within the Mpologoma River basin (paper I). These observed
changes could be an indicator for the less visible changes in the groundwater table (Chen
& Hu, 2004; Cooper et al., 2006; Soylu et al., 2014). This should be a cause for concern
since such creeping changes may go unnoticed until they have reached an irreversible
stage, in which case corrective measures would not readily return the system back to its
natural state (Falkenmark, 2001; Varady et al, 2016). Indeed, Howard and Griffith
(2009) demonstrated through modelling of the Aroca catchment (located north of Lake

Kyoga), that it can take up to 100 years for a declining water table to stabilize.

Therefore wetland management should not be biased towards increasing food
production alone, but should seek to strike a balance among the various ecosystem
services provided by these systems. As this PhD work has demonstrated, the reduction
in wetland area has resulted in declining productivity within the wetland and in

agricultural areas (paper I). Thus, the long term maintenance of food production
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requires sustainable wetland management. This implies integrating both water supply
and demand based strategies, where existing supply is exploited while implementing

reforms that promote efficient use of available water sources (Wang et al., 2016).

This study has demonstrated that papyrus wetlands have a large water storage
capacity (paper II), which if exploited have potential to contribute to increased food
security for small scale farmers. In addition, the papyrus mat dynamics described in this
thesis (paper II) demonstrate the role of natural vegetation in wetland functioning.
Wetland functioning is thus impacted just as much by onsite removal of natural
vegetation as it is by upstream land cover changes. Sustainable use of these wetlands
will require further research to understand the water level threshold that would sustain
the existing hydrological cycle. Therefore, continued monitoring of the wetland
hydrology at different spatial and temporal scales is key, since such information is
essential to come up with appropriate plans for upstream and downstream water needs

(Gordon et al., 2010).

The water balance estimation showed that flow in the main wetland channel
dominates the hydrological regime, and that there is a ground water gradient towards
the studied wetland section (paper III). Since the wetland water levels serve as a
boundary for groundwater, it is important to invest in groundwater monitoring
networks so that impacts of wetland changes on groundwater can be more readily
assessed. Further, research using catchment based models will go a long way in
illustrating the linkages among wetland systems, groundwater levels, land use changes,

water availability and agricultural productivity (Falkenmark, 2001).

This research contributes to a better system understanding of papyrus wetlands,
which is a prerequisite for effective wetland management. However, attaining
sustainable wetland management will require incorporating adaptive management into
existing management plans. This is because there are always inherent uncertainties in
natural resource management that arise from incomplete knowledge, and changes in
climate, culture, water demand, economic and political situations. This kind of
management allows resource managers to learn from previous actions through
continuous monitoring of feedback mechanisms; this requires collaboration across

research fields, community participation in decision making, and strengthening of
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dialogue with policy makers (Allan et al, 2013; Schoeman et al.,, 2014; Varady et al,
2016; Wang et al., 2016; Zeitoun et al., 2016).
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Abstract

Papyrus wetlands are an important source of livelihoods for rural communities. These
ecosystems however, face pressures of conversion into agricultural land, yet the impacts on
vegetation productivity and moisture availability are not known. This paper utilised hyper-
temporal image analysis in a novel way, to link the catchment’s hydrological history to
spatial differences in vegetation productivity in an ungauged catchment of the Lake Kyoga
basin, Uganda. The study objective was to reconstruct land cover change impacts using
hyper-temporal image analysis. A MODIS NDVI time series was classified into land use
complexes, and the trend of the land uses was calculated using Breaks for Additive Season
and Trend (BFAST). The last 15 year period was characterised by a declining trend in
vegetation productivity (-0.01 to -0.05), that is explained by previous land conversions.
Areas with low vegetation moisture increased by 110% between 1986 and 2017, while
those with high and moderate vegetation moisture reduced by 15% and 22%, respectively.
The method was able to segregate areas with unique hydrological histories i.e. flooding
versus drying trends; and therefore has a potential to help plan targeted restoration
measures, and to monitor outcomes of implemented actions. This work demonstrates
hyper-temporal image analysis as a promising tool for catchment based management of

ungauged basins.

Key words: Papyrus wetland, Land use change, NDVI, MNDWI, Vegetation moisture,

hyper-temporal



1. Introduction

Papyrus wetlands cover extensive areas in Sub-Saharan Africa and are dominant in
floodplain wetlands within the Nile basin. The areal coverage of the papyrus wetlands is not
known. For example, estimates for the Sudd wetland alone in South Sudan vary between
2,800 to 40,000 km? (Kipkemboi & van Dam, 2018). The wetlands provide regulatory and
provisioning services like water purification, flood mitigation, and water storage. They are
an important livelihood source for rural communities through land uses like papyrus and
water harvesting, livestock watering, fishing and hunting (Kipkemboi & van Dam, 2018;
Millennium Ecosystem Assessment, 2005). However, the wetlands are under threat from

agricultural encroachment that alters natural vegetation and water levels.

Wetland encroachment can be in form of replacing natural vegetation with crops like sugar
cane and rice at river edges or through hydrological changes like diverting water to irrigate
rice paddies (NEMA, 2008a). This accelerates the rate of wetland drainage, which in turn
affects their ability to provide ecosystem services (NEMA, 2016). In Uganda, there was an
11% decline in wetland coverage between 1994 and 2008, with the greatest decline
occurring in the Lake Victoria (54%) and Lake Kyoga (27%) basins (NEMA, 2008b; Nsubuga

etal,2014).

The Lake Kyoga basin is located in Eastern Uganda, and its wetlands have been extensively
encroached upon for agricultural expansion (NEMA, 2008a). Namaalwa et al. (2013)
established for a small Kyoga sub-basin that conversion from natural wetland vegetation to

agricultural areas started in the upstream areas and gradually expanded downstream.
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However, a more comprehensive understanding of land cover dynamics at a larger scale is
essential since the impacts of land cover change often extend beyond the scale of the change
(Millennium Ecosystem Assessment, 2003). Despite the pressures on the wetlands, there is
currently no up to date assessments of land cover change impacts on vegetation

productivity and moisture availability for the Lake Kyoga basin.

However, such data can be obtained in a cost effective way by using freely available remote
sensing data. Remote sensing provides indirect information about the ground surface by
recording information about electromagnetic properties of the earth. For example, data
from various sensors like Advanced Very-High-Resolution Radiometer (AVHRR), Moderate
Resolution Imaging Spectroradiometer (MODIS), Satellite Pour I'Observation de la Terre
(SPOT), and Landsat have been successfully utilised in the past for land cover mapping and

monitoring (Coppin et al., 2004).

Land cover monitoring involves characterising differences in the state of land cover by
observing it at different times. Remote sensing data has a high temporal coverage and
resolution which helps with comparison among dates (Kerle et al, 2004). There are
different change detection techniques but a suitable method for any given study depends
on the characteristics of the study area, and cost of image data (Lu et al.,, 2004). Although
sensors like Thematic mapper (TM), and SPOT have a high spatial resolution, coarser
resolution data like MODIS and AVHRR are sometimes more applicable because of low cost

and larger spatial coverage (Lu et al,, 2004).



In addition to land cover mapping, remote sensing data is used for monitoring land
degradation (Higginbottom & Symeonakis, 2014). Land degradation studies quantify
changes in hydrological condition and/or vegetation vigour, which can be done using water
and vegetation indices (VIs) especially for areas with limited reference data (Young et al,
2017). For instance, the Normalised Difference Water Index (NDWI) is useful for
monitoring vegetation moisture (Gu et al., 2007). Vegetation moisture is water temporarily
stored in plant canopies which is available for evapotranspiration (Schyns et al., 2015).
Since vegetation stress can be caused by a prolonged soil moisture deficit, vegetation
moisture estimates can be used to make inferences about soil moisture (Dobriyal et al.,
2012). Vegetation moisture estimation is especially useful in highly vegetated areas, where
the relationship between soil moisture and remote sensing indices is weak (Petropoulos et

al., 2015; Zhang & Zhou, 2016).

On the other hand, the Normalised Difference Vegetation Index (NDVI) is used for
monitoring vegetation primary productivity because it is correlated to vegetation
photosynthetic activity (Pettorelli et al., 2005; Verbesselt et al., 2010). Various studies have
used the MODIS NDVI time series to monitor changes in trend and vegetation phenology
(Grogan et al,, 2016; Gu et al, 2007; Verbesselt et al., 2010). The MODIS dataset has a
moderate spatial resolution of 250 m compared with the coarse 1 km resolution of AVHRR
data. In addition, its higher temporal resolution compared to Landsat data makes it better

suited for studies in tropical regions where cloud cover is recurrent (Grogan et al.,, 2016).



The Lake Kyoga basin has heterogeneous land uses and a high frequency of cloud cover
(Turyahabwe et al., 2013), which makes it difficult to distinguish wetlands from agricultural
areas using conventional mapping techniques. In addition, the presence of vegetation
makes direct monitoring of soil moisture difficult. For these reasons, we choose the
vegetation (NDVI) and water (NDWI) indices to monitor vegetation productivity and

vegetation moisture changes respectively.

This research demonstrated the feasibility of using hyper-temporal image analysis for
monitoring the impacts of wetland degradation in ungauged basins. The objective was to
map land cover changes, and quantify their impacts on vegetation productivity and
moisture using remote sensing data. The specific objectives were: (i) to map the spatial
coverage of intact wetlands and other land uses using MODIS NDVI time series; (ii) to use
NDVI as a proxy to monitor the trend of vegetation productivity; and (iii) to monitor

changes in vegetation moisture using Landsat derived NDWI.

We hypothesised that wetland degradation reduces soil moisture in and around the
wetlands, which in turn reduces plant available moisture. Therefore, expansion into
wetlands may improve productivity in the short term but leads to reduced vegetation

productivity in the long run.



1.1. Conceptual framework

The impacts of wetland encroachment on ecosystem services within the Lake Kyoga
catchment is illustrated using the Drivers, Pressures, State, Impact, and Response (DPSIR)
framework in Figure 1. The driving forces of change in the catchment are increasing
population, and increasing market for rice. The pressures include land use changes and
modification of river flow, as well as climatic variation (Turyahabwe et al., 2013). Changes
in land use are endogenous because they are directly impacted by stakeholder decisions
while climatic variations are exogenous (Millennium Ecosystem Assessment, 2003). These
pressures cause expansion of agricultural activities into wetlands in the low lands; this
lowers water levels leading to reduced water table in adjacent areas (NEMA, 2008a). The
lowered water table affects moisture availability for food production, and sustainability of
shallow wells. The impacts of land use changes are worsened by increasing climatic
variability in the catchment. This is characterised by late onset of rains and
disproportionate distribution of rainfall; with heavy rains reported in the highlands and a
higher frequency of droughts in low lands (Hisali et al, 2011; Kansiime et al., 2013). Our
research focuses on mapping endogenous pressures, and quantifying their impacts on

vegetation moisture and productivity.
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Figure 1: Illustration of impacts of agricultural expansion on ecosystem functioning using
the DPSIR framework. Red polygon indicates the focus of the study on agricultural
expansion into wetlands



2. Materials and methods

2.1. Study Area

The study was conducted in the Mpologoma River catchment, within the Lake Kyoga basin
in eastern Uganda (Figure 2). The catchment size is 8,960 km? with elevation ranging from
1020 to 4310 meters above sea level and it drains 11 districts of Uganda (Nsubuga et al.,
2017). The average annual rainfall is 1,300 mm distributed between two rain seasons:
March to May, and September to November. Commercial and small scale rice fields are
predominant in the low lands. Other crops include maize, beans, cassava, groundnuts,
coffee, and bananas. (NEMA, 2008a). The Mpologoma wetland’s main inflow is the
Mpologoma River, whose tributaries include Namatala, Manafwa, Malaba, and Naigombwa

rivers (Figure 2).

Legend

Uganda_districts +  precipitation grid (NCEP)
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High : 4315
g5 0 0 do [ Mpologama river catchment _—
T — - Wetland Low : 1022

Figure 2: The Mpologoma river catchment with elevation data derived from a 30-meter
digital elevation model (DEM) of the Shuttle Radar Topography Mission (SRTM)
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2.2. Datasets

The datasets used in this study are given in Table 1. Remote sensing data from MODIS and
Landsat sensors was used to analyse land cover and vegetation moisture changes,
respectively. Time series of meteorological data for the study area was obtained from the
National Centers for Environmental Prediction (NCEP) for the period 2001 to 2014. This
dataset was used for climatological trend analysis since weather stations in the catchment
are currently not operational (United Nations Development Programme, 2013). The
meteorological dataset is on a 35 by 35 meter grid (Figure 2). We estimated spatial

precipitation using Thiessen Polygons, following the equation proposed by Kopec (1963);

p= A1P1+A2;2+~~AnPn (1)

where P = average catchment precipitation, A = area of catchment, A1, Az...An = area of

individual Thiessen polygons, P1, P2...Pn = precipitation at gauges within the polygons

We obtained shape files of land use and wetland coverage from National Forest Authority
(NFA) and Wetland Management Department (WMD), respectively. We used the maps in
combination with records from the Dartmouth Flood Observatory and Google Earth images,
to validate results from hyper-temporal and trend analysis. A digital elevation model (DEM)
from Shuttle Radar Topography Mission (SRTM), was used to display elevation variations

in the study area.



Table 1: Datasets used for analysis of land use and vegetation moisture changes in

Mpologoma river catchment

No | Data Source; year(s) Resolution

1 | MODIS NDVI | https://reverb.echo.nasa.gov/reverb/; | 250m, 16 days
(MOD13Q1, Version 05) | 2001 - 2016

2 Landsat surface | https://earthexplorer.usgs.gov/ ; 30m, 16 days

reflectance (Landsat 7 &

1986, 2001, & 2017

8)

3 | Precipitation The National Centers for | 35*35m, daily
Environmental Prediction:
https://globalweather.tamu.edu/;
2001-2014

4 | Wetland map Wetland Management Department [ N/A
(WMD); 2010

5 | Land use map National Forest Authority (NFA); 2005 | N/A

6 | STRM DEM https://earthexplorer.usgs.gov/: 2000 | 30m

7 | Global Active Archive of | Dartmouth Flood Observatory | N/A

Large Flood Events (http://floodobservatory.colorado.ed
u/Archives/index.html); 1985-present

8 | Google Earth images Google Earth Pro, version 7.3.1 N/A
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2.3. MODIS NDVI classification for characterisation of current land
cover state

We downloaded MODIS NDVI images (MOD13Q1, Version 05) from the National

Aeronautics and Space Administration (NASA) archive

(https://reverb.echo.nasa.gov/reverb/). The dataset has an NDVI image for each 16-day
period, making 23 images for each year. Images from January 2001 to December 2016 were
downloaded, amounting to 368 images for the 16-year period. The downloaded images
were imported from Hierarchical Data Format (HDF) to Image file format (IMG) using Erdas

Imagine 2016 software.

We used the Erdas Imagine “stack” tool to combine the images into a single image with 368
bands. The extent of the stacked image was reduced to the Kyoga sub-basin using the
“subset” tool. The subset image was then re-projected from sinusoidal to Universal
Transverse Mercator (UTM) coordinate system using nearest neighbour resampling
method. We carried out unsupervised classification on the image using the Iterative Self-
Organizing Data Analysis (ISODATA) clustering algorithm of Erdas Imagine software. The
classification was done several times with a different number of classes (5 to 100) for each
run, following the method of De Bie et al. (2008). We selected the most representative
number of classes for our study area by calculating divergence statistics for the classified
images. Divergence statistics give the minimum distance between pairs of image clusters,
as well as the average distance among all clusters (Davis et al., 1978). The image with the

highest minimum and average divergence is usually judged as most representative for a
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given study area (De Bie et al, 2011). We selected an image with 38 classes because it had

the highest minimum and average divergence.

In order to create a legend for the classified image, we extracted image statistics and
exported the data to Excel software. We calculated average annual NDVI values for each
image class, and created NDVI profiles for the averaged data. After visual inspection of the
NDVI profiles, classes with similar NDVI profiles were merged (De Bie et al,, 2011). We used
the seasonal characteristics of NDVI profiles, and our knowledge of the study area to
differentiate among land cover types. The classified image was validated using land use and

wetland maps obtained from government agencies.

2.3.1. Analysis of trends in NDVI classes to identify areas where
change occurred, and areas impacted by land cover changes

Time series data (2001-2016) of the image classes was imported into R software for
analysis of trends. We also analysed trend of the precipitation dataset, and compared the
trend in precipitation to that within the NDVI classes.

The time series were decomposed into seasonal, trend, and remainder components using
the Breaks for Additive Season and Trend (BFAST) method. The BFAST method fits
piecewise linear trend and seasonal models to the time series using a model of the form
(Grogan et al., 2016; Verbesselt et al., 2010);

V=T, +S; +e; (2)
where Y = the observed time series, Tt = the trend component, St = the seasonal component,

and et = the remainder component.
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The method which is implemented in R software, uses Ordinary Least Squares (OLS) and
residuals-based Moving Sum (MOSUM) to check for occurrence and significance of break
points (P<0.05). The breaks represent sudden changes in the time series. For significant
changes: the magnitude and direction of the change; and the slopes of gradual changes

before and after breaks are calculated (Verbesselt et al., 2010).

2.4. Monitoring vegetation moisture using Landsat derived NDWI

We monitored vegetation moisture using three Landsat images (1986, 2001, 2017) taken
at 15 year intervals over a 30 year period. The Landsat dataset affords an opportunity to
establish the vegetation moisture state prior to 2001, but also serves as a validation of the

results of vegetation productivity from the MODIS NDVI dataset (2001-2016).

We downloaded Landsat surface reflectance data from United States Geological Survey
(USGS) data archive, using the earth explorer platform (https://earthexplorer.usgs.gov/).
The data is atmospherically corrected and processed to Level-1 Precision Terrain quality.
More information about surface reflectance pre-processing can be found in the Landsat
product guide (Masek et al, 2006; U.S. Geological Survey, 2018). Subsequent image analysis

was done using ArcGIS software (10.4).

The study area extent is covered by four Landsat scenes with path/row numbers: 170/59;
170/60;171/59; and 171/60. Therefore, we downloaded four Landsat scenes for each year,

and the images for individual years were merged using the ArcGIS ‘mosaic’ tool. There was
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a 7 to 9 day difference between images from paths 170 and those from path 171. We
downloaded images acquired in the dry season (January to February) to minimise

occurrence of cloud cover.

We used Landsat pixel quality information to create a cloud mask for the 1986 image since
it had the highest percentage of cloud cover. Areas covered by the cloud mask were
converted into no-data values to remove influence of clouds on further analysis. Similarly,
the corresponding spatial areas in the 2001 and 2017 images were converted into no-data
values, so that there was a common dataset for comparison. Some information was lost
from the later images since cloud free pixels were also removed. We calculated Modified
Normalised Difference Water Index (MNDWI) rather than NDWI because it supresses noise
from built-up areas, which are sometimes classified as open water areas (Xu, 2006). The
index was calculated with map algebra tools in ArcGIS following equation 3;

MNDWI = GREEN — SWIR/GREEN + SWIR 3)
where; GREEN and SWIR are Landsat spectral bands representing the green, and short

wave infrared portions of the electromagnetic spectrum.
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3. Results

3.1. Current state of land cover in the Mpologoma River basin

The NDVI derived map was used to illustrate the current land cover complexes in the
catchment (Figure 3). Small scale agriculture covers 73% of the total area while wetlands,
open water, woodlands, forests, and grasslands cover 15%, 5%, 3.4%, 2.6%, and 0.8%,
respectively. Of the total wetland area; 7% are seasonal wetlands which are utilised for

agriculture, while 2% of the permanent wetland has also been converted for agriculture.

Legend

I open water B Gressiand

[ ] Agricuttural area A [ woodiand

I Agricutturat area B [ seasonal wetiand

[ | Agricutturat area ¢ I scasonal wetland (Glass 20)
[ Agricuttural area D [ ] Degraded wetland areas
[ Agricuttural area E I Permanently inundated areas
2 I ~cricultural area (Class 30) [ intact wetiand areas

I Agroforestry B Forest

0 5 10 20 30

Figure 3: NDVI classes representing different land cover/use complexes in Mpologoma
catchment. Red circles highlight differences between the NDVI derived map and the land
use/wetland maps

The spatial location of cover types in the NDVI map closely matched those in the land use
map from National Forest Authority (NFA); but the NDVI derived map shows that

endogenous pressure on the permanent wetland (yellow polygons in Figure 3), is more
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wide spread than the extent of commercial agriculture shown in the land use map (Figure
4). This pressure is not represented on the land use map because the map gives information
of a single point in time; and yet land cover changes initially start at a small scale, and

gradually build up.

Legend
I oven water I woodland Commercial farmland
Agricutural zrea [ Seasonal wetiand N intact weland
0 40 2 ] a0 I Gressiand I Permanately inundacd I Forest

Figure 4: Wetland (left) and land use/cover (right) maps of Uganda that were used to
validate the NDVI map. Note that the maps do not cover the far eastern side of the
Mpologoma catchment because it falls on the Kenyan side

Seasonal wetlands on the western side of the catchment (red circle on left side of Figure 3)
were misclassified as permanently inundated areas in the NDVI map, most likely due to the
practice of maintaining rice paddies in both growing seasons. On the other hand, water falls
on the slopes of mountain Elgon (red circle on right side of Figure 3) were correctly

detected as permanently inundated areas in the NDVI map.
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3.2 Characterising land cover changes and their impacts within the
catchment

The results from BFAST analysis show that there was only one significant change in NDVI
phenology within the mapped cover complexes during the analysis period (2001-2016).
This change in cover type, occurred in NDVI class 20 (Figure 3) in year 2011. We established
through Google images that these areas have been converted from agriculture to small
plantation forests. Aside from this conversion, the state of land cover in the rest of the
catchment was stable during the analysis period. This means that disturbances mapped as

degraded wetland areas in Figure 3 occurred prior to 2001.

Results also showed that there was a declining NDVI trend for all the cover complexes
except grasslands, woodlands, and forests (Table 2). The slope of the decline varied among
land cover complexes, with the lowest and highest slopes observed for intact wetlands (-
0.003) and agricultural areas A and D (-0.05), respectively. Most agricultural areas had a
slight improvement in vegetation productivity after 2010 but wetland trend declined

throughout the monitoring period (Table 2).

17



Table 2: Description of land cover/use complexes for different NDVI class groups; with
information on slope and direction of NDVI trend; where (+) and (-) represent positive

and negative trend respectively

Land use complexes | Colour NDVI Slope of trend
Groups

Open Water 3,4 N/A

Agricultural area (A) 6,7,9,16 |-0.01,-0.05,0.01

Agricultural area (B) 8,12,15 |-0.02,-0.03,0.06,0.02

Agricultural area (C) 14,18 -0.01,-0.02,-0.01

Agricultural area (D) 19, 26,28 | -0.01, -0.05, 0.003

Agricultural area (E) 21,27 -0.01, -0.03, 0.04, 0.02

Agricultural area 30 -0.02,-0.04,-0.01

Agricultural area 13 -0.01,-0.03,-0.01

Agroforestry 29 -0.01, -0.04, -0.01, 0.04

Grassland 11, 22 N/A

Woodland 17,33,36 | N/A

Seasonal wetlandt 20 -0.04,-0.02

Seasonal wetland 23 -0.01, -0.04, -0.004

Degraded wetland 24 -0.01,-0.01, -0.002

Permanently wet 25 -0.01, 0.05, 0.01, 0.02

areas

Intact Papyrus areas 31,32 -0.003

Forest 34,35,38 | N/A

fClass 20 had a change in phenology in 2011, which represents change in land cover type.

The land cover changed from agriculture to plantation forest
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In addition, we observed flood disturbances characterised by sudden increases in NDVI for

agricultural area C in 2006 and 2010, but intact wetlands had no such disturbances (Figure

5).
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Figure 5: [llustration of NDVI trend for different land cover complexes. Clockwise from top
left; Agricultural areas with flooding disturbances marked by sudden rise in NDVI
(Agricultural area C), intact papyrus wetland with no disturbances, and seasonal wetland
with change in both trend and phenology (Seasonal wetland, class 20). Where Y, St, Tt, and
et on the Y-axis represent the NDVI time series, the seasonal component, the trend
component and the residual component respectively

The observed decline in vegetation productivity does not correlate to precipitation
patterns, which showed an increasing trend with a slope of 10 (Figure 6). This means that

the observed trend in vegetation productivity is driven by endogenous pressures.
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Figure 6: The trend in catchment precipitation increased with a slope of 10 during the
monitoring period. Where Yt, S, Tt, and et on the Y-axis represent the precipitation time
series (mm), the seasonal component, the trend component and the residual component
respectively

3.3. Changes in vegetation moisture

The highest vegetation moisture was observed in the intact Mpologoma wetland on all the
image dates (Figure 7). This is because the wetland is permanently flooded, which increases
plant available moisture in these areas. Areas of low vegetation moisture increased by
110% between 1986 and 2017 while medium and high vegetation moisture decreased by
22% and 15% respectively (Table 3). Areas of low vegetation moisture were localised in
upstream areas in 1986 but these spread to lowlands in 2001 and 2017 (Figure 7). In
addition, the distribution of vegetation moisture within the wetland became patchier in the

later years.
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Figure 7: Modified Normalised Difference Water Index for 1986, 2001 and 2017; showing
variation of vegetation moisture. Visible mosaic line because images from two Landsat
paths and dates were combined

Table 3: Vegetation moisture variation in Mpologoma catchment between 1986 and 2017

Vegetation moisture Class range Area of class (km?2)
Class 1986 2001 2017
High 0--04 1,260 520 1,070
Moderate -0.4 - -0.5 5,430 4,350 4,250
Low -05--1 1,230 3,050 2,600
Total area 7920 7920 7920
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4. Discussion

4.1. State of land cover in the Mpologoma River basin

Our research showed that there are encroachments along the edges of the Mpologoma
wetland. This observation is supported by results from Ssanyu et al. (2014)’s field survey
along the Mpologoma River system (e.g Figure.1 in Ssanyu et al., 2014). This degradation is
driven by farmers’ perceptions of improved crop yields at wetland edges (Kakuru ef al.,
2013). However, the removal of natural wetland vegetation, and river diversions lead to a
further reduction in river discharge (NEMA, 2008a). It is important therefore, to train

farmers on sustainable use of available wetland water, as opposed to draining the wetlands.

4.2. Land cover changes and their impacts

The driving forces of wetland degradation in the catchment (DPSIR framework, Figure 1)
are increasing (GOU, 2017; Uganda Bureau of Statistics, 2017). However, only the change
from small scale agriculture to plantation forest occurring in NDVI class 20 (Table 2 and
Figure 3) was identified using BFAST time series analysis. This could give an impression
that there were no endogenous pressures in the catchment during the analysis period
(2001-2016). This is not necessarily true because changes from natural wetland vegetation
to rice paddies though present, may not create a significant change in NDVI phenology to
be detected by the BFAST method. Nevertheless, the rate of wetland degradation reduced
in the last 15 years compared to the preceding period (Turyahabwe etal., 2013). Therefore,
the observed decline in vegetation productivity, and increase in flooding frequency for

some areas, are most likely long term impacts of previous land cover changes.
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The NDVI map is useful for categorising areas impacted by endogenous pressures because
such areas give a unique signature compared with other land complexes. This is illustrated
by information given by the Iganga District Environmental Officer (personal
communication, 27th May 2014). The officer explained that upstream sections of the
Naigombwa River (Figure 2); classified as a distinct agricultural class (NDVI Class 30; Table
2 and Figure 3), were formerly perennial streams which now frequently dry out during
drought periods. This shows that the created map has a lot of information about land
management and hydrological characteristics of the catchment. However, it can only be
understood by linking the map to local knowledge of historical changes. Therefore, this
research would have benefited from a survey about observed changes in the timing and
duration of inundation/water logging in wetlands and adjacent agricultural lands. Such a
survey was not financially feasible for the current study but can be incorporated into future

research.

4.3. Flooding dynamics and vegetation moisture variations

Additional information about the hydrological characteristics of the agricultural complexes
became apparent after statistics from the map were examined using trend analysis. For
example, Figure 5 shows more than just the NDVI trend for the selected land cover

complexes. The figure also gives insight about when floods occurred, as indicated by a

sudden rise in NDVI (Powell et al., 2014; Sims & Colloff, 2012).
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The floods were validated using records from the Dartmouth Flood Observatory
(Brakenridge, 2010). The records show that flooding incidents were reported for the Kyoga
basin in August 2006, August 2007 and September 2010. It is interesting to note that the
sub counties recorded as flood prone in the Dartmouth records, are those surrounding the
largest commercial farmland in Figure 4. On the other hand, other parts of the catchment
(Naigombwa wetland), are experiencing drying trends as shown by NDVI class 30. This
information is complemented by results from NDWI analysis which show that although the
vegetation moisture condition is deteriorating; there was some improvement for
agricultural area C between 2001 and 2017, while agricultural area E continued to

deteriorate.

The two main disadvantages of the Landsat data were: the time gap between image scenes,
which could have amplified any differences in climatic conditions (wet or dry); and the high
frequency of cloud cover, which made it difficult to monitor at shorter time intervals. This
dataset is therefore better suited for giving a general overview of changes in the catchment

rather than for detailed change detection at smaller scales.

However, when the two methods (image and trend analysis) are combined, they can help
to identify areas that need restoration measures; which is currently difficult with the sparse
gauging in the catchment. If alternative monitoring tools, such as those demonstrated by
this study are not capitalized on, impacts of endogenous pressures on discharge and the
water table may go unnoticed and eventually cause irreversible changes in the catchment’s

hydrology (Falkenmark, 2001; Finlayson, 2018). This is illustrated by the fact that
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vegetation productivity and moisture are on a declining trend despite the reduced rate of

land conversions in more recent years.

With improved documentation of land conversions and their impacts on catchment
hydrology, response measures like restoration of degraded wetlands can be targeted at
specific locations while promoting wise use of intact wetlands at the larger scale. The time
series dataset can also be updated on a yearly basis to monitor feedback mechanisms if any,

of implemented actions.

4.4. Conclusion

In this study, we utilised a combination of hyperspectral image analysis and trend analysis
to map vegetation moisture and productivity; and to categorise areas impacted by wetland
degradation in the Mpologoma River basin. Results showed that vegetation moisture and
productivity are decreasing, despite a reduction in the rate of wetland degradation in the
past 15 years. This implies that previous land cover conversions still have long lasting
impacts on the catchment’s hydrology. The combination of image and trend analysis
provides a monitoring tool for poorly gauged catchments; which can be used to isolate areas
for targeted action, and provide an opportunity for monitoring the outcomes of

implemented actions.
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ABSTRACT

Papyrus wetlands are predominant in permanently inundated areas of tropical Sub Saharan Africa (SSA) and offer
both provisioning and regulatory services. Although a wealth of literature exists on wetland functions, the sea-
sonal behaviour of the papyrus mat and function in water storage has received less attention. The objective of
this study was to assess the response of the papyrus root mat to changing water levels in a tropical wetland sys-
tem in Eastern Uganda. We delineated seven transects through a section of a wetland system and mapped wet-
land bathymetry along these transects. We used three transects to measure spatial and temporal changes in mat
thickness and free water column, and to monitor variations in total depth during two seasons. The free water col-
umn increased across all transects in the wet season. However, changes in the mat thickness varied spatially and
were influenced by the rate of increase of the free water column as well as wetland bathymetry. The proportion of
mat compression was higher at the shallow end of the wetland (83%) compared to the deep end (67%). There was
a significant negative correlation between changes in free water column and papyrus mat thickness (r = —0.85,
p = 000). Therefore, the mat compresses in response to increase in free water column, which increases the ratio
of the free water column to root mat thickness. Hence, the wetland accommaodates excess water during rainy sea-
sons. Water depth varied from 1.5 m to 2.1 m during the monitoring period, corresponding to a water storage of
61,597 m> and 123,355 m? respectively. This means a 50% change in water volume for the studied wetland
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section. This water regulatory function mitigates severity of floods downstream, but the stored water is also use-
ful to the surrounding communities for wetland-edge farm irrigation during dry seasons.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Papyrus wetlands are predominant in permanently inundated areas
of Sub Saharan Africa (Mburu et al.,, 2015; Morrison et al., 2013). They
are dominated by monocultures of Cyperus papyrus L., which is a large
herbaceous sedge whose culm grows up to five metres (Terer et al.,
2012). Sometimes they grow in combination with other species like
Miscanthidium violaceum, Phragmites mauritianus and Typha
domingensis (van Dam et al., 2007). The wetlands are a source of fuel,
medicinal herbs, fishing grounds, raw materials for crafts, building
materials, and inundated wetland edges are utilised for agricultural
activities (Donaldson et al., 2016; Terer et al., 2014).

Papyrus wetlands also provide services of water purification, flood
mitigation, water storage, and are important carbon sinks (Mburu
et al., 2015; Saunders et al., 2007; Saunders et al., 2013; van Dam
et al, 2007). For example, papyrus wetlands can store up to
1.6 kg Cm~2 y~! (Jones and Humphries, 2002) and contribute to im-
proved water quality through uptake of faecal coliforms, phosphorus,
as well as nitrogen uptake varying between 17.2 g N m~2 y~! and
76.7 g N m~2 y~! (Kansiime and Nalubega, 1999; Okurut, 2000; van
Dam et al., 2007).

Although the water purification function of papyrus wetlands has
been widely studied, their provisioning and regulatory functions espe-
cially water storage and flood mitigation have received less attention
(vanDam et al., 2014). A few studies highlight the importance of the pa-
pyrus mat system in water storage (Kansiime et al., 2007; Kipkemboi
et al., 2002); but to the best of our knowledge, there is no literature de-
scribing the spatial and temporal variation of the papyrus mat structure
in different seasons and how this phenomenon affects water storage.

Papyrus plants exist either in rooted or floating form, rooted papyrus
are anchored in the sediment at shallow ends of the wetlands. Some
stands can be detached during inundation by fast flowing water,
forming floating mats. The mats are made up of loosely intertwined
roots and rhizomes, and can spread by rhizome propagation over
open water to form a continuous root-rhizome-mat system (Boar,
2006; Saunders et al., 2012; van Dam et al., 2007). The mat system
can support the weight of an adult male of approximately 80 kg. The
loose structure of the floating mat allows exchanges of water between
the free water column beneath the plant and its root system (Azza
et al,, 2000), which enables the plants to access nutrients in the water.

The configuration or morphology of the rhizome-root-mat complex
is believed to influence the functioning of papyrus wetlands. For exam-
ple, Kipkemboi et al. (2002) observed that the floating papyrus mat in
Namiiro and Lubigi wetlands moved upwards with rising water levels
during periods of flooding. In addition, the mat system reduces water
velocity which increases water retention time (Kansiime and
Nalubega, 1999). Indeed, Ryken et al. (2015) demonstrated the buffer-
ing capacity of papyrus wetlands when they showed that the timing
and amount of peak discharge was delayed and lowered for catchments
with intact wetlands compared to those with degraded wetlands.

We illustrate a typical papyrus wetland cross-section in Fig. 1. The
wetland has a peat-sediment layer overlaying a solid bottom of varying
topography. The dominant vegetation is papyrus, which is rooted at the
edges but floats over the water in the wetland centre. We define the
wetland edge as the dry season water boundary, while the transition
zone is the area that is seasonally flooded in the wet season. The term
‘free water column’ is used to define the column of water beneath the
floating vegetation and we use this term from here on. The wetland
has open water areas at inlets and outlets, although small patches of

open water occur in the central parts too. The density of plants in the
figure is simplified but actual culm density varies between 16 and
36 culms m~2 (Opio et al., 2014).

Fig. 1 also illustrates the response of the papyrus mat to seasonal
changes in the hydro period. The friction of the floating mat as well as
return flow within the free water column reduce water velocity. These
processes are described by Liu et al. (2017) and Zhang and Nepf
(2011) who demonstrated using tank experiments, that velocity is re-
duced both within the root layer as well as in the free water column.
This increases the retention time, which in turn mitigates impact of
floods downstream and enhances aquifer recharge and bank storage
through infiltration.

In wet seasons, water levels increase because of higher flows. The
papyrus plant rises with the water because it is buoyant. In this way,
the water storage of the wetland increases. When the water level ex-
ceeds the maximum wetland depth, water seeps through the rooted pa-
pyrus mat and floods the transition zone (Fig. 1). The wetland releases
stored water slowly in the dry season, which makes it available for do-
mestic and irrigation use.

Despite the services of papyrus wetlands, increasing pressure for ag-
ricultural expansion has led many wetlands to be converted for agricul-
ture especially rice growing (Kipkemboi and van Dam, 2016). As a
result, agricultural crops replace natural vegetation in the wetlands
(Kansiime et al., 2005). The conversion starts at the wetland edges dur-
ing periods of low flow when farmers slash the above ground biomass
(culms) of rooted papyrus. They then dig out the roots and rhizomes
from the ground and burn them to prevent regeneration of the plant
in the wet season.

Gradually this procedure extends into the wetland. In the deeper
parts of the wetlands, farmers create artificial channels to drain water
from slightly raised rice plots established in the wetland. As a result,
draining reduces the water level in these parts of the wetland to a
level near the ground surface. There are two ways of wetland conver-
sion, the first involves creating artificial drainage channels and the sec-
ond involves filling the wetland with soil especially for very deep
channels. Small-scale farmers rarely attempt the latter process because
it is costly, but it is easier to undertake for commercial rice expansion.

Due to the mounting pressure on wetlands, it is crucial to under-
stand the regulatory (flood control) and provisioning (water provision)
services of papyrus wetlands. Improved understanding of the dynamics
of this system could enhance sustainable management and utilisation of
wetlands to increase agricultural productivity under a changing climate.
For example, rather than draining wetlands to grow crops (van Dam
et al,, 2014), local communities could utilize stored wetland water to ir-
rigate crops grown at wetland edges especially during the dry season.

This study was carried out to assess the response of the papyrus root
mat to changing water levels. The wetland of interest has rooted papy-
rus at the edges and floating papyrus in the centre of the wetland. The
changes in the root mat are important to know, since they influence
flow paths as well as the amount of interaction between water and
the root-rhizome mat complex. We measured detailed wetland ba-
thymetry, and the spatial distribution of mat thickness at different
water depths.

The hypothesis is that during periods of high water flow, the depth
of the free water column beneath the papyrus mat increases. This in-
crease exerts a force on the papyrus mat, which causes it to rise. How-
ever, as the water level increases further, the papyrus mat begins to
compress. In this way, the wetland accommodates more water, which
increases its storage in the wet season.
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Fig. 1. Wetland cross section showing the dynamics of rooted and floating papyrus mat, and the free water column in the dry and wet season.

2. Materials and methods
2.1. Study area

This study was carried out in the Naigombwa wetland, Iganga
district in the Lake Kyoga Basin of Eastern Uganda (Fig. 2). Iganga
district has three main wetland systems; Lumbuye, Naigombwa, and
Mpologoma which all drain northwards into Lake Kyoga, and finally
into the river Nile. The wetland channels are slightly meandering,
with low gradient and high width to depth ratios. A small section of
the Naigombwa wetland demarcated by a highway and railway line
was selected for this study. It has an area of 0.18 km? and drains an
area of 734 km?. Parts of the wetland upstream of the study section
were extensively drained for rice growing whereas the downstream
part still has intact papyrus vegetation.

The section was chosen because major inflows and outflows in cul-
verts of the highway and railway line can be quantified more easily. In
addition, the road improves accessibility to this wetland section com-
pared to other parts of the wetland. It has one large culvert and six
small ones along the high way in the southeast, which are the main

flows into the wetland. A railway line crosses the downstream end in
the North West and has two large culverts for outflows (Fig. 3).

The mean annual rainfall and temperature from historical records
(1961-1990) of stations in the Kyoga basin is 1300 mm distributed be-
tween two rainy seasons, and 21 °C respectively (Kigobe et al., 2014).
The basin's monitoring network is inadequate due to sparse coverage
and incomplete records from break down of some stations (COWI,
2010; Kigobe et al., 2011). Consequently, the Naigombwa sub-
catchment lacks a long-term meteorological record. The sub-
catchment is relatively flat with elevations varying from 1056 to
1348 m above sea level, and the soils are mainly ferralitic with reddish
brown sandy loams.

2.2. Layout and sampling design

The layout and sampling design is illustrated in Fig. 3. A highway in
the south east, and a railway on the north western side define the man-
made wetland boundary. The natural edges of the wetland are shown
by the periphery of the papyrus vegetation. The wetland's water bound-
ary shifts outwards by about 30 m and floods the transition zone during
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Fig. 2. Location of the study site in Eastern Uganda, the contours illustrate the wetland's bottom elevation/bathymetry.

periods of high flows. The transition zone is used for rice paddies in the
rainy seasons.

We digitized outlines of the highway and railway line from a google
earth image of the wetland. Seven access transects numbered 1 to 7
were cut through the wetland parallel to the water flow. The transects
were set approximately 100 m apart at the highway, however they
are not completely parallel to each other since it was difficult to keep
a perfect line of sight beyond the papyrus canopy while cutting through
the papyrus bush. The longest transect is 270 m (Transect1) and tran-
sect 7 is the shortest at 170 m.

All the seven transects were used for mapping the wetland's bottom
elevation, while transects 1, 3 and 5 were used for measuring papyrus
mat thickness and depth of the free water column. Labels along the
three transects indicate transect number and distance from wetland
edge. For example, T1-25 represents a measurement taken along tran-
sect 1 at 25 m from the edge (Fig. 3). Automatic divers were installed
at the centres of transects 1, 3 and 5 for continuous monitoring of
water depth. We monitored local precipitation patterns using an auto-
matic weather station (model: Davis Vantage Vue 6250) located 1 km
from the wetland. We installed water level gauges at the largest inlet
culvert and at the two outlets, where we monitored wetland stage dur-
ing the study period.

2.3. Deriving wetland bathymetry
Bathymetry is defined as the elevation and shape of land that is un-

derneath a waterbody (Huertos and Smith, 2013). We mapped the
wetland's bottom elevation by surveying 137 points along the seven

access transects, and around the wetland edges on 13th January 2016.
We used a CHC GNSS receiver (Model: X900; operation mode: RTK) to
record position (X, Y coordinates) and wetland bottom elevation of
the 137 points. The elevation data was imported into a GIS environment
(ArcMap 10.5). We then created a digital elevation model for the
wetland by interpolating the elevation data using the natural neighbour
interpolation method.

2.3.1. Deriving relationship between water level and wetland volume

We used ArcMap 3D analyst tools (surface volume tool) to calcu-
late wetland water volume for a range of predetermined water
depths/elevations for the derived bathymetry map following proce-
dures by Huertos and Smith (2013). The tool takes into account the
shape of the wetland, and it calculates the volume of water that
would fill the wetland as the water depth at the deepest point of
the wetland increases from zero to the maximum water elevation
(Fig. 1). Water volume was calculated for a range of water depths
from O to 3.5 m at 0.5 increments. A scatter plot of volume against
water depth revealed a polynomial relationship. We therefore fit a
third order polynomial model (Eq. (1)) to the data with an adjusted
R square value of 0.99;

WV = 2382.4—24987.6WD + 47793 2WD*—4030WD? (1)

where WV = wetland water volume, WD = water depth.
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2.4. Monitoring water depth The divers recorded water pressure every 30 min over a period of five
months. Barometric pressure was recorded using a barometric diver

We installed three automatic divers, one each at the centres of tran- (model: Baro-Diver DI500), which was installed in a borehole 50 m
sects 1,3 and 5 (supplier: Geonor AS, model: Micro-Diver DI6) on 13th from the wetland edge. The pressure recordings were used to calculate
January 2016 to monitor water pressure changes in different seasons. water depth variations in the wetland using Eq. (2) (Schlumberger
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Fig. 4. Illustration of profiler rod (left), and the measurement technique for mat thickness and free water column (right). where 1 is the total depth measurement and 2 is the mat thickness
measurement.
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Water Services, 2014);

WD = TOC—CL + 980665% )

where WD = Water depth, TOC = Top of casing, CL = Cable length,
Ppiver = Water pressure diver, Pg,, = Barometric pressure diver, p =
Water density (1000 kg/m®), g = Acceleration due to gravity
(9.81 m/s?).

After calculating the water depth changes, we computed the varia-
tion in wetland water volume in the dry and wet season using the
volume-water depth relationship derived from the bathymetry data in
Section 2.3.1.
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2.5. Measurement of mat thickness and free water column

Mat thickness and depth of the free water column beneath the papy-
rus mat, were measured along transects 1, 3, and 5 in the dry season and
beginning of the second wet season on 17/03/2016 and 27/05/2016 re-
spectively. We chose the beginning rather than middle of the wet sea-
son since it would be unsafe to walk on the floating mat during
periods of very high flows. For each transect; mat thickness, total
depth, and X, Y coordinates were recorded starting from the man-
made boundary at the highway, and thereafter every 25 m up to the op-
posite edge of the wetland. A profiling rod was used to measure the mat
thickness and water depth as illustrated in Fig. 4. The rod was pushed
through the mat until its base touched the peat-sediment layer and
this gave the total depth of both the papyrus mat and free water column.
The rod was then lifted until its base touched the bottom of the mat to
measure the mat thickness. The difference between the total depth
and mat thickness was used to calculate depth of the free water column.
At each location, measurements were taken 3 to 5 times on either side of
the transect, and an average value was computed. Locations of the mea-
surements were taken using a Global positioning system.

2.6. Statistical analysis

The data for each transect was divided into three zones according to
differences in water depth along the respective transects. The zones
were termed ‘highway edge (zone ), ‘central zone (zone II)’, and ‘rail-
way edge (zone III)’, and were at distances of 0-100, 100-175, and
175-250 m from the highway respectively. We used the Kruskal-
Wallis ANOVA test to analyse differences in mat thickness and free
water column among the created zones. Differences in mat thickness
and free water column between the three transects were also analysed
using ANOVA. The relationship between mat thickness and free water
column was tested with the Spearman rank correlation coefficient. We
calculated the percentage changes in mat thickness and free water col-
umn from the dry to wet season, and used ArcMap software to illustrate
the spatial distribution of the changes.

250
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- Low : 1057.89
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375 500

Fig. 6. Elevation of wetland bottom.
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3. Results and discussion
3.1. Precipitation and wetland stage patterns

The rainfall dataset begins just before the beginning of the second
rain season (October to December) of 2015. This rain season was
characterised by a high rainfall amount adding up to 555 mm. In con-
trast, 2016 had less rainfall with the first (March to May) and second
(August to October) rainy seasons having a cumulative rainfall of
297 mm and 290 mm respectively (Fig. 5). There was no significant cor-
relation between local rainfall and the wetland stage at the inlet (r =
0.05) and outlet (r = 0.06). The cross correlation between rainfall and
wetland stage was 0.2 at a lag of two weeks.

3.2. Wetland bathymetry

The spatial variation in wetland bottom elevation is illustrated in
Fig. 6. Wetland bottom elevation ranges between 1058 and 1062 m
above sea level, with lower elevation in the wetland centre and higher
elevation on its fringes. The wetland depth is highest along transect 1,
which could be because the transect is located immediately
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Volume (m?)
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downstream of a concave bend where higher water velocity and erosion
increase depth compared to other areas of the wetland section (Fig. 2).
The underlying channel processes are however not the focus of this
study. The differences in wetland depth influence the spatial variation
in mat thickness within the wetland section such that mat thickness is
larger in deeper areas (transect 1) and smaller in shallow areas (tran-
sect 5).

3.3. Spatial and seasonal variations in water depth

Results of seasonal trends in the total water depth along three tran-
sects are shown in Fig. 7. The largest water depth was recorded in Janu-
ary, which is the end of the first rainy season. The water depth gradually
reduced throughout the dry season, and begun rising again after the be-
ginning of the second rainy season. Transect 1 had a higher water depth
throughout the monitoring period while lowest depth was observed
along transect 5. There was an increase in water depth for all transects
on the second date of mat measurements compared to the first date of
mat measurements. The observed increments were 0.04 m, 0.05 m,
and 0.05 m for transects 1, 3 and 5 respectively.

2.0 2.5

Water level (m)

Fig. 8. Estimated wetland volume as a function of total water depth for the study section.
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Water depth at the deepest point (transect 1) varied between 1.53 m and reveals a 50% change in water volume during the monitoring pe-
and 2.1. From the water volume-depth relationship (Eq. (1)), this corre- riod. The water volume-depth relationship is illustrated in Fig. 8. A log
sponds to a water volume of 61,597 m? and 123,355 m? respectively scale is used for displaying water volume to show the range of volumes
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Table 1
Means of mat thickness and free water column by zone.

Zones Mean mat thickness (cm) Mean water column (cm)
Dry Wet % change Dry Wet % change
1 66.9 48.1 —28.1 778 154.5 98.6
I 66.1 62.4 —5.6 96.4 155.8 61.6
1 68.5 56.3 —17.8 101.0 170.0 68.3

that correspond to different water depths. The volume-depth relation-
ship gives an impression about how different wetland management op-
tions which modify water depth, could impact the storage capacity.

The large storage capacity of a 0.18 km? wetland section indicates an
enormous storage potential of the entire wetland system (84 km?). The
excess water stored during the wet season reduces the impact of
flooding downstream of the wetland since the stored water is released
slowly compared to a degraded wetland system, thereby delaying the
flood peak and its volume (Acreman and Holden, 2013). In addition,
the stored water is available for domestic and irrigation use especially
during dry periods.

Liu et al. (2017) and Zhang and Nepf (2011) demonstrated through
experiments that the roots of floating vegetation reduce velocity of
water flowing through the root system. They also illustrated how the
cooling effect of the floating vegetation causes a density gradient be-
tween the shaded water column and open water. Their experiments
show that as warmer water flows towards a shaded region, it floats on
top of the cooler water because it is less dense. The cooler water sinks
to the bottom, but because it has a lower velocity it retards the flow of
incoming warm water at the bottom of the channel (e.g. Fig. 4 in
Zhang and Nepf, 2011). Although the described processes were based
on tank experiments, they can be related to our study site because
there is both open water at inlet culverts and shaded water under the
floating papyrus. We propose therefore that the presence of floating
vegetation reduces the rate of water release from intact wetlands via
both vegetation drag (friction) and temperature induced gradients,
while the water would quickly flow through a degraded system in
many cases destroying the crops therein.
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3.4. Spatial and seasonal variation of mat thickness and free water column

3.4.1. Mat thickness

The lowest and highest variations in mat thickness in the dry season
were observed along transect 5 and transect 3 respectively (Fig. 9). The
observed differences in mat thickness between transects were statisti-
cally significant (p = 0.002). Dunn's post hoc test revealed that mat
thickness along transect 5 was significantly smaller than that of transect
1, which in turn was not significantly different from transect 3. How-
ever, differences in mat thickness among zones (Fig. 10) were not statis-
tically significant (p = 0.98).

In the wet season, the smallest mat thickness (41.2 £ 7.6) was re-
corded along transect 5 (Fig. 9), and the differences in mat thickness
among transects were significant (p = 0.003). Transect 5 had a signifi-
cantly smaller mat thickness compared to transects 1 and 3, but there
was no significant difference in mat thickness between transects 1 and
3. There were no significant differences in mat thickness between
zones (p = 0.18). Although the mean mat thickness (cm) reduced in
all zones, the variation of mat thickness in the central zone (II) increased
(Fig. 10).

The increased variability in the central zone is mostly likely ex-
plained by larger differences in topography compared to the other
two zones. Headley and Tanner (2006) proposed that variability in
mat thickness can be influenced by the productivity of the plants. This
is a likely driver of mat thickness variation for our system. For instance,
we observed that transect 1 which is the closest to the largest inlet cul-
vert, had a larger mat thickness compared to transects 3 and 5 in both
seasons. This could be because plant roots along transects 1 have more
frequent interaction with inflowing water compared to those along
transects 3 and 5.

3.4.2. Patterns of free water column in the wetland system

The largest variation in free water column in the dry season was
along transect 1 (98.2 + 34.5), and the lowest value of free water col-
umn (67.9) was also along transect 1 (Fig. 9). There was no significant
difference in the means of free water column between transects (p =
1) in the dry season. However, the free water column was significantly
different among zones with p = 0.003 (Fig. 10). Dunn's post hoc test

y=-0.57x +30.9
2=0.69

100 150 200 250

Free water Column (%)

Fig. 11. Relationship between changes in mat thickness and changes in free water column between the two seasons; red points are outliers at transect edges.
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revealed that zone 1 had a significantly lower water column compared
to zones 2 and 3.

In the wet season, there were no significant differences in free water
column between the transects (p = 0.32) nor were there significant dif-
ferences in water column between zones (p = 0.53). Over all, free water
column increased from the dry to wet season along all transects and in
all zones. The highest increment in free water column occurred in zone
1 which initially had low free water column compared to zones 2 and 3
(Table 1).
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The mechanism for the mat compression is driven by the force of the
rising water against the weight of the plant system. This adaptation to
water level rise could be unique to papyrus compared to other tropical
wetland species. For example, papyrus is more buoyant and compress-
ible because it has a loosely intertwined mat compared to the thick
and tightly intertwined mat of Miscanthidium (Azza et al., 2000). The
buoyancy of the papyrus mat, similar to that observed in fen mats
(Stofberg et al., 2016) is because the rhizomes and spaces within the
mat are filled with air (Kipkemboi et al., 2002).
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Fig. 12. Percentage change in mat thickness (top), and free water column (bottom) from the dry to the wet season.
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However, the mat compression implies less water flowing through
the mat, which could also have implications on the wetland's purifica-
tion function. This is because nitrogen and faecal coliform uptake by pa-
pyrus is enhanced by the interaction of water with the papyrus root mat
(Kansiime and Nalubega, 1999), which could be reduced if the mat is
highly compressed.

3.5. Correlation between mat thickness and free water column

There was a weak but significant correlation between mat thickness
and free water column in the dry season (r = —0.46, p = 0.016) but no
significant relationship was found between the two variables in the wet
season (r = —0.14, p = 0.47). We found a strong negative correlation
between percentage changes in mat thickness and free water column
between the two seasons (r = —0.85, p = 000), with a coefficient of de-
termination of 69% (Fig. 11).

The outliers in Fig. 11 are values recorded at the railway edge of tran-
sects 3 and 5 (upper right corner), and on the highway edge of transects
1 and 5 (lower left corner). Emergent vegetation was observed in these
areas, which indicates that the response of the papyrus mat to changes
in the water column is affected by edge effects (Turner et al,, 2001) and
differs among rooted and floating papyrus.

For instance, the mat on the highway edge sinks in the wet season,
probably due to the increased water velocity and sediment trapped by
the mat at the inlet. In contrast, the papyrus mat at the railway edge re-
sponds to increasing water column by expanding as opposed to
compressing. This could be because more water flows through the
loose mat at the railway edge in the wet season, causing it to expand.

Although there was a high coefficient of determination (69%)
explaining the correlation between changes in mat thickness and free
water column, there are other factors that could influence mat thickness
at different places within the wetland such as flow direction and veloc-
ity, fishing, papyrus harvesting, as well as age of the plant among others.

3.6. Spatial variation in mat thickness and free water column changes
between seasons

Fig. 12 illustrates the spatial variation in percentage changes of mat
thickness and water column changes from dry to wet season. There
was an increase in water column in the wet season for all transects ex-
pect for the outliers identified in Section 3.5. Increases in water column
that were less than 50% had a corresponding increase in mat thickness
whereas increases in water column higher than 50% caused a reduction
in mat thickness (Fig. 12). We hypothesized that increase in depth of the
free water column in the wet season causes the papyrus root mat to
compress. However, our results show that the response of the papyrus
mat to increasing depth of the free water column is variable. The mat
thickness can increase or decrease depending on the rate of increase
of the free water column.

This result indicates that water flows through the mat at initial
stages of water level rise. The increase in mat thickness is most likely
due to water pushing its way through the mat's interstitial spaces. It is
only after the increase in water column exceeds 50% of its initial depth
that the mat begins to compress.

Transect 5 had a higher percentage of points with reduced mat
thickness (83%) compared to transect 1 (67%) and 3 (56%). For transect
1, the mat thickness was reduced at all points except in the deepest part
of the wetland. This could be related to the wetland's bathymetry and
the resulting flow pattern during the wet season that may exert less
pressure on the overlying papyrus mat in the deep parts (Transect
1) than the shallow areas (Transect 5). This reflects differences in the
available space for water storage in different parts of the wetland.

Our research reveals that in addition to the vertical movement of the
papyrus mat with increasing water levels (Headley and Tanner, 2006;
Kansiime et al., 2007; Kipkemboi et al., 2002) the mat has the ability
to compress to create room for excess water. This has contributed to

an initial understanding of the papyrus mat behaviour at varying
water levels. However, continued monitoring at different locations,
and also during peak flow is required to understand the mat dynamics.
In addition, it is important to quantify the friction effects of floating veg-
etation on the water velocity. This is important for estimating the stor-
age capacity and flood mitigation potential of larger wetland systems.

4. Conclusion

In this paper, we demonstrated for the first time how the papyrus
mat thickness is affected by changes in wetland water levels. The mat
rises vertically with increasing water level and has the ability to com-
press by more than 50% of its initial size, which creates more space for
the excess water. The observed change in water depth was 0.57 m but
the corresponding change in water volume of 61,758 m? is substantial.

This is a significant wetland function since many communities in
eastern Uganda as well as other countries of sub-Saharan Africa have
been grappling with recurrent droughts and flooding in recent years.
This coupled with rampant degradation in upstream areas has reduced
food security in the region. Therefore, the storage and flood mitigation
functions of papyrus wetlands provide an opportunity for adaptation
to erratic and high intensity rainfall events.

It is important therefore, to recognise the opportunity that these
wetlands provide for sustainable agricultural improvement as opposed
to being obstacles to increasing productivity. This research contributes
with knowledge on the response of the papyrus mat to water level
changes, and by quantifying the wetland's storage potential in different
seasons. However, we recommend additional research to understand
the water level threshold for maintaining the wetland's natural hydrol-
ogy because this would inform sustainable wetland use.
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Abstract

Papyrus wetlands are predominant in permanently flooded areas of Sub-Saharan Africa,
covering approximately 40,000 km? in East and Central Africa. Previous studies have
quantified and valued ecosystem services of these wetlands but there is still a need to
understand the key processes of the wetlands’ hydrology. The study objective was to
quantify the seasonal variations in water balance and retention time of a papyrus
wetland section. Discharge measurements were carried out to quantify channel flow in
upstream and downstream parts of the wetland section. Groundwater fluxes were
estimated using borehole triangulation of groundwater levels, while precipitation and
other climatic variables for estimating evapotranspiration were monitored using an
automatic weather station located 1 km from the study site. The retention time of the
wetland section was estimated from tracer experiments, and by calculating the volume-
discharge ratio. Results show that the water balance of the section is dominated by
wetland channel flow, contributing approximately 99.7% of the total inputs while
precipitation and groundwater discharge contribute approximately 0.2% and <0.1%
respectively. Estimated retention time varied between 2 hours and 7 days during
periods of high and low flows, respectively. The groundwater gradient showed flow
towards the wetland throughout the monitoring period, with average gradients of
0.0074 and 0.0043 on the western and eastern edges of the wetland, respectively. Since
wetland channel flow is dominant, the wetland’s hydrology is vulnerable to land cover
changes and resultant changes in surface runoff from the upstream catchment. Further
research on impacts of land use changes within the upstream catchment on wetland

channel flow is recommended.

Key words: Papyrus wetland, water balance, retention time



1. Introduction

Papyrus wetlands are predominant in permanently flooded areas of East and Central
Africa. Their extent is not known but estimates range from 20,000 to 85,000 km2. They
are dominated by papyrus (Cyperus papyrus L.), which is a herbaceous sedge that can
grow up to five meters (Kipkemboi & van Dam, 2018). Papyrus can grow firmly rooted
at water edges or in water logged areas but is physically adapted to flooded areas
because its culms and rhizomes have large quantities of air filled plant tissue
(Kipkemboi & van Dam, 2018; Mburu et al., 2015), which enables it to form floating mats
in permanently inundated areas (Figure 1). This ability gives papyrus a competitive
advantage over other aquatic plants that are less adapted to permanent flooding
(Kipkemboi & van Dam, 2018). The floating mats are made up of interconnected roots,
rhizomes and organic matter (Azza et al, 2000). The plants spread through both
rhizome propagation and seed germination (Gaudet, 1977; Terer et al,, 2014), and thrive
in low energy environments where wind velocity and water level fluctuations are

moderate (Mburu et al., 2015; Morrison et al., 2013; Terer et al., 2012).

Figure 1: Floating papyrus wetland in Eastern Uganda, with open water at inlet culvert.
The depth of the water column beneath the papyrus mat varies between 1 to 2 meters



Papyrus wetlands provide several goods and services like food (fish and crops at
wetland edges), fuel wood, raw materials for crafts and building, and water for domestic
and irrigation use. In addition, they have various regulatory functions including carbon
storage, flood mitigation and water purification (Donaldson et al., 2016; Mburu et al,
2015; Saunders et al., 2013; Terer et al, 2014; van Dam et al, 2007). The potential of
papyrus wetlands in removal of faecal coliforms and nutrients from water has been
documented (Kansiime & Nalubega, 1999; Kyambadde et al, 2004; Mburu et al., 2015;
Okurut, 2000). For example, measured values of nitrogen uptake for papyrus wetlands
fringing Lake Victoria vary between 0.047 gN m2d-1and 0.21 g N m2 d-! (Gaudet, 1977;
Kansiime & Nalubega, 1999; van Dam et al.,, 2007) while estimated carbon uptake varies
between 0.48 kg Cm2y1land 1.6 kg C m2y! (Jones & Humphries, 2002; Saunders et al.,
2007). The nutrients and carbon are removed permanently from the wetland system

when the papyrus plant is harvested (Kansiime et al., 2007).

Despite their provisioning and regulatory functions, papyrus wetlands in East Africa are
not protected due to poor implementation of existing laws, and are managed by
neighbouring communities according to their livelilhood needs. Activities in the
wetlands are often unregulated, which has led to over exploitation and permanent
conversion of the wetlands for agricultural activities. Estimates of papyrus loss within
the East African region range from 0.5 to 5% per annum (Kipkemboi & van Dam, 2018;
van Dam et al., 2014), whereas Uganda had a 30% loss in total wetland area between

1994 and 2009 (Turyahabwe et al., 2013; WMD, 2009).

Research on papyrus wetlands until now has mainly dealt with: water purification
potential; economic value of ecosystem services; papyrus biomass and reproduction;
carbon storage; and fish production among others (Emerton et al, 1999; Gaudet, 1977;
Jones & Humphries, 2002; Kansiime & Nalubega, 1999; Opio et al,, 2014; Saunders et al.,
2013; Ssanyu et al., 2014; Terer et al., 2014). Nonetheless there is still a need to identify
the key processes of the wetlands’ hydrology since this would aid with designing

suitable management options (Rasmussen et al,, 2018; van Dam et al,, 2014).



The overall study objective was to quantify the seasonal variations in the water balance
of a papyrus wetland section and the specific objectives were: (i) to identify the main
components of the wetland’s water budget; and (ii) to estimate the wetland’s retention
time in the dry and wet seasons. The hypothesis was that the hydrological regime
including retention time is driven by flow in the main channel; with discharge
fluctuations mirroring seasonal rainfall variations, and highest retention time occurring

in periods of low flows.



2. Materials and methods

2.1. Description of the study site

This study was carried out in a section of the Naigombwa wetland, located within the
Mpologoma River basin in Eastern Uganda (Figure 2a). The Mpologoma basin is
approximately 8,900 km?2 and is part of the Nile basin. Mpologoma River has four
tributaries including Namatala, Manafwa, Malaba and Naigombwa rivers. The rivers
have vast expanses of papyrus vegetation, which forms floating mats in permanently
flooded areas but is rooted at river edges. These rivers are referred to as wetlands from
here on, following the hydrogeomorphic classification scheme for wetlands (Semeniuk
& Semeniuk, 1995; Semeniuk & Semeniuk, 1997). The upstream areas of these wetlands
have been extensively drained for agricultural expansion, and the natural wetland
vegetation has been replaced with rice farms (Namaalwa et al, 2013). In addition, the
rivers are diverted through channels that provide irrigation water for rice paddies

(NEMA, 2008).

The mean annual rainfall and temperature from historical records (1961-1990) of
stations in the Mpologoma basin is 1300 mm distributed between two rainy seasons
(March to May and September to November) and 21°C, respectively (Kigobe et al., 2014).
We define the onset of the rainy season as the first of two or more consecutive days of
at least 1 mm of rainfall each, whose total is greater than 20 mm and less than 5

consecutive dry days in subsequent days (MacLeod, 2018).

The main land use in the catchment is subsistence agriculture, with crops like maize,
beans and cassava. The Manafwa and Malaba wetlands have large scale rice irrigation
schemes, but small scale rice farms were also started immediately downstream of the
irrigation schemes. Upstream areas of Namatala and Naigombwa wetlands have also

been converted for small scale rice farming.
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Figure 2a: The Mpologoma river basin of Eastern Uganda. The red square shows
location of the study site along the Naigombwa wetland

The Naigombwa wetland is located in Iganga District, and drains northwards into the
Mpologoma River (Figure 2a). The Naigombwa sub-catchment is relatively flat with
elevation varying from 1056 to 1348 meters above sea level, and the soils are mainly
ferralitic with reddish brown sandy loams. The main land use is subsistence agriculture

and common crops include maize, beans, cassava, and sweat potatoes among others.

Our study section was chosen because it is demarcated by a highway and railway line
which improves accessibility to the wetland (Figure 2b). In addition, major inflows and
outflows in culverts of the two causeways can be quantified more easily. The wetland
section has an area of 0.18 km? and drains an area of 734 km?2. The groundwater divide
for this wetland section is assumed to coincide with the topography, and is at
approximately 250 m and 170 m from the western and eastern edges of the wetland,
respectively. Therefore, the groundwater contributing area is less than 0.1 km?2 on both

sides of the wetland (<0.02% of total catchment area). The section has one large culvert



and six small ones along the highway in the southeast, which are the main flows into the
wetland. A railway line crosses the downstream end in the North West and has two large
culverts for outflows. The dominant vegetation in the wetland section is papyrus
although palm trees, and a variety of grasses are present at the edges of the wetland.
Less than 1% of the total wetland section is open water, which occurs near inlets and

outlets (Figure 2b).
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Figure 2b: The instrumented section of the wetland along Naigombwa River; bright red
stars represent locations of automatic water divers

2.2. Description of instrumentation at wetland site

We installed six shallow groundwater monitoring wells, three on either side of the
wetland section (Figure 2b) to monitor groundwater responses to rainfall and wetland
level changes. The wells were also used to calculate the direction of groundwater flow
and its gradient relative to the wetland water level. Soil characteristics at the borehole

locations are illustrated in Figure 3.
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Figure 3: Vertical section through the wetland and its edges, showing soil
characteristics at wetland edges where boreholes were installed. Note that the wetland
channel (blue double arrow) is simplified in the illustration but actual width is about
700m

The borehole depths ranged from 1.21 to 1.81 meters below ground level (Table 1). The
screen length and diameter for all boreholes were 1 m and 0.051 m respectively. We
estimated hydraulic conductivity by conducting both falling head (July 2015) and rising
head (January 2016) slug tests. We used the Bouwer and Rice (1976) equation to
calculate saturated hydraulic conductivity;
_ rZIn(Re/Tw) 1, Yo

Ky = — =1 In " 1)
where Ks=saturated hydraulic conductivity, rc=radius of the casing, Re=effective radius,
rw=horizontal distance from well centre to undisturbed aquifer (the width of the backfill
material was measured using a tape measure), L=height of well screen, t=time, yo=water

level at initial time, yt=water level at time t

The units of the calculated hydraulic conductivity were converted to meters per day
(md1) to correspond to units of other water balance components. The calculated

conductivities are lower than estimates by Owor et al. (2011) for boreholes at the



southern shores of Lake Kyoga (0.4 -15 md-1). However, the low values can be attributed
to the presence of material that was deposited during construction of railway line.
Similar values (< 0.02 md-1) were estimated for a site that is close to a railway pier on

the northern shore of Lake Victoria (Owor et al, 2011).

Table 1: Borehole logs and saturated hydraulic conductivity (Ks)

Location  Site Elevation Depth  Geologic unit K K (m/d)
(masl?) (mbgl?) (m/s)

Western Bhl  1061.7 1.81 Clay loam, laterite 34E-7  2.9E-2
side of Bh2 | 1061.9 1.69 Clay loam, laterite 5.0E-8 4.0E-3
wetland Bh3 1062.5 1.73 Clay loam, laterite 1.3E-7 1.1E-2
edge
Eastern Bh4 | 1061.3 1.29 Clay loam, laterite 1.2E-7 1.0E-2
side of Bh5 1061.4 1.21 Black top soil, clay loam, 3.2E-6  2.8E-1
wetland weathered silver rock
edge -

Bh6 1062 1.53 Black top soil, clay loam, = 2.3E-7 2.0E-2

weathered silver rock

1Ground surface elevation, meters above sea level

Zmeters below ground level

Staff gauges were installed near the main inlet culvert of the highway and outlet culverts
at the railway to monitor wetland levels during the study period (Figure 2b). Water
velocity measurements were carried out by staff of the Directorate of Water Resources
Management (DWRM) five times over a 10 month period, spread out during periods of
low and high flows. Since this method requires open water surface, measurements were

done at all inlet and outlet culverts where there is a free water surface (Figure 2b).

The measurements were done using an OTT current meter except the measurements on
July 2015, which were done using an acoustic Doppler current profiler (ADCP). The
wetland stage was recorded on all measurement dates. In addition the width and depth
of water in the culverts were measured to calculate the effective cross-sectional area.
The rating equation, which provides a relationship between wetland stage and

discharge for this particular section of the wetland was derived by DWRM staff using



Hydata software (Institute of Hydrology, 1992), based on discharge measurements and

corresponding gauge readings.

We obtained data on precipitation, air temperature, wind speed, relative humidity, and
dew point temperature from a weather station (model: Davis Vantage Vue 6250) located
approximately 1 km from the wetland section. The climate data was logged at 30 minute
intervals. We also monitored variations in water depth at the wetland centre (Figure 2b)
at 30 minute intervals using automatic divers (supplier: Geonor AS, model: Micro-Diver
DI6). The elevation and shape of the wetland bottom was surveyed in January 2016.

Table 2 shows the duration of monitoring for the different datasets.

Table 2: Monitoring datasets at the wetland site

Data sets Time period
2015 2016

5/6/7/8 910 11 12 |1/2|3|4/5 /6|7 89 10 | 11 | 12
Climate X| x| x| x X X |X|X|X|X|X|x|X|Xx| Xl x X | X
Wetland stage | x| x| x| x| x| X X X | X X |xX|x|x|X|x|x|x X X X
Groundwater 1 X X| x| x| X X X | X X|x|X|x|x|X|x|X| X X | x
Discharge! X X X X X
Survey of X
wetland
bathymetry
Water depth X[ x| x| x| X|X|x|X X X X X

INo discharge measurements done after February 2016 because of construction works on

culverts

2.3. Estimation of water balance components

2.3.1. Conceptual model of water balance for the wetland section

We calculated a monthly water balance for the wetland section (0.18 km?2) by
considering major flows in and out of the section (equation 2). The conceptual water

balance for the wetland section is illustrated in Figure 4.
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ds/dt = Qi + P+ Qgin + Q¢ — Qout — ET - e (all terms in m3/day) (2)
where ds/dt = change in storage, Qin = channel inflow, P = precipitation, Qgin =
Groundwater discharge, Q= overland flow from edges of wetland section, Qout = channel

outflow, ET = evapotranspiration, e = residual error

—
—

D ds/dt

Figure 4: Vertical section through the wetland section perpendicular to the main flow
direction, illustrating the water balance components of the wetland section

Daily precipitation was recorded at the weather station. We assumed that overland flow
from edges of wetland section (Qr) was negligible due to the small size of the wetland
section, therefore it was excluded from the calculations. Surface flows from the
upstream catchment area are included in channel inflow calculations (Qin). The water
balance was calculated for a period of 8 months, from July 2015 to February 2016

because there were no discharge measurements beyond February 2016 (Table 2).

2.3.2. Groundwater gradient and direction

Groundwater discharge Qgin [m3d-!] from the wetland edges was calculated using

Darcy’s law as shown in equation 3;
dh
Qgin = _KSAE (3)
where Qgin = Groundwater discharge [m3d-1], Ks = saturated hydraulic conductivity [md-

1], A=cross sectional area [m?], dh/dl=hydraulic gradient

11



The saturated hydraulic conductivities (Ks) for individual boreholes (Table 1) were
averaged on each side of the wetland, which gave an average value of 0.015md-! and
0.104md! for the west and east side of the wetland respectively. The cross sectional
area (A [m?]) perpendicular to the direction of flow was calculated by multiplying the
length of wetland edge (L= 258m and 174m on the west and east sides, respectively)
with an estimated depth (D=9m) of the unconfined aquifer (Figure 4). The depth of the
unconfined aquifer was estimated from local borehole logs, which show that the average
depth to bedrock is 9 m below the ground surface. We calculated daily values of the
magnitude and direction of hydraulic gradient [dh/dl] from the groundwater time series

data using the 3 point estimation tool (3PE) as described by Beljin et al. (2014).

2.3.3. Estimation of flow in the main channel

Wetland channel inflow (Qin) and outflow (Qout) through the culverts were estimated
using the rating equations derived from discharge measurements and corresponding
gauge measurements (equations 4 and 5 respectively).
Q,, = 6.03 (H; + 0.096)*8 4)
Q,, = 8.75 (H, — 0.648)*8 (5)
where Qin = channel inflow (m3/d), Qout= channel outflow (m3/d), H1 = stage at inlet (m),

H2 = stage at outlet (m) (average of two outlets)

We estimated flow in the causeways (highway and railway) by using Darcy’s law and
assuming saturated hydraulic conductivity and hydraulic gradients in the same order of
magnitude as those observed at wetland edges. The contributing area was calculated
from the length of the causeway multiplied by the height of the water level near the
causeways. Based on these assumptions, this flow was much smaller than groundwater
flow from the wetland edges (<0.1%). We therefore assumed for the water balance
calculations, that all channel flow into and out of the wetland section was directed

through the culverts.
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2.3.4. Estimation of evapotranspiration

Evapotranspiration was estimated using a modification of the FAO 56 Penman-Monteith
equation, which calculates a reference evapotranspiration for alfalfa (Zotarelli et al,
2010);

C
_ 0.4084(Ry—G)+y 5=tz (es—eq)

ET,, = A+y(1+Cquz)

(6)
where ETs: = reference evapotranspiration rate (mm d-1), A=slope of the saturated
vapour pressure curve [8es/ 8T, where es = saturated vapor pressure (kPa) and Tmean
= daily mean temperature (°C)], Rn= net radiation flux (MJ m-2 d-1), G= sensible heat flux
into the soil (M] m-2d1), y= psychrometric constant (kPa °C-1), Cn= the numerator
constant for the reference crop type (alfalfa) at 24 hour time step (1600),
Ca=denominator constant for the reference crop type (alfalfa) at 24 hour time step
(0.38), T = mean daily air temperature (°C), uz = wind speed (m s'1), es = saturation
vapour pressure (kPa), ea = actual vapour pressure (kPa), the constant 0.4808 is a

conversion factor for net radiation to mm/day

The soil heat flux (G) is considered negligible in some heat balance studies because it is
the smallest component of all the terms and also because most incoming energy into the
soil is eventually lost to the atmosphere in the night as long wave radiation
(Anadranistakis et al., 1997; Sauer & Horton, 2005). In our study section, water is above
ground level at all times and its depth varies between 1 and 2 meters, therefore we used
a value of zero for the soil heat flux because we assumed soil heating mechanisms to

have minimal influence on the evapotranspiration rate.

2.3.5. Independent estimates of wetland storage

We surveyed the wetland’s bathymetry to obtain a digital elevation model (DEM), and
used the acquired DEM to obtain a depth-volume relationship using ArcMap 3D analyst
tools. The details of the methods used are described in Kayendeke et al. (2018). The goal
of obtaining the depth-volume relationship was that wetland water volume could be
estimated from the wetland depth data recorded at the wetland site. However, we did

not have depth data from July to December 2015 since depth monitoring did not start
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until January 2016 (Table 2). But since wetland stage data spans the entire monitoring
period, we estimated water depth for July-December 2015 using the relationship
between water depth and wetland stage. We then calculated daily nominal residence
times for the wetland using a ratio of volume to channel discharge (Kadlec & Knight,
1996; Zahraeifard & Deng, 2011), to evaluate the magnitude and variation of retention

time over the 8 months period.

2.4. Wetland flow direction and velocity

We conducted salt tracer experiments to get information on micro scale flow dynamics
within the study section using a portable Electrical Conductivity (EC) meter (Orion Star
A329). The experiments were done in the dry season on the 17t and 18t of January
2017 at the main inlet culvert and in an undisturbed papyrus area (Figure 2b),
respectively. At the inlet culvert, we recorded baseline electrical conductivity (EC) on
both sides of the highway. The tracer was prepared by adding 500g of salt (NaCl) to 20
litres of water taken from the same wetland, and stirred until all the salt was completely
dissolved. It was then released on the upstream end of the highway culvert. The EC
measurements were recorded at the point of release as well as at the downstream side

of the highway culvert at one minute intervals (Figure 5).

For the papyrus plot, we made 12 holes through the papyrus root mat. The holes were
0.75 m apart except the diagonals which were 1.5 m apart (Figure 5). We choose to have
minimal distance between the holes since we had observed very low velocity at the inlet
culvert the previous day. We went ahead with the tracer experiment despite the low
flows because we wanted to understand vertical flow dynamics between the papyrus
root mat and the water column beneath it. In addition, we were interested in velocity
differences between the mat and water column. We recorded the baseline EC values at
all points. We then prepared the tracer by adding 100 g of salt to 10 litres of water, and
released it at the centre point (0) where the released tracer solution entered into the
root mat as well as the free water column beneath it. We proceeded to measure EC

values at all points in a clockwise spiral shape (from 0 to 12) until EC values returned to

14



the recorded baseline values. Individual EC measurements were taken both in the water

column beneath the papyrus root mat, and within the root mat.

Figure 5: Top: EC measurements at the inlet culvert. Bottom: set up of experimental
plot in the papyrus zone
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3. Results and discussion

3.1. Precipitation patterns

The rainfall dataset begins just before the beginning of the second rain season
(September to December) of 2015. The frequency of successive rain days increased in
mid-August through to the end of December, and the total rainfall amount for that
season was 555 mm (Figure 6). The rainfall seasons in 2016 had lower frequency and
quantity of rainfall, with the first (March to June) and second (August to October)

seasons having a cumulative rainfall of 297 mm and 290 mm, respectively.
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Figure 6: Observed precipitation during the monitoring period (18 months) with rain
seasons in grey

3.2. Groundwater gradient and direction

We observed a negative groundwater gradient towards the wetland on either side of the
wetland edge throughout the monitoring period, indicating groundwater discharge into
the wetland. The average hydraulic gradients were -0.0074 and -0.0043 on the western
and eastern sides of the wetland, respectively (Figure 7). The gradient on the western
side of the wetland was in south-eastern direction towards borehole 1, whereas on the
eastern side, the gradient was in the south-western direction toward borehole 5. Despite
the angular direction of flow of groundwater towards the wetland, the discharge is
calculated assuming a groundwater flow perpendicular to both the wetland edge and to
the flow direction in the main wetland channel. The groundwater discharge pattern

towards the wetland is most likely controlled by heterogeneities in the hydrogeological
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properties of the surrounding slopes, but it was neither the scope nor the resources of
this study to map this spatial variability in groundwater flow pattern. It is however
interesting to note that the direction is fairly constant in time on both sides of the

wetland.
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Figure 7: Variation in direction and magnitude of hydraulic gradient on the west and
eastern side of wetland edge (top), Dominant direction of hydraulic gradient during
the monitoring period (bottom)

The groundwater gradient had a significant correlation with both local rainfall and
wetland stage although there was a higher correlation to wetland stage (0.67, p=000)
than to local rainfall (0.22, p=000) (Figure 8). High rainfall amounts led to an immediate
response in the hydraulic gradient. In addition, the gradient increased in periods of

cumulative rainfall but declined in periods with longer dry spells (Figure 8). On the other
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hand, variations in hydraulic gradient mirrored changes in wetland water level (Figure

8).

The methods used give an idea of the groundwater gradient at the wetland site.
However, because of the small number of boreholes used, the groundwater flow
patterns at a larger scale are still undefined. Since surface and groundwater interaction
are complex, further insight into the dynamics of the system requires an extensive
monitoring network (Krasnostein & Oldham, 2004; Trask et al, 2017). Additional
monitoring networks (e.g. piezometer nests) within the study area should give a better
understanding of vertical groundwater gradients at the wetland edge as well as

subsurface hydrogeological properties.
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Figure 8: Hydraulic gradient (black lines) on eastern edge of wetland, plotted together
with rainfall (top) and wetland stage (bottom)
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3.3. Wetland water balance

The calculated water balance (Table 3) shows that the wetland is dominated by wetland
channel flow contributing approximately 99.7% of the total inputs into the wetland
while direct precipitation and groundwater discharge contributed approximately 0.2%
and <0.1%, respectively. Estimates of total evapotranspiration were 30% higher than
total precipitation during the study period. Between July and November 2015, outflows
exceeded inflows and there was a net loss in storage during this time. The months of
December 2015 and January 2016 had higher inflows than outflows with a net increase
in storage, but the flow reversed again in February 2016. The water balance averaged
over the 8 months period, shows that there was a net increase of storage of

approximately 2,700 m3.

Table 3: Monthly water balance of Naigombwa wetland section (m?3)

Qin R Qq Qout ET ds/dt

Jul-15 169,529 554 1.0 170,674 781 -1,371
Aug-15 53,597 481 0.9 62,032 855 -8,808
Sep-15 39,960 635 0.9 42,364 893 -2,661
Oct-15 127,290 | 1,503 1.5 131,313 923 -3,442
Nov-15 | 1,195,913 950 1.5 | 1,240,389 886 -44,410
Dec-15 917,534 804 1.5 825,320 865 92,155
Jan-16 293,435 423 1.2 254,652 877 38,329
Feb-16 135,422 65 1.1 140,176 940 -5,627
8month 372,824 689 1.2 364,360 883 2,766
average

We observed an increase in precipitation from September to December 2015. However,
channel flows did not start increasing until October 2015, which implies a one month
lag between rainfall and channel flows. The lag could be due to storage effects within the
catchment, where infiltrated water is discharged into the river after rainfall has ceased
(Tomasella et al, 2008). We hypothesized that channel flows through the wetland
mirror rainfall variations, this is partially true but results also show a one month lag

between rainfall and channel flows.
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Since channel flow is the main input to the wetland section, this illustrates that the
hydrological regime is vulnerable to land use changes in the upstream catchment
because these influence the magnitude and timing of flows into the wetland
(Krasnostein & Oldham, 2004). Land use changes can play an important role because
they influence infiltration rates, wetland water levels, and flow dynamics within the
catchment. For example, the increasing extent of rice farms in the Mpologoma River
catchment reduces infiltration rate especially during the growing season. This is
because the fields are maintained with standing water and yet areas with saturated soils
have little additional storage capacity (Acreman & Holden, 2013). Such areas are
therefore expected to generate saturation excess overland flow more quickly compared
to soils that are not saturated. Therefore, having a large expanse of rice paddies could

increase the risk of flash floods in rainy seasons.

The water balance estimates give an indication of the key processes of the wetland’s
hydrological regime. Since the monitored water dynamics cover a short time period,
continued monitoring is important to get further insight into annual variations in
hydrology. Although water balance estimates were affected by the small number of
discharge measurements, the stage discharge relationship can be updated as more data
is collected. Another issue of concern is that the method we applied to estimate
discharge was developed for use with open water channels (Gore & Banning, 2017), and
could only be used at the inlet and outlet culverts. Therefore, the effect of water
spreading into the remaining wetland area and the drag on water flow from the floating

vegetation may not be correctly reflected in the calculations.

3.4. Independent estimates of wetland storage

There was a low correlation (r=0.49) between wetland stage measured at the culvert
and water depth at the centre of the wetland. The poor relationship between the two
variables (Figure 9), could be due to delay in water level rise between the culvert and
the wetland centre that is dominated by floating papyrus. There is a better correlation

between wetland stage and water depth in the dry season, which is illustrated by the
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upper limb of data (Figure 9). However, this correlation reduces in the wet season as
shown by the lower limb of the data. This is because water velocity at the inlet and outlet
culverts increases in the wet season, which creates fast flow between the inlet and outlet
culvert. On the other hand, velocity at the wetland centre is slowed down due to
presence of floating vegetation, which reduces the correlation between wetland stage
and water depth. Because of the low correlation between wetland stage and water depth
in the wet season, the accuracy of corresponding volume estimates was very low.
Consequently, change in storage for the water balance was estimated as part of the

residual term as shown in Table 3.
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Figure 9: Relationship between wetland stage and water depth at the wetland centre.
The upper and lower limbs of the data represent correlations in the dry and wet
seasons, respectively

Despite the high uncertainty in the water depth estimates, we utilised them to get crude
daily estimates of water volume and calculated retention time using the volume-
discharge ratio. Based on these estimates, the shortest and longest retention times were
2 hours and 7 days, observed between November to December 2015, and February to

April 2016, respectively.
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Since the water balance estimates at monthly time steps may smooth out some of the
hydrodynamic interactions between precipitation and discharge, we analysed the
cumulative precipitation, discharge, and retention time on a daily basis (Figure 10), to
explore their relationship in more detail. In Figure 10 we see that the peaks in discharge
correspond to periods with a high accumulation of precipitation. During the same
period, the retention time (the bottom part of Figure 10) is only a few hours, while it
increases to around 1 week in periods of low flow. Retention time is highest between

February and April 2016 during low flows.

The observed retention times indicate that the flow to volume ratio is very high, which
is because of the small size of the wetland section relative to its catchment area. It's
important to note the flows are modified by the position of the culverts. We propose
therefore, that there is preferential flow and higher velocities from the inlet culvert at
the highway to the downstream culverts at the railway, but other parts of the wetland
with floating papyrus vegetation have lower velocities. The estimated retention time is

therefore not representative of the wetland as a whole.
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3.5. Water flow patterns

There was a low velocity at the inlet culvert during the tracer experiment, therefore EC
at the downstream side of the highway increased only slightly above baseline values
(Figure 11). We used the time (6 hrs: 36 minutes) at which the highest EC value was
recorded at the downstream end to estimate water velocity through the culvert
underneath the highway. The width (travel distance) of the road is 13m; which gives a

velocity of 5.47 x 104 m/s.
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Figure 11: EC variation with time at outlet of highway culvert

If the same velocity is assumed throughout the wetland section; and a travel distance of
290 m between the inlet and outlet culvert, this gives an estimated retention time of 6
days. This estimate is comparable to the highest observed retention time of 7 days that
was estimated using the volume-discharge ratio. However, as mentioned in the previous
section, this retention time represents water flow between the inlet and outlet culvert
and not the flow in other areas of the wetland. We therefore estimated flows in other

wetland areas using tracer measurements in the papyrus plot.

For the papyrus plot, we used contour plots to visualise changes in EC around the centre
point (where the tracer was released) at specific time intervals. The contour plots from
top left in clockwise direction, represent time intervals at; 0-20minutes, 48-1:04hours,
1:36-2:02 hours, and 2:28-2:40 hours, respectively (Figure 12). There was some

increase in EC at points 10 and 11 that are west and north of the centre point,
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respectively. The increases were observed both within the root mat (Figure 12a) and in
the water column beneath it (Figure 12b). However, EC did not increase much beyond
these two points which indicates that there was little movement of water. Since EC was
monitored manually by moving from one point to another on top of the floating papyrus
mat, the effect of walking on the root mat might have caused the observed dispersion
pattern of the tracer from the centre point. We propose that a larger water velocity
would have showed a more skewed pattern of the tracer movement. We therefore

conclude that there is low velocity in this part of the wetland.
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Figure 12a: EC (ps/cm) distribution within the papyrus root mat

25



M~ M)
1 Hl 24 ™ —
7
&
/
/
15 T T T T T 1. T T T T
15 1 0.5 0 05 1 15| 4 1 05 0 05 1 15
1 1.
1 1
450
0s e ™ Hosd
/ A
/
TN } K\\\
|
[0} ( r 0
\v// / % /
N
% S
S
lo.s5+ H fo.s-
1] 1
1.5 T T T T T 15 T T T T T
-1.5 -1 -0.5 0 0.5 1 1.5 -15 1 -0.5 ] 05 1 1.5
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4. Conclusion

In this study, we characterised the water balance components of a section of a papyrus
wetland, and identified flow in the main channel as the dominating factor, contributing
99.7% of total inputs. The wetland’s retention time between the inlet and outlet culverts
varied between 2 hours and 7 days during periods of high and low flows, respectively.
Further, hydraulic gradients on either side of the wetland indicate groundwater flow
towards the wetland throughout the monitoring period. The observed dynamics of the

groundwater flow toward the wetland implies that the wetland plays a major role as a
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boundary condition for the local groundwater system and that draining the wetland
would impact groundwater levels in the areas along the wetland edges in the long run.
Although the water balance approach has its limitations, it gives an initial understanding

of the key processes in the hydrological regime of a small wetland section.

For future research, we propose that more comprehensive water flow measurements
through areas of floating papyrus vegetation can be obtained by using automatic sensors
to reduce impact of movement on the experimental results. In addition, investing in
wider monitoring networks like piezometer nests will lead to an improved
understanding of vertical ground water fluxes and subsurface hydrogeological
properties. We also recommend further research using catchment based models to
assess possible impacts of land use changes within the upstream catchment on channel

flows.
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