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Effects of land use on wetland carbon storage and ecosystem services in the 
tropics: A first estimation investing rural wetlands in central and eastern Uganda 
 
Astrid Hedman 
 

Abstract 
 
Wetlands provide important ecosystem services (ES) by storing large amounts of organic 
carbon (OC) and being of high biological, cultural, and economical value. Uganda is covered 
by vast wetland areas but has with a booming population rapidly been decreasing due to 
pressure on lands. The aim of this report was to examine important socio-ecological dynamics 
of rural wetlands in relation to variations of land use in central and eastern Uganda. This by 
assessing above- (ABG) and belowground (BG) C stocks, soil pH, and capturing provisioning 
ES and related impacts on soil and vegetation. The methods involved initial spatial analysis 
followed by two field campaigns with collection of soil samples, biomass measurements and 
recordings of provisioning ES, following locally developed standardized methods. Laboratory 
soil analyses included bulk density, loss on ignition and pH. The results shows that the 
permanent wetland LUC classes store the most total ecosystem C (273.5 to 356.5 t C ha-1), with 
the BG pool being the largest. It further brings new insights to the much less studied seasonal 
wetlands that also proves to be an important C stock (331.1 t C ha-1) as well as providing 
essential ES. In line with previous research, the total ecosystem C and the provisioning ES of 
wetlands decreases with changing land use management (farmlands 185 to 209; grasslands 
125; woodland 120 to 284 t C ha-1). Further knowledge of socio-ecological dynamics of wetlands 
is needed, especially in seasonal wetlands, to increase sustainable wetland management. This 
being urgently needed for many communities in Uganda that are dependent on 
agroecologically-based economies in close relation to wetland ES and vulnerable to climate 
variations. 
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1 Introduction and Background 
 
 

1.1 The importance of wetlands 
With the ongoing climatic and environmental changes, understanding interactions between 
physical processes in nature and the society is more important than ever. Tropical wetlands 
are some of the most biodiverse ecosystems as they provide a wide range of valuable 
provisioning, regulating, supporting and cultural services. For instance, wetlands reduces 
effects of flooding events, acting as a natural water sanitation filter and being an important 
habitat for a high variety of animal species (Murdiyarso, Kauffman & Verchot 2013). Further, 
the anaerobic terrestrial environment and slow rate of organic material degradation results in 
highly carbon rich peat soils. These peat soils are proven to play an important role in the 
context of the global carbon cycle. Both as a sink and source of atmospheric carbon dioxide 
(CO2) (Kauffman et al. 2011). Wetlands cover about 5.6 million km2 of the total land surface, 
of which 2.6 million km2 are in the tropics (latitude 30° N to 30° S) and of the global total about 
11 % exists in tropical environments (Prigent et al. 2012). Tropical peat soils has brought wide 
attentions as this is where the most rapid degradation currently is taking place (Hooijer et al. 
2010). Fast growing populations and climatic variability are resulting in enhanced pressures 
on wetlands in the search of available and productive lands. The results are commonly burning 
and ditching activities that are causing a dramatic shift in the ecosystem services (ES) provided 
by wetlands (Miettinen et al. 2012; Murdiyarso, Kauffman & Verchot 2013). This situation 
brings out concerns about the sustainability of land use management in wetlands. Disturbed 
wetlands have impacts for the local ecosystem, but also impacts the climate at a larger scale, 
and have socio-economic effects on the surrounding societies (Kolka et al. 2016).  
 

1.2 Physical definitions of wetlands 
The word “wetland” is a broad term including aquatic environments where the land is 
temporarily wet for periods of the year to permanently wet (Collins 2005). These habitats 
forms in flatlands or depressions in the landscape where water accumulates over time, or 
where ground water tables cover surface layers creating a temporal or permanent wet 
environment (Collins 2005). As plants adopted to wet and anaerobic conditions (hydrophytes) 
grow, they further slows down the movement of water (Collins 2005). Wetlands can be found 
in almost all countries, at different climatic zones ranging from polar regions to the tropics, in 
dry regions and at all levels of altitude. Wetlands consists of varying nature types, including 
mangroves, peatlands and marshes, rivers and lakes, deltas, floodplains and flooded forests, 
rice-fields and coral reefs (Wetlands International n.d.a). Because of the broad nature of 
wetlands, they are defined as transitional ecosystems with both wetland and non-wetland 
characteristics (Collins 2005). In practice, wetlands can be difficult to identify because 
seasonal and drained permanent wetlands may contain both terrestrial and hydrophytic 
vegetation. The wetlands are therefore usually initially identified by looking at the soil 
conditions and then the vegetation is mostly used to confirm the finding of saturated (hydric) 
soils (Collins 2005).    
 
1.2.2 Wetland soil characteristics 
Soils formed in wetland environments are called “hydric” soils. This meaning that the soils has 
been reduced of oxygen due to water-filled pore spaces in the soil, causing chemical processes. 
This brings characteristics of soil translocation and oxidation of Fe and Mn oxides (Collins 
2005). The soil pH, dependent on the relative amounts of acidic and non-acidic elements 
within the soil, is often low in wetland soils due to high amounts of organic materials (OM). 
This is because the decomposition of OM adds acidic cations to the soil. The pH is further 
linked to the parent material of the soil, the amount of precipitation contra groundwater influx. 
Wetlands that are mostly groundwater fed are commonly less acidic than precipitation 
dominated wetlands (Jackson, Thompson & Kolka 2014).  
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Organic peat soil 
Wetland soils are often characterized by low availability of oxygen, which slows down the 
decomposition rate of OM and thus eventually building up large stocks C (Sorensen 1993). The 
result of the process, organic (peat) soils has been characterized in different ways 
internationally. This includes varieties in peat soil depths, composition of percentage OM and 
the partial distribution of organic carbon (OC). The definition of peat focused on soils in the 
tropics by Agus, Hairiah and Mulyani (2011), is described as a layer deeper than 50 cm, 
composed of OM exceeding 30 % of which OC content should be at least 18 %. The percentage 
OC in peats, dependent on the degree of decomposition, has proven to be highly variable 
ranging between 12-60 % (Andriesse 1988). Climate has a known impact on the decomposition 
rate with warmth under moist conditions being the most favourable combination for 
decomposing microorganisms. Thus, changes in near-surface temperatures and changes in 
land use management practices are closely linked to changes in OC (McCauley et al. 2017).  
 
Seasonal wetland soils 
Seasonal wetland soils are flooded or waterlogged to the surface layers for longer periods 
during wet periods and mostly dry during dry seasons. They typically hold less OC than soils 
in permanently wet conditions, due to the higher exposure to oxygen and thus an increase of 
decomposition rates of the OM (Collins 2005).  Seasonal wetland soils in Uganda has been 
more precisely categorized based on their fine-textured clay soil properties due to the wetting 
and drying processes (Mackel 1985). Seasonal wetlands are similarly to the more studied 
permanent wetlands likely to store large stocks of C, however very little data is currently 
available (Nyamadzawo et al. 2015). 
 

1.3 Ecosystem services 
All living organisms depends completely on the ecosystems and the services they provide. 
These are provisioning (food, fibre, fuel, fresh water), regulating (air quality, climate, water, 
water purification, erosion, natural hazards), cultural (cultural diversity, spiritual and religious 
values, aesthetic values, social, tourism and recreation) and supporting services (soil 
formation, photosynthesis, primary production, nutrient cycling, and water cycling). The ES 
are directly linked to human well-being and includes security, basic material for good life, 
health, good social relations and freedom of choice and action (Maltby & Acreman 2011; 
Millennium Ecosystem Assessment 2005; United Nations 2018). During the past half century, 
humans have changed ecosystems more rapidly than in other known historical time. This is 
causing significant changes to ES and severe land degradation (United Nations 2018). The 
transformations reflect a growing demand for fuel, food, fresh water, timber and fibre. This 
has contributed to a net gain of human economic development and well-being for a small 
portion of the population, but on the contrary, it has caused severe negative changes for people 
living more directly reliant on natural resources and are thus more vulnerable to ecosystem 
alterations (Millennium Ecosystem Assessment 2005). This imbalance and degradation of ES 
may, unless addressed, be an obstacle to achieving the Millennium Development Goals 
(Millennium Ecosystem Assessment 2005) as well as the sustainable development goals (SDG) 
(United Nations 2018). Sustainable management of in particular wetland ES targets the 
following SDG’s: (goal 1) end poverty in all its forms everywhere; (goal 2) end hunger, achieve 
food security and improved nutrition and promote sustainable agriculture; (goal 6) ensure 
availability and sustainable management of water and sanitation for all; (goal 10) reduce 
inequality within and among countries; (goal 11) sustainable cities and communities; (goal 13) 
take urgent action to combat climate change and its impacts; and (goal 15) protect, restore, and 
promote sustainable use of terrestrial ecosystems, sustainably manage forests, combat 
desertification, and halt and reverse land degradation and halt biodiversity loss (United 
Nations 2018).  
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1.4 Wetlands in Uganda  
Field based data on tropical wetland ecosystems is lacking at a global scale and significantly on 
the African continent. In Uganda the wetlands extent is about 11 % of the total land area (26,315 
km2) (Government of Uganda 2016), of which 70 % being seasonal and 30 % permanent 
wetlands (Ministry of Water and Environment [MWE] 2013). Although being an essential part 
of the total land cover, there has been a lack of research initiatives, wetland inventories and 
mapping surveys (NEMA 2009; Sjögersten et al. 2014). Similarly, to other tropical regions, 
wetlands in Uganda has been exposed to rapid land use transformations ever since the 
monitoring recording started in the 1970’s (NEMA 2009; Turyahabwe et al. 2013). With a 
population increase from 24.2 million in 2002 to 34.6 million in 2014, indicating a 3 % annual 
growth (Uganda Bureau of Statistics 2016), it has implied a simultaneously increasing demand 
of natural resources. Such land use transformations including sand and clay mining, drainage 
of agriculture land, industrial development, settlements and infrastructure (Namakambo 
1999; NEMA 2009). The disturbance effects in wetland ecosystems are many, including 
increased flood risks, lack of economical services (building materials, medical plats, fibres etc.), 
a decrease in biological diversity, lowered water tables and thus causing larger effects on 
surrounding water availability, and releasing GHG emissions when drained (NEMA 2009; 
Turyahabwe et al. 2013). The wetlands play an important role for the livelihood income of 
many households and the surrounding ecosystem, direct or indirect (Farmer, Langan & Kibaro 
2016). Over 70 % of all wetlands in Uganda has shown to be used by the surrounding 
communities for the main purposes of water collection, livestock grazing, and harvesting for 
wood and fibre (Wetland Management Department [WMD] 2009).  
 
1.4.1 Wetland management initiatives in Uganda 
With the impenetrable nature of permanent wetlands, they are difficult to access and have in 
Uganda commonly been viewed as dumping locations for waste rather than recognized for 
their many ES. However, since the initiation of the National Wetlands Conservation and 
Management Programme 1989, awareness and recognition of wetland’s important ES have 
improved. This in line with development of more sustainable management and conservation 
efforts of wetlands in the country (Namakambo 1999). Currently, the protection and 
management of wetlands are well acknowledged within Ugandan policy and law. Although, the 
implementation is lacking, most due to challenges from budget limitations, restricted capacity, 
confusion over roles and responsibilities in the wetland protection work and interfering 
agendas of politicians (Langan & Farmer 2013). Thus, there is an urgent need to manage 
climate adaptation strategies and land use management of wetlands (Langan & Farmer 2013). 
Many efforts addressing climate change and interlinked solutions promoting development 
have recently been initiated in the country with more initiatives underway (MWE 2015; 
Resilience and Economic Inclusion Team [REIT] 2017). However, further information is 
needed to guide stakeholders in development pathways to include both environmental and 
social requirements (Langan & Farmer 2013).  
 
1.4.2 The current scientific knowledge and gaps 
The available data on organic wetland soils in Uganda is poor. The only soil data origins from 
national surveys from the 1950’s and 60’s and is lacking details on the organic soils and is too 
general and spatially aggregated, thus unsuitable for any further mapping or modelling 
purposes (Langan & Farmer 2013). Currently a new national soil inventory map is being 
created, although with no field-based sampling in wetland soils (Farmer, Langan & Kibirango 
2016). The most recent peat soil maps for the tropics, including Uganda, is developed by the 
global wetland conservation organization Wetlands International. This map includes peat 
coverage, certainty in the coverage and level of soil degradation, and is further in process of 
ground-truthing surveys to improve and confirm the data (Farmer, Langan, & Kibirango 2016). 
To date there is no national level map on wetlands ecosystem service provision in Uganda 
(Farmer, Langan, & Kibirango 2016). To develop a high-resolution estimate of key ecosystem 
service provision and potential CO2 emissions from tropical wetland areas, further information 
on wetland soils, vegetation and hydrology is needed. This is essential to fill current research 
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gaps in supporting mapping and modelling efforts at national and global levels (Farmer, 
Langan, & Kibirango 2016; Kolka et al. 2016; Millenium Ecosystem Assessment 2005; 
Sjögersten et al. 2014).  
 
In recent years, a research project based in Uganda, the Alternative Carbon Investments in 
Ecosystems for Poverty Alleviation (ALTER), has developed a wetland ES assessment tool 
(ALTER n.d). The tool allows for spatially specific, disaggregated assessment of land use 
activities, soil, water and vegetation properties. The methodology was developed in south-
western Uganda and now there is a need to apply further apply it across the country. This to 
investigate: 1) its applicability at a national level; 2) to capture individual ES and benefits 
provided by wetlands nationwide; and 3) to allow for mapping and modelling of these current 
services. This is highly useful in monitoring of wetland changes under future land use 
transformations and climate scenarios for sustainable management (ALTER n.d). 
 

1.5 Contextual background of Uganda 
1.5.1 Dependency on natural resources 
Around 8% of the population (2.7 million people) are dependent on wetland ES for their source 
of livelihood (WMD 2009). Wetlands provides important services for people in the most rural 
areas where many households rely more heavily on natural resources (Maclean et al. 2003). 
Hence, sustainable management of wetlands with strong emphasises in rural areas targeting 
the poorest households, is not only focused on environmental sustainability but also a strategy 
for poverty reduction (WMD 2009). 
 
1.5.2 Projections of climate change impacts for Uganda 
In Uganda climate records has shown a temperature increase of 0.28°C since 1960 (Ministry 
of Water and Environment [MWE] 2015). This is severely reflected by the melting of the ice 
caps on the Rwenzori Mountains in the west. Changes of climate patterns has also been 
reflected in decreasing rainfall and more unreliable rain-periods. Individual rainfalls have 
become more intense, increasing the hazards of land slides and flooding events. Although 
droughts have always been present in Uganda, the frequency has increased and the durations 
prolonged (MWE 2015).  
 
The future climate predictions for Uganda according to the IPCC Fifth Assessment Report 
(IPCC AR5), indicate an +2°C increase in near-surface temperature for the next 50 years under 
Representative Concentration Pathway (RCP) 4.5. (Niang et al. 2014). The RCP 4.5 is one out 
of the four climate model pathways for predicting futures of climate change. These are used as 
a measure of comparing the possible range of radiative forcing in year 2100 relative to pre-
industrial values (Meinshausen et al. 2011). Regional climate models project increased drying 
over most parts of Uganda (Patricola & Cook 2011). It implies impacts on water abundance, 
biodiversity, and increase of pests and diseases (Niang et al. 2014; REIT 2017). This especially 
effect the agriculture as it is the largest economic subdivision in the country (MWE 2015). With 
most farmers being fully depended on rain-fed agriculture, increased drought periods and 
intense rain falls with higher risks of flooding, challenges rural development and work 
enforcement of coping with poverty reduction (MWE 2015; REIT 2017).  
 

1.6 Justification of study 
By investigating key properties and functions of the complexity of wetland ecosystems, this 
thesis contributes to a deeper insight in relationships between wetland ES, vegetation and soil 
properties, important in up-scaling and modelling attempts (Kolka et al. 2016; Langan, 
Farmer, Rivington & Smith 2018). Increased knowledge by field inventories and monitoring 
work of wetlands are needed to successfully develop more holistic ecosystem management 
plans and to favour decision-making for the local communities (Farmer et al. 2011; Kolka et al. 
2016; Langan et al. 2018; Maltby & Acreman 2011; Peh, et al. 2013). Uganda is, like several 
countries in East Africa, urgently in need of increased knowledge of wetland land cover types 
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in relations to C storage to improve models of total landscape C balance estimations and further 
improve the sustainable use of wetlands (Sjögersten et al. 2014; Willcock et al. 2012).  
 
1.6.1 Purpose of research 
This thesis contributes to a first insight of the soil and ES of the study locations Masaka and 
Soroti in central and eastern Uganda, exploring the characteristics of seasonal wetlands that 
have not yet been similarly studied in the country. This data will further serve as ground 
truthing material of the current available mappings of wetland soils and ES in Uganda and will 
contribute to future regional and national upscaling analysis. Secondly, it is part of testing, 
evaluating and improving the locally established field sampling methodologies for collection 
of wetland soil and ES data, initially developed by the ALTER research group. 
 
1.6.2 Study aim and research questions 
The main objectives for this study are:  

1. to give a first insight and estimate of the total ecosystem C stock for two tropical wetland 
environments in rural areas of Uganda that are characterized by different climate and 
agroecological characteristics;  

2. secondly, to investigate the distribution of C stocks for above- and belowground pools, 
soil pH and ES in relation to land use cover (LUC) types. This in order to assess a deeper 
understanding of the effects of land use management in wetland areas and how, and to 
what degree it may alter the soil properties and ES;  

3. and finally, to contribute to the development of national field methodology manuals. 
 

To meet the objectives, the study seeks to answer the following questions: 

• What are the variations in vegetation biomass, total ecosystem C storage, above- and 
belowground, and soil properties under the different wetland land use coverages? 
 

• What are the most dominating provisioning ES and land management activities per 
LUC class and the resulting impacts on vegetation and soils?  
 

• How does current land use management effect wetland ES and total C storage and 
what may it imply for the future? 
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2. Study areas: Contextual background 
 
 
The study areas of this report, Masaka and Soroti, are located in the south and central-east 
parts of Uganda (Fig. 1). These are varying in climate, topographic, and geological features, 
thus making up for locations with different agroecological practices. 
 

 
Figure 1. The location of the study areas Masaka and Soroti in relation to Uganda and the capital Kampala. 
 

2.1 Masaka 
2.1.1 Landscape features 
Masaka district with an area of 219,720 ha (geodata from Uganda Bureau of Statistics 2016), 
has a generally flat terrain with flanking slopes and wide valleys that exists with and without 
rivers running through, dominantly covered by wetlands (Masaka district Local Government 
2009). The most recent population census 2014 for Masaka district indicated 297 000 
inhabitants, and a population density of 135.18 persons per km2 (Uganda Bureau of statistics 
2017a). 
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The mapped wetland extent of Masaka district in 1996 compared to 2008, using the most 
recent district boarder from 2016 in both comparisons, has shown a 46.7 % decrease. The 
extent in 1996 had a total area of 32258 ha, divided in 74 % permanent and 26 % seasonal 
wetlands (Uganda wetland management department, wetland extent data 1996) (Table 1). The 
wetland area in 2008 showed 17209 ha with permanent wetlands representing 92 % and 
seasonal 8 % (Uganda wetland management department, wetland extent data 2008) (Fig. 2). 
 
Table 1. Summary of the wetland area characteristics of the study areas, Masaka and Soroti districts. Data from 1996 
and 2008 are based on GIS data from the Uganda Wetland Management Department. 

 

 

The wetlands are found along floodplains, rivers and at lake margins, situated within the Lake 
Victoria drainage system. Permanent wetlands primary occurs on the eastern side of the 
district, bordering Lake Victoria and Lake Nabugabo (Fig. 2). The water sources of these 
wetlands are mainly of surface origin in terms of rivers, precipitation but also from 
groundwater. During the rainy periods the seasonal wetlands are usually flooded (Namakambo 
1999). 
 
2.1.2 Geological settings 
The soils in the district, based on recently FAO- soil system translated data from the empirical 
local soil system mapped by Uganda Protectorate in the shift 1950-1960 (geodata by the 
Uganda National Agriculture Research Organisation [NARO] 2016), are in general acidic and 
varies in age (Namakambo 1999). Older Ferralsols and Luvisols occur the hillier landscapes in 
the western to central areas, underlaid by gneisses and granite complexes. Further east in 
flatlands the area is characterized by younger lake deposit sediments and papyrus residue, 
dominated by Planosols and smaller proportions of Arenosols (Namakambo 1999; NARO 
2016). 
 
2.1.3 Climate 
Masaka is located within the Ankole Southern precipitation-based climatic zone with annual 
rainfalls from 750 mm to 1500 mm. There are commonly two wet seasons occurring in March 
to May and September to November, with the dry seasons in June and July, and a second but 
less severe from December to February (Bakama 2010). The average maximum temperature 
ranges around 30 °C and the minimum not below 10°C (Masaka district Local Government 
2009). 
 
 

Study  locations District area [ha]

1 996 2008 1 996 2008

Masaka 21 97 20 32258 1 5% 1 7 209 8% 7 4 92 26 8

Soroti 1 41 530 41 1 05 29% 31 428 22% 44 53 56 47

Permanent wetland [%] Seasonal wetland [%]Wetland cov er [ha, %]

1 996 2008
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Figure 2. The wetland extent in Masaka district indicating the proportion of permanent (purple) and seasonal 
(orange) wetlands. In strong saturation showing the wetland coverage from 2008. In shaded colours is the wetland 
extent mapped in 1996. The 2008 data is displayed on top of the 1996 data. 

 

2.1.4 Land cover and vegetation 
The most dominant land cover classes in Masaka district are in decreasing order of dominance:  
open water (46.73 %), small-scale farmlands (26.81 %), grassland (13.83 %), tropical high 
forest (THT) (4.04 %), wetland (3.33 %), woodland (0.61 %) and other classes of minor 
proportions (2.03 %) (Table 2). This is based on the most recent land cover data by the Uganda 
national forestry authority (NFA 2005). This land cover data is based on remote sensing and 
the wetland extent is different from the mapped wetland boarders published by Wetland 
Management Department 2008 that indicate a larger aerial proportion of 8 %. The dominating 
wetland vegetation of the permanent wetlands are mainly papyrus (Cyperus papyrus), and 
sedges such as Loudetia sp. and Miscanthus sp. The latter two are commonly found around 
the shores of Lake Victoria as they are known for being tolerant to the present acidic soils and 
low nutrients. The seasonal wetlands are mainly covered by variable herbaceous species, 
woody plants (dominantly Acacia sp.) and grasslands. In wetlands with patches of open water, 
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floating leafed but rooted vegetation and freshwater rooted macrophytes are dominating 
(Namakambo 1999). 
 
Table 2. Summary of the land cover data for Masaka and Soroti districts from of 2005 (based on GIS data from The 
National Forestry Authority of Uganda). THF - Tropical High Forest. The category “other” for Masaka includes: 
deciduous plantations, THF low stocked, large-scale farmland, impediments. The same category for Soroti consists 
of: built up areas. 

 

 

2.1.5 Agroecological practices 
According to most recent Masaka District Wetland Inventory Report from 1997, the intensity 
of land use in wetlands varies. This with more land transformation in the east with soils more 
favourable for cultivation compared to west with highly acidic wetland soils also being low in 
nutrients (Namakambo 1999). The west, being drier with seasonal grassland wetlands, are 
more commonly used as grazing lands for cattle. Masaka is located in the Coffee/ Banana 
farming system and the agriculture practice enquires mulching for water and soil conservation 
to sustain the crops. The grass vegetation Miscanthus sp. is widely harvested for mulching 
banana plantations, however the sedges are not because the local farmers claim the vegetation 
would acidify the cultivations (Namakambo 1999). The shore plain located on old lake terraces 
further east towards Lake Nabugabo and Lake Victoria are more sparsely cultivated, with 
mostly grasslands with grazing livestock (Wortmann & Eledu 1999). 
 

2.2 Soroti 
2.2.1 Geographical features 
Soroti district, covering 141,525 ha (geodata by Uganda Bureau of Statistics 2016), is 
characterized by relatively flat terrains with gentle u-shaped valleys and isolated inselbergs 
(rock outcrops). The common types of wetlands based on hydro-geomorphological properties 
are lake fringe wetlands, seasonally flooded grassland swamps (floodplain), and most 
dominantly are seasonally flooded herbaceous wetlands located in the shallow valley bottoms 
(Bagyenda & Okullo-Okwir 2000). The permanent wetlands are mainly fringing the water 
bodies draining into the Lake Kyoga basin, a shallow and wide lake in the south-west of the 
district which is also the main drainage system (NEMA 2004) (Fig. 3). The wetland extension 
in 1996 measured 41105 ha, of which 56 % are seasonal wetlands and 44% permanent wetland 
(Uganda wetland management department, wetland extent data 1996) (Fig. 3). This compared 
to the most recent wetland inventory from 2008 that indicates a 23.5 % wetland decrease with 
a total area of 31428 ha. This partitioned as 47 % seasonal and 53 % permanent wetlands 
(Uganda Wetland Management Department, wetland extent data 2008) (Table 1). There are 
no major rivers as a source of water for wetlands, rather small rain-fed seasonal streams 
(Bagyenda & Okullo- Okwir 2000).   
 
According to the most recent demographic inventory report for Soroti district from year 2014, 
the population count was 149,675 on average 105.77 persons per km2 (Uganda Bureau of 

Location District area

[ha] THF weel stocked Bush Grassland Wetland Small-scale farmland Open water Woodland Other

Masaka 21 97 20 4.04 2.62 1 3.83 3.33 26.81 46.7 3 0.61 2.03

Soroti 1 41 530 NA 4.56 1 .09 9.30 81 .35 3.1 3 0.04 0.54

Land use cov er per district 2005 [%]
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statistics 2017b), compared to the Ugandan average from the same year of 34.6 million, 173 
people per km2 (Uganda Bureau of statistics 2016).  
 

 
2.2.2 Geological settings 
The substrates in Soroti are mostly of Precambrian age that includes bedrock of granite, 
mignalites, gneiss, schists and quartzites (NEMA 2004). The soils in the district are of ferralic 
types, described as sandy sediments and sandy loams. Wetland soils are located on alluvium 
deposits, dominated by clay substrates (Bagyenda & Okullo-Okwir 2000; NEMA 2004).  
According to the FAO soil classification, the most dominating soil type is Petric Plinthosols, 
followed by Gleysols in the areas of seasonally flooded wetlands located on river alluvium. In 
the south-east soils are dominantly Arenosols and Histosols near waterbodies (NEMA 2004).  
 

Figure 3. The wetland extent in Soroti district indicating the proportion of permanent (purple) 
and seasonal (orange) wetlands. In strong saturation showing the wetland coverage from 2008. 
In shaded colours is the wetland extent mapped in 1996. The 2008 data is displayed on top of the 
1996 data layer. 
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2.2.3 Climate 
Soroti is located within the Acholi-Kyoga climatic zone, with average rainfall of 1250-1500 mm 
annually, with the rain peak season between April and October. The dry period usually occurs 
from November to March (Bakama 2010). The temperature varies between 25 – 30°C (NEMA 
2004). 
 
2.2.4 Land cover and vegetation 
The landscape of Soroti district is dominated by dry land, consisting of mainly savannah 
grasslands with sparsely spread Acacia species (NEMA 2004). The most recent land cover 
survey data (NFA 2005) indicates the classes to be of following dominance: small-scale 
farmland (81.35 %), wetland (9 %), bush (4.5 %), open water (3.13 %), grassland (1.9 %), 
woodland (0.04 %) and other minority classes (0.54 %) (Table 2).  
 
The vegetation in the permanent wetlands are dominated by papyrus. In the seasonally flooded 
herbaceous wetlands, grasslands are composed by species such as Echinocla, Loudetia, 
Cyperus, and with areas of floating vegetation such as the water Lily (Nymphea p) and water 
hyacinth (Eichornia) (Bagyenda & Okullo-Okwir 2000). The seasonally flooded wetlands are 
dominated by grasslands with sparse coverage of trees such as Acacia, Ficus, Combretum, 
Albizia, Piliostigma and Euphorbia and few cases of palms (Phoenix reclinata) (Bagyenda & 
Okullo-Okwir 2000).  
 
2.2.5 Agroecological practices and land degradation 
Farming dominates the economy of Soroti district and the most common agricultural practice 
is mixed farming, i. e. mixing crop and livestock and occasionally also trees (NEMA 2004). The 
horticulture practice has traditionally been grown upland in wet seasons and in dry seasons 
near wetland edges in need on moist soils. Cash crops such as sugar cane and rice have a high 
demand for high soil moisture and had been widely grown in wetlands. However, this has 
caused wetland degradation and land ownership conflicts. Overgrazing by livestock has also 
being a recognized land degradation challenge in Soroti with a rapid increase during the past 
20 years (NEMA 2004). It takes place in communal grazing areas, mainly in wetlands. Other 
common causes of land erosion are loss of vegetation cover, poorly managed cultivation 
practices and construction projects (NEMA 2004).  
 

 

3 Methods 
 
 
For clarity, the methods are described in the same order as the execution, starting with a GIS 
preparational analysis, classification of land use types, study site selections and presentation 
of the study areas. Then the field procedures are presented, followed by the laboratory methods 
of analysing soil organic carbon, soil pH and the dry weight of vegetation samples. Finally, the 
data analysis and the involved statistical analyses are described. 
 
Because a part of the study aim is to perform and develop the established national adapted 
field methodology manuals for organic peat soils (Farmer, Langan & Kibirango 2016) and 
wetland ES (Langan, Farmer & Smith 2016), the methods are mainly following these. Although 
with slight adjustments made to the soil conditions of the study areas of this thesis. This is 
further discussed and concluded with further recommendations for manual improvements in 
attached appendix chapter (Appendix 1).  Both manuals, being parts of the ALTER research in 
Uganda, are based on global standard methods adjusted to Ugandan environmental settings 
and available equipment. They were developed in a permanent wetland system in western 
Uganda. The methods of this thesis was further outlined in respect to cost-effectiveness in 
relation to study objectives and data quality, and human and economic resources to conduct 
the field work (Weyerhaeuser & Tenningkeit 2000).  
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3.1 Location of study areas: Masaka and Soroti 
The study areas, Masaka and Soroti, were chosen in discussion with members of the ALTER 
research group, local expertise, and with advice from the international wetland conservation 
organization Wetlands International. The locations were based on two factors: 1) filling the 
largest research gap possible, hence focusing on areas with no previous field-based survey; 2) 
including areas of varying climate, soil properties and cultivation practices. The factors were 
set to cover varieties of wetland ES related to varying land use practises. Further, a study area 
zone of 5 km radius was localized in rural areas within both districts (Fig. 4). Analysing wetland 
ES from a rural perspective is reflecting the most common interaction of wetlands and society 
in Uganda. This because the biggest proportion of the population are living outside the cities, 
often with high dependency on natural resources such as wetlands for their livelihood income 
(WMD 2009). The specific locations were further based on including the most common hydro-
geomorphological wetland types (lake fringe, valley bottom, floodplain wetland) representative 
for the districts. Secondly, practical accessibility of moving by foot in the wetlands was 
considered and explored by initial field visits. The area size of 5 km radius was decided 
considering reasonable travel distance from nearest possible point of accommodation, with the 
restriction of both time and budget. 
 

3.2 Initial GIS analysis and land cover classification 
The study locations were initially analysed with geographical information systems (Esri, 
ArcMap 10.5.1) in a stratified procedure to establish study sites sample points (Hairiah et al. 
2011).  
 
3.2.1 Datasets used 
The main sources used in the aerial imagery analyses of sample point distribution were base 
data satellite imagery (DigitalGlobe 2014 Soroti, DigitalGlobe 2009 Masaka), combined data 
of wetland boarder extent modelled by the Uganda Wetland Management Department (WMD) 
from 1996 and borders mapped in 2005 but published in 2008, and peat soil data provided by 
the organisation Wetlands International (2016). The dataset further included open source 
data of administrative district boarders, roads and water bodies supplied by the Uganda 
Statistical Bureau. 
 
3.2.2 Wetland borders 
Wetland boundaries are difficult to define and differentiate both in field and through 
geographical information analysis as the non-wetland – wetland margin often is temporal 
(Thompson et al. 2002). The border is based on hydrological conditions and changes with 
seasons. The most reliable method to clearly define wetland borders is to combine data of soil 
morphology and vegetation data (Thompson et al. 2002).  By the lack of available resources on 
detailed soil characteristics and vegetation cover in the selected study areas, already mapped 
wetland boundaries were used. Wetland extents for Masaka and Soroti districts mapped in 
1996 and 2008 by WMD were merged and used as the wetland boarders. 
  
The strategy of combining more recent maps of wetland cover together with the extent from 
1996, was together with the ALTER research group discussed to be the most accurate present 
cover of wetland areas. The wetland extent from 2008 is only based on digital mapping 
considering vegetation cover and observable surface waters and did not include minor wetland 
areas although their proven importance. This compared to the survey in 1996 that included 
important ground-truthing inventories (Farmer, Langan & Kibirango 2016).
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Figure 4. The distribution of sample sites (white dots) within the study areas (red circle) in Masaka district (left) and Soroti district (right). 



14 
 

 
The wetland 2008 inventory compared to the 1996 survey shows a 30 % decrease in area 
extent. However, this is assumed to be misleading due to the highlighted difference in 
methodologies. Change in land use involving alterations of physical characteristics do not 
necessarily mean the wetland areas have disappeared, a fact highlighted by Dr. Farmer1, 
member of the ALTER research group, at a Wetland Focused Seminar by Nature Uganda 
(Uganda National Museum, 2018-02-08). She stated that although land use management 
often implies physical changes, such as road constructions or establishing agriculture lands, 
the climatic and hydro morphological characteristics of wetland areas stays the same. Thus, 
the favourable conditions for wetland habitats are still present, meaning restoration acts would 
still be possible and land use converted wetland areas should therefor still be mapped as 
wetlands1. Therefore, by joining the two wetland boarder extents, areas that in the 2008’s 
version were no longer mapped as wetlands due to physical land use changes are still included. 
 
3.2.3 Initial aerial image analyses – stratified sampling 
There are various methods for identifying LUC areas in wetland through different spatial 
analysis techniques. As shown by Thompson and others (2002) where several remote sensing 
methodologies were compared with interpretation techniques of aerial imagery for wetland 
surveying in South Africa. They identified aerial imagery interpretation to give the highest 
accuracy outcome. Depending on the scale of the study, this method in combination with 
ground truthing is the most recommended. However, if performing an inventory at a regional 
or national scale remote sensing methods of satellite imagery would be more cost efficient 
although giving a relatively lower quality output (Thompson et al. 2002). Thus, for this study 
and in agreement with members of the ALTER research group, an in-detail wetland inventory 
of all areas within the defined wetland boarders was executed using aerial images. This method 
was used to initially identify strata based on 11 wetland LUC classifications with descriptions 
modified by Langan, Farmer & Smith (2018), originally from Uganda Vegetation Inventory 
System (Henninger & Landsberg 2009). The LUC classes include papyrus, reeds and sedges, 
woodland, swamp forest, shrubland, bushland and thicket/ palms, farmland cultivation and 
farmland grazing, plantation (eucalyptus plantation), natural grassland and open water. The 
aerial image interpreted digitalization of land cover strata was performed at a scale of 1:3000 
from GIS aerial imagery base map (Fig. 5).  From these LUC strata random sample locations 
were distributed (Hairiah et al. 2011).  
 

 
Figure 5. Examples of aerial imagery interpretation and digitalization of land use cover strata. Pictures from left to 
right showing: (A) Papyrus in the bottom right corner; (B) natural grassland in a gradient transition to (C) reeds 
and sedges; and (D) patches of cultivations. 

 

3.2.4 Distribution of sample points 
The distribution of a total number of 50 sample site points per study area, restricted by budget 
limitations and time, were done by random distribution within the digitized land cover strata. 
The number of sample points per strata were distributed according to the relative aerial 
percentage per land cover strata within the study zones (Hairiah et al. 2011) (Table 3). In 

                                                         
1 Farmer, J. 2018. Public speech, Nature Uganda: “Urban Wetlands: Prized land, not wasteland”, 8th February 2018, 

Kampala: Uganda. 

 

A 

B 

C

 

D
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discussion with the ALTER research group, a minimum number of 4 sample points were set to 
capture enough data per LUC. The LUC strata were classified in two classes according to the 
percentual aerial coverage, 1-10% and >10%. The minimum sample points were set for the first 
class and the dominating areas (>10 %) were set to 10 sample points. With this strategy a 
relatively representative picture of the wetland LUC types would be reflected in the data in 
relation to actual land cover coverage within the study areas. Land cover area covering less 
than 1 % was included with the adjacent most similar land cover type strata. 
 
Table 3. Summary of the total area (hectare) and proportion (%) per digitalized land use cover strata within the 
wetland boundaries located within the 5 km radius study area in Masaka and Soroti. 

 
 
 

3.3 Field data collection 
The field work in Masaka was carried out between 25th November – 10th December 2017, for 
a total of 12 days in the field at end of the rainy season. The field work in Soroti was conducted 
during a total of nine days between 25th January – 5th February 2018, being the peak of the 
dry season in this North-central part of Uganda. However, with no intention of making 
comparisons between the outcomes of the study locations, the seasonal variability of the 
gathered field data does not affect the final results. 
 
3.3.1 Sampling design 
The field sampling design included three different sections. Firstly, within the randomly 
distributed sample sites of 30 * 30 m (900 m2) placed within each LUC strata, 3 vegetation 
sampling plots were in field randomly created within the 3 most representative vegetation 
types of the sample site (Fig. 6). The size of the vegetation plots ranged between 0.5 – 3 m2 
depending on the vegetation type measured, as further outlined below. Finally, one soil sample 
core was extracted as close as possible to the GPS-point centre of the site. 
 

Land cov er ty pe Area Proportion

ha %

Masaka 888.86 100

Farmland 1 24.89 1 4

Natural grassland 252.62 28

Papy rus 97 .26 1 1

Reeds & sedges 352.67 40

Shrubland 39.43 4

Woodland 21 .99 2

Soroti 2223.46 100

Farmland 1 1 92.34 54

Natural grassland 562.66 25

Papy rus 65.06 3

Reeds & sedges 1 7 0.47 8

Shrubland 1 25.57 6

Open water 1 07 .35 5
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Figure 6. Sketch of the sample design, illustrating X) the digitalized boundaries of a certain land use cover type with 
15 m buffer zone margin (diagonal striped area), Y) the 900m2 study site, Z) the randomly distributed vegetation 
plots representing the most dominating vegetation types within the study site, and W) the single point of soil 
sampling. 

 

3.3.2 General site characteristic  
The first step in field was with guidance of a GPS device to navigate to the set sample locations. 
Depending on the difficulty of the terrain (water depth and vegetation density) a point as close 
as possible to the actual coordinates was selected. When reached, the plot coordinates were 
noted, and a picture of the site was taken from a North position looking South. General site-
specific characteristics and a ground truthing notice of the categorization of LUC (Appendix 3) 
were recorded before proceeding with soil and vegetation data collection and the ecosystem 
service survey (Farmer, Langan & Kibirango 2016; Langan, Farmer & Smith 2016). 
 
3.3.3 Soil sampling 
The soil sampling procedure was done at the centre of each 900m2 sample sites. Due to 
different soil characteristics and water table depths between sites, the sampling was done by 
two separate sampling methods for peat and mineral soils. However similarly, first the site was 
cleared of vegetation before the soil penetration. At this point care was taken to create 
minimum disturbance and contamination, such as compaction of the soil around the area of 
sampling. 
 
Mineral soil 
In mineral soils or drained highly dense peat soils in seasonal wetlands, a pit was dug with a 
spade down to maximum 100 cm depth. The depth was occasionally shallower where digging 
was limited by either high water table or by impenetrable highly compacted soils. As maximum 
depth was reached, one side of the pit was cleaned, hence removing outer soil layer to minimize 
contamination of mixing between layers. The soil profile depth was measured, horizontal soil 
layers observed, photographed with a black and white card for colour reference, and soil 
characteristics recorded. The recordings included differences in soil texture, colour and shifts 
in organic material content and level of degradation (Farmer, Langan & Kibirango 2016) (Fig. 
7). A soil ring with open front and back with a 5 cm internal diameter (height 5 cm) was 
penetrated at the centre point of each layer interval, from the bottom horizon and upwards 
(Lilly et al. 2011). The sample was carefully removed to avoid any contamination and collected 
in a polyethene bag marked with the sample ID. The soil ring was cleaned in between each 
sampling occasion (Farmer, Langan & Kibirango 2016). If the sampling failed to reach full 
volume of the soil ring due too loose soil material or ground water encountering, the estimated 
volume loss was recorded and used for further volume correction in bulk density calculations.  
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Figure 7. Methods for sampling soil in mineral soil. The soils were sometimes highly compact and alternative 
methods were used for inserting the soil ring. 

 

Peat soil 
For sampling soil in waterlogged peats, an Eijkelkamp Russian 
style peat auger was used. This auger was preferred as it 
captures intact volumetric samples where stratifications in 
peat profile can be observed and sub-sampled accordingly 
(Farmer, Langan & Kibirango 2016). The equipment consists 
of an auger head taking 50 cm soil core sections, on top of 
which steel rods are attached up to several meters to be able to 
sample to full soil profile depth (Fig. 8). The sample diameter 
was 5.2 cm and a full 50 cm sample gives a content of 0.5 litre 
of soil (Farmer, Langan & Kibirango 2016).  Before inserting 
the auger, the water table depth was recorded. Secondly, the 
steel rods were marked with tape in 50 cm sections, starting 
with 0 from a marked point on the rod indicating the water 
table depth (Farmer, Langan & Kibirango 2016). Before each 
sampling attempt the auger-head was cleaned. After sampling 
and before the auger head was opened the outside of the auger 
head was cleared from soil and vegetation material to avoid 
any mixing of materials. After opening the sampler, the soil 
core was measured, colour and decomposition variations 
noted, and photographed with a black and white colour 
reference card (Fig. 9). This was urgent as the peat exposed to 
air can rapidly change the colour of the soil due to oxidation processes (Farmer, Langan & 
Kibirango 2016). Following, sub-sample increments based on the field observations same as 
for the mineral soil were recorded and each depth layer was sampled in separated labelled bags. 
Sampling continued for the full soil profile until base clay was reached (Farmer, Langan & 
Kibirango, 2016). Although, the Russian auger is designed for organic peat soils and with 
occasional sandy components this was in some sites a limitation. In a few locations the force 
of three persons were not enough to reach the profile bottom due to the soil texture and in 
combination with increased pressure with depth. If the bottom sampling resulted in non-
complete 50 cm core section, the missing part was recorded. 
 

Figure 8. The Eijkelkamp Russian 
style peat auger, here being 
prepared connecting the auger head 
with the rods. 
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Figure 9. The method of using the peat auger were sometimes highly demanding of physical power, especially in 
soils mixed with sand or clay (left). The extracted peat core was analysed and sub-divided by visual interpretation 
of differences in soil moisture, colour and texture (right). 

 

Field based observations 
Visual observations of soil characteristics for each sub-sampled were recorded based on the 
following methods:  
 
If there were any clay present in the soil core, it was described based on its origin. That could 
be clay from an outside source such as hillside run-off derived clay in the upper layers, base-
clay at the bottom of the soil profile beneath the peat layer, or clay that could not be 
distinguished. Soil colour was recorded by the researchers own observations, describing soils 
as dark brown, brown, light brown, yellow, red etc. Finally, observations of larger material 
compounds in the soil such as roots (fine, coarse), wood, charcoal pieces and other plant 
material were registered. Inorganic material was noted, such as the sample proportion of sand, 
rocks and clay (Farmer, Langan & Kibirango 2016). 
 
3.3.4 Vegetation sampling 
Within the 900 m2 study site the three most dominated vegetation types covering a minimum 
of 10 % of the sample site were sampled by destructive and non-destructive methods depending 
on the vegetation types (Langan, Farmer & Smith 2016). The vegetation inventory of this thesis 
follow a modified version of the wetland inventory list of vegetation classifications, as 
described by Langan, Farmer and Smith (2016). In this report 9 main classes with totally 21 
sub-classes were used: (I) crops (yams, cassava, sorghum, sugarcane, maize, coffee, banana); 
(II) grasses (short, medium, tall); (III) herbaceous vegetation (weeds, floating vegetation 
(water lilies, other forbes); (IV) papyrus; (V) reeds and sedges (reeds, sedges); (VI) shrub; (VII) 
tree - agriculture (orange and mango tree); (VIII) tree – eucalyptus; and (IX) tree - broadleaved  
(native trees, such as Kigelia africana, Acacia sieberiana, and Milicia excelsa).  
 
The aerial coverage proportion of each vegetation type for each study site was estimated 
following the Braun-Blanquet cover-abundance 5 grade scale (Braun-Blanquet 1964) from 0 
(bare) to 100 % coverage. This was used for later calculations and upscaling of total ABG 
biomass from vegetation plot to study site and landscape scales (Langan, Farmer & Smith 
2016). This method is recognized for being resource efficient in plant density inventories 
including shrub and herbaceous vegetation that otherwise can be highly time-consuming if 
counting number of individuals (Wikum & Shanholtzer 1978). A picture was taken at each 
vegetation plot for later species identification with expertise from the National Forest Agency 
of Uganda and for future records. Based on the wetland ecosystem service methodology by 
Langan, Farmer and Smith (2016), the plant biomass data of the different vegetation types 
were sampled in the following procedures: 
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Trees, shrubs and papyrus 
Within a 9 m2 plot for trees and a 1m2 plot for shrubs and papyrus, individual stems were 
counted, the average height visually estimated, and circumference measured at breast height 
(dbh) (130 cm) for trees and papyrus, and for shrubs recorded at 5 cm from the base (Langan, 
Farmer & Smith 2016). Trees with multiple stems branching below 1.3 meter were counted as 
several individual stems and dbh was measured separately (Fig. 10) (Kershaw et al. 2017; 
Weyerhauser & Tenningkeit 2000).  

 
Figure 10. The stem diameter measurement strategy of single stemmed (A) and multi-stemmed (B) trees. Figure 
design inspired by Kershaw et al. 2017.   

 

Herbaceous vegetation 
For different type of herbaceous vegetation, including grasses, reeds and sedges, and weeds, 
biomass data was recorded by destructive sampling. The whole plot area, 1m2 for reeds and 
sedges, and 0.5 m2 for all others, were harvested. The weight of the total fresh mass was 
recorded using a portable scale with 0.01 g precision. For reeds and sedges, being too large to 
practically sample the full mass of the whole square, one big, three intermediate, and one small 
individual of the sample population were selected. The fresh weight of the sub-sample was 
recorded and collected in labelled plastic bags and later scaled up to m2 scale and further to 
hectares. For the vegetation with lower biomass, the full 0.5 m2 sample was kept for further 
laboratory analysis of dry weight (Langan, Farmer & Smith 2016).  
 
3.3.5 Survey – provisioning ecosystem services observations 
To capture further information about the provisioning ES and activity impacts on soil and 
vegetation in the wetland areas, the Wetland Ecosystem Service Assessment manual was used 
as guidance (Langan, Farmer & Smith 2016). The inventory included the following wetland 
information: (I) general information about the site, (II) land form, (III) land cover 
characteristics, (IV) land use management and (V) current anthropogenic usage and impacts. 
The recordings were done partly on paper notes with pre-designed formula, and partly using a 
digital survey developed through the open source application Open Data Kit (Appendix 4). The 
coding of the survey was initially designed in MS Excel (2016), and finally used by the means 
of an android smart phone (Samsung A5) (Langan, Farmer & Smith 2016).  
 

3.4 Laboratory analysis 
After sample collection, the optimal storage is to keep them refrigerated at 4° C until further 
analysis (Farmer, Langan & Kibirango 2016). Due to limited resources, the samples were 
instead kept in a dark, cool place away from any sunlight during the field work period, and 
thereafter immediately brought to Kawanda Laboratories in Kampala.  
 
3.4.1 Soil analysis adjustments 
The soil analyses were examined per sub-sample. The strategy in regards of budget restrictions 
included pH analysis of only half of the study sites at and sub-samples down until 50 cm depth, 
whilst soil organic carbon and bulk density (dry weight) were conducted for all samples at each 
study site (Table 4). Due to varying dry sample volume that occasionally resulted with a mass 
too small to perform all intended analysis, it was in discussion with the ALTER-research group 
decided to prioritize the soil analysis procedure in the following order: dry weight, organic 
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matter (OM), and pH.  In further analysis of the laboratory results the number of BD and OM 
samples were separated in two classes, peat (P) and non-peat (NP) (mineral) soils. The NP 
included data of samples down to 50 cm depth, whilst the full profiles were included for the P 
samples and is further described in the data analysis chapter. 
 
Table 4. Summary of analysed number of sub-samples (SS) and the weighted average per soil profile per study 
sites (WS). Analysis includes soil pH, dry bulk density (BD) and organic matter content (OM). The pH samples are 
included to a maximum depth of 50 cm, and the BD and OM are included at to maximum 50 cm for non-peat soils 
(NP) and at full soil profile depth for peat soils (P). 

 

 

3.4.2 Soil bulk density 
The dry soil bulk density was measured by the dry weight of the volume-specific soil ring and 
peat auger samples. This was conducted by putting samples in a moisture extraction oven 
(Harrow Scientific) at 105° C until reaching constant dry state (Agus, Hairiah, & Mulyani 2011). 
The bulk density is calculated as: 
 

Eq.1 𝐵𝐷 =
𝑀 𝑑𝑠

𝑉 𝑠
     

  
Where BD is the dry bulk density (g cm-3), M ds the sample dry weight, and Vs is the volume of 
the sample (cm3). 
 
3.4.3 Soil organic matter and organic carbon  
To determine the OM and organic carbon (OC) content there are several methods developed. 
In tropical peats, the most common procedure is either loss on ignition (LOI) or by the more 
precise but more costly method of elemental analysis (Farmer et al. 2014). Elemental analysis 
is not yet available in Uganda, and in a method comparison study by Farmer and others (2014), 
they showed the difference in accuracy between elemental analyses and LOI were not 
significant. LOI is a quick and relatively cost-efficient method (Pribyl 2010) and has been 
recommended as the most appropriate for soil carbon analysis in Uganda (Farmer, Langan & 
Kibirango 2016). The LOI was derived by grinding and sieving the sample through a 2 mm 
sieve and after being put in a muffle furnace to get combusted at 550° C for 6 hours (Agus, 
Hairiah, & Mulyani 2011).  
 
Although the LOI method is in general straight forward, the C conversion factor makes the 
method much debated. The factor has showed high variability, ranging between 1.4 and 2.5. 
This is strongly depended on the method of estimating the OM and the composition and 
natural variability of the soil (Pribyl 2010). The factor has a significant relationship of the 
relative amount of organic material in the soil and clay content. The more OM the higher the 
C conversion factor. This makes locally estimated conversion factors the most relevant to use 
(Pribyl 2010). When no such exists, the most widely used conversion factor is 1.724, based on 
the estimation that OC stands for 58 % of OM (Wolff 1864), and has been commonly adopted 
(Pribyl 2010). The conversion factor of 1.88, was developed especially for organic peat soils in 
Uganda (Farmer et al. 2014) and is therefore the most accurate for this study. For mineral soils 
the generalized 1.724 factor was used.  
 

Study area

SS WS WS WS

NP P NP P

Masaka 82 33 72 111 43 72 112 43

Soroti 93 42 93 16 41 95 17 42

BD

SS SS

% OM

Analyzed soil properties [ n  ]

pH
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After conducting the loss on ignition method, the ash content (P ash, %) was calculated as 
(Agus, Hairiah, & Mulyani 2011): 
 

Eq. 2 𝑃 𝑎𝑠ℎ =
M ash

M ds
 𝑥 100     

 
Where M ash is the remaining ash after burning (g) and M ds the sample dry weight. 
Then the organic matter (OM, %) content was calculated as: 
 
Eq. 3 𝑂𝑀 = 100 − 𝑃 𝑎𝑠ℎ    
  
Finally, the organic carbon content was estimated following: 
 

Eq. 4 𝐶 𝑜𝑟𝑔 =
OM

R om:c
    

  
Where C org is the carbon content (%) of the OM divided by R OM:C being the carbon conversion 
factor.  
 
3.4.4 Soil pH  
Using standard analytical procedures, the pH measurements were performed through 
measurements from a 1:5 soil: water solution (Farmer, Langan & Kibirango 2016). 
 
3.4.5 Vegetation dry biomass 
The vegetation samples were dried in a moisture extraction oven according to locally adjusted 
methods of drying at 72 degrees, instead of standard 100 degrees, because of the nature of the 
samples. This was conducted for a minimum of 3 days until constant dry weight (crispy dry) 
(Stuart 2018, personal communication 2).  
 

3.5 Data analysis 
Soil and vegetation data sets were prepared, organized and further analysed partly in Microsoft 
Excel (Version 16.0.9029.2106. 2016) and the software programme R Studio (Version 1.1.423 
2009-2018). 
 
3.5.1 Modifications of classifications 
The LUC classifications were prior to further data analyses to some extent reclassified to 
broader classes (Appendix 2). The reason being some of the more detailed classifications 
occasionally resulted in few replicates, making generalized classes more accurate in relation to 
the resource limitations of this thesis (Table 5). All classifications with dominant woody-
vegetation cover (“eucalyptus plantation”, “shrubland” and “woodland”) were aggregated to 
“woodland”. The class “swamp forest” only occurred at one occasion and was excluded. It was 
not included in the woodland-class because of its peat-dominated soil properties that varies 
extensively from the other wood-dominated classes with mineral soils. With the land use class 
“farmland grazing” being challenging to distinguish in aerial imagery and in field, the class was 
combined with the class “farmland cultivation”, replaced as “farmland”. The two classes are 
relatively similar as a land use activity is taken place with high intensity having disturbing 
impacts on both soil and vegetation. The class “open water” was not practically accessible in 
field by foot and was therefore excluded.

                                                         
2 Stuart, M. Kawanda Laboratories, Kampala. 2018-09-28 
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Table 5. Descriptive example images of the land use classes for Masaka (A-E) and Soroti (F-I) study areas. 

 

  

 

  
A. Farmland B. Natural grassland F. Farmland G. Natural grassland 

    
C. Papyrus D. Reeds and sedges H. Reeds and sedges I. Woodland 

 

E. Woodland 



23 
 

3.5.2 Belowground C stock 
The BG soil C stock was estimated by combining the bulk density, estimated OC content, and 
sample volume per sample, using the following the equation (Agus, Hairiah, & Mulyani 2011):  
 
Eq. 5 𝐶 𝑠𝑡𝑜𝑐𝑘 = ∑(𝐴𝑛 𝑥 𝐻𝑛 𝑥 𝐵𝐷𝑛 𝑥 𝐶 𝑜𝑟𝑔 𝑛)   
  
Where A is the sampled area (with the Russian sampler, 9.82 cm2, and with the soil ring 19,63 
cm2), Hn is the height of the sample increment (cm) and BDn and C org n are the bulk density 
and carbon contents for that sub sample increment.  
 
Then, for peat soils (> 30 % OM), all sub-samples of the soil profile were summarized to get 

the carbon stock for the full core (C stock of sample X + Y + Z = C stock for soil profile XYZ). 

The carbon stock for mineral soils (non-peat, < 30 % OM) was calculated down to a set depth 

of maximum 50 cm as the highest OM proportion is commonly concentrated around the top 

30 cm (Agus, Hairiah & Mulyani 2011). The C stock for peat soils were calculated for the full 

profile depth, as the full depth was sampled at all sites (with one site being an exception) and 

is vital for the actual insight of the C storage in organic soils. The peat soils commonly have 

deeper layers of organic soils than mineral soils and with profile depths generally varying 

widely from site to site (Farmer, Langan & Kibirango 2016). Then the results were scaled to 

landscape level by multiplying the g C cm3 results by 100 to get tonnes per hectare. Finally, the 

average BG C stock was estimated per LUC type. For the purpose of further comparing the soil 

C stock between LUC types, the mineral soil profiles were all adjusted to a set depth of 50 cm 

by multiplying the average C stock by the lacking depth range. This was a necessary step as the 

soil samples had been sampled by observed layer variations and not by set depth intervals, 

giving different total soil profile depths per study site. However, the applied correction factor 

of adjusting the results to an increased depth possibly implies overestimated total soil C stock 

results. This because the depth pattern of soil C content commonly decreases by depth and 

with increasing bulk density (if not surface compaction exists or other abnormalities).  

 

3.5.3 Soil pH and OC per LUC type  

Results for pH and estimated OC were first calculated as a weighted average per individual 

study site soil profile, with the sample depth being the weight. This was further used in 

calculating average results per LUC types. LUC data was connected to each study site ID 

(Langan, Farmer & Smith 2018).  

 
3.5.4 Harmonized vegetation classifications 
To calculate the C stock per vegetation type, the detailed vegetation classes (n=21) recorded in 
field were merged into harmonized more general vegetation classifications (n = 7) (Appendix 
2). This because of too few replicates within each class. The individual sub-classifications 
within the classes of crops, grasses and herbaceous vegetation were harmonized prior to 
further biomass calculations. In discussion with the ALTER-research group, this strategy was 
based on deriving the closest related vegetation type literature data at the nearest possible 
geographical setting in the use of established allometric biomass calculations. The sub-classes 
of trees (agriculture trees, native trees and eucalyptus) were kept separated for biomass 
estimations as species-specific variables of the allometric biomass equations were computed. 
Then the results and classes were harmonized as “trees” before the further C stock estimations.  
The harmonization of classes was considered at a scale at which these may be recognized with 
remote sensing techniques in mapping wetland land cover (Fuller et al. 1997; Jacob et al. 2014). 
This is of importance to fit the outcoming results of this report into possible future upscaling 
remote sensing-based inventories at regional or national levels. 
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3.5.5 Vegetation biomass and carbon stock 
In this report, a total of 84 sample plots of vegetation measurements for biomass and ABG C 
stock estimations were recorded in Masaka study area and 77 for Soroti. The difference being 
excluded samples because of measurement or recording errors and discarded vegetation plots 
with too few replicates per type to be included in further analysis. 
 
The ABG vegetation biomass was calculated using 3 different methods: (I) measured dry 
weight from field samples, used for reeds and sedges, grasses and herbaceous vegetation; (II) 
already established allometric equations for broadleaved trees, papyrus and shrubs; and (III) 
the use of general C stock data for crop LUC derived from nearby studies as described further 
below.  
 
Calculating the ABG C stock of an ecosystem has widely been recognized to often being biased, 
using the common general C conversion factor assuming plant C to be 50 % (Brown & Lugo 
1982) of the biomass (Martin & Thomas 2011). Several studies have argued that the generalized 
C factor resulting in inaccurate results that has a significant impact on the final carbon pool 
estimation (Chave et al. 2005; Thomas & Martin 2012; Willcock et al. 2012). Previous C stock 
estimations for ecosystems in the East African region concluded the results to be 
underestimated with the general factor and emphasise the use of local, to regional detailed 
biomass data for more accurate estimations (Willcock et al. 2012). Recently, Ma and others 
(2018) further highlighted the importance of the geographical origin of the plant C conversion 
factor, revealing a strong relationship with lower C stocks with increasing latitude. Thus, for 
this study when applicable, national or regional C conversion factors were used for all 
vegetation samples and average biomass allometric equations from literature for crops, shrubs 
and trees. However, when no local or regional data was obtained the average estimation of 
biomass accounting for 50 % carbon (Brown & Lugo 1982) was used. The steps for biomass 
estimations per vegetation classification were as follows: 
 
Trees 
The allometric equation from Chave et al. (2005), developed for dry forest stands in tropical 
regions, was used to calculate the ABG tree biomass. The dry forest model was used as it 
includes forested climatic regions with annual rainfalls of <1500 mm (Chave et al. 2005), that 
fits both the climatic characteristics of Masaka and Soroti study areas. Wood density specie-
specific values were taken from the World Agroforestry Database (ICRAF, 2018-04-04) and 
the African Wood Density Database (Carsan et al. 2012) (Table 6). As not all tree species within 
the classification “native trees” were identified, a mean of all wood densities found for the 
known species were used in further calculations.   
 
Table 6. Literature-derived wood specific density values (g/cm3). 
 

Tree classification  Wood specific density [g/cm3] Sources 

Tree - “Native”1  0.6048 ± 0,09 worldagroforestry.org, Bolza & Keating 1972a 

Tree – Agriculture2  0.6488 ± 0,07 worldagroforestry.org 

Tree - Eucalyptus  0.6653 ± 0.0247 worldagroforestry.org 
   
 
1 Species included: Kigelia Africana, Acacia sieberiana, Mangifera indica, Milicia excelsa, Funtumia elastica, Syzygium 
guineense (Myrtaceae), Maesopsis eminii 
2 Species included: Mangifera indica L, Citrus Spps 
a Bolza, E. & Keating, W.G. (1972). African timbers: the properties, uses and characteristics of 700 species., Melbourne: 
Division of Building Research, CSIRO. 710 pp. 

 
The tree biomass was calculated by the following equation (Chave et al. 2005): 
 
Eq. 6 𝐴𝐺𝐵𝑒𝑠𝑡 = 0.112 × (𝜌𝐷2𝐻)0.916   
  
Where AGB = aboveground biomass, 𝜌 = wood specific density, D = the trunk diameter in cm 
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H= total tree height (in m). 
 
The calculation of tree C stock was conducted by multiplying the biomass by the C conversion 
factor of 47.35 %. This conversion factor is a weighted mean of the calculated global average C 
conversion factors for the reproductive organ (n=17), leaves (n= 5074), and stems (n= 1581) of 
deciduous broad-leaved trees by Ma and others (2018).  
 
Papyrus 
The biomass of papyrus vegetation has been studied commonly by destructive sampling 
methods, meaning harvesting and drying the vegetation units. However, within the resource 
limits of this study, the papyrus biomass was estimated by non-destructive sampling. Using 
the sampled culm (papyrus stem) circumference and plant density records of this report, the 
biomass was estimated as an average combining two allometric equations with similar results, 
developed in Kenya by (I) Jones and Muthuri 1985 and edited by Muthuri, Jones and Imbamba 
(1989) (equation 7), and the second from Uganda by (II) Saunders, Jonas and Kansiime (2007) 
(equation 8). Both equations are based on a linear regression adjusted to the relationship of 
culm girth and dry weight based on papyrus samples. The papyrus biomass average was 
estimated following: 
 
Eq. 7 Log10W = (2.63 x log10G) - 0.491    

 
Where W is the biomass (g) of the culm unit (culm + umbel) which is the total ABG part of the 
papyrus plant, and G being the girth (circumference) record of the culm (Muthuri, Jones & 
Imbamba 1989). The second papyrus dry weight estimation was calculated as: 
 
Eq. 8 W = 2.42X - 0.11     
  
Where W is the biomass dry weight (g), and X being the girth (cm) measurement (Saunders, 
Jones & Kansiime 2007). 
 
Measurements of papyrus stem density per sample plot (1m2) was used to apply the plant 
individual biomass to plot level. The results were scaled to tonnes per ha by multiplying 1kg 
per m2 with 10, and secondly multiplied with the observed papyrus surface cover for the study 
site to get the correct biomass density. The C conversion factor 45.38 % for papyrus vegetation 
was used, as calculated by Langan, Farmer and Smith (2018) by taking a weighted mean out of 
the papyrus biomass (982 and 2290 g) and C content (47.91±0.22 and 44.29±0.16 C %) results 
estimated by Jones & Muthuri (1997). 
 
Shrub 
Allometric equations for shrub biomass have been less developed, especially in the tropics 
(Ubuy et al. 2018). In a recent study from Tanzania by Mwakalukwa, Meilby, and True (2014), 
they reviewed and tested established volume and biomass models for several vegetation types. 
Of all vegetation types tested (trees, shrubs, crops), the allometric models of mixed shrub 
species had highest percentage error. This was explained by the shrub complex structure with 
different shapes and branches that in turn lower the accuracy of the models and is showing the 
difficulty of creating highly precise estimates of shrubs from general models (Mwakalukwa, 
Meilby & True 2014). The model with the highest fit and including the greatest species variety 
was a single parametric equation considering the stem diameter and height, developed by 
Mugasha (2013). It is based on 102 tree and shrub samples of highly varying sizes (dbh 1.1: 110 
cm) from a miombo woodland in eastern Tanzania. This model has shown to apply well for 
Tanzania and South-East Africa as a whole. This method was used for this study because of the 
wide range of shrub sizes, large sample population, mix of species, the inclusion of available 
measurements relations of stem diameter and height, and the relatively near geographical 
reference of model establishment. The shrub biomass was calculated as (Eq. 9): 
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Eq. 9 𝑌 = 0.0763𝐷2.2046ℎ𝑡0.4918     
 
Where Y is the ABG biomass prediction (kg m2), D, the average stem diameter (cm), and ht, 
average height (m) (Mugasha et al. 2013). 
 
Due to the complexity of the shrub structure and with no locally established shrub biomass 
allometric equations for Uganda, other shrub general models were also tested for comparison. 
These multi-species shrub allometric equations were chosen as they are based on the same 
plant measurements as recorded of in this thesis, stem diameter and shrub height. Model (I) 
was developed in subtropical China and considers stem diameter (Eq. 10) (Ali et al. 2015), and 
Model (II) established in the dryland of northern Ethiopia and includes stem diameter and 
height (Eq. 11) (Ubuy et al. 2018). 
 
Eq. 10 𝐿𝑛(𝑌) =  −3.23 + 2.17 × 𝐿𝑛(𝐷𝑏ℎ) 
 
Where Y is the ABG biomass (kg), Ln the natural logarithm, and Dbh the diameter 
measurement at breast height (cm) (Ali et al. 2015). 
 

Eq. 11  𝑌 = 0.2050 ×  𝑑𝑠1.8548 × ℎ𝑡0.2948 
 
Where Y is the ABG biomass (kg), ds the diameter at stem base (cm) and ht being the average 
stem height (Ubuy et al. 2018). 
 
Reeds and sedges, grasses and herbaceous vegetation 
The biomass for all destructively sampled vegetation (reeds and sedges, grasses, and 
herbaceous vegetation) was calculated by taking the ratio developed by the relation of the dry 
weight of the harvested sample to the fresh weight sample and scaled to the full 1m2. The 
vegetation C stock was estimated by multiplying the biomass results by a weighted average C 
fraction value of 44.63 %. This was derived from the mean of reproductive organs (n=83), 
leaves (n= 5181) and stems (n= 162) of herbaceous plants by Ma and others (2018). 
 
Crops 
Due to the restriction that crop vegetation was not accessible for destructive sampling, the 
biomass was estimated from literature values in combination with the plant densities recorded 
in field. With a lack of established biomass allometric equations for common Ugandan crop 
varieties (yams, cassava, sorghum, sugarcane, coffee and banana) and C conversion factors, 
weighted average C stock values estimated by Willcock et al. (2012) for crop land cover types 
in South-Eastern Tanzania were used. Their method is based on literature derived weighted 
averages of standing crop biomass based on studies mainly from Eastern Africa. They 
calculated the C stock by applying the assumption that ~50 % of the dry biomass is carbon. The 
harmonized land cover category cropland was containing nine original land use categories, 
namely: sisal plantation, tea plantation, cultivation, woodland with scattered cropland, 
grassland with scattered cropland, bushland with scattered cropland, rice plantations, 
monocrop unspecified, and sugarcane plantation, with no further specifications on specific 
crop species (Willcock et al. 2012). 
 
Because of the highlighted possible error regarding the general C conversion factor of 50 % for 
plant biomass, the used literature values by Willcock et al. (2012) were therefore adjusted. This 
by using the factor with 42.23 % for crops estimated by Ma and others (2018). In doing so, the 
estimated ABG C pool for cropland cover for this study was estimated by multiplying the mean 
C stock by Willcock et al. (2012) of 3.3 (1.9±5.8) t ha-1 times 0.84 (the correction factor from 
50 % to 42.23 %). It was finally multiplied with the percentual land surface coverage of crops 
per site recorded in field. 
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3.5.6 Aboveground C stock per land use cover class 
Firstly, the biomass and C stock per study site was calculated by summarizing all vegetation 
results of the same study site ID. The average biomass and C stock per LUC class was then 
calculated by taking the average biomass and C stock based on all the sites per LUC class 
(Langan, Farmer & Smith 2018). 
 
3.5.7 Ecosystem services survey data analysis 
The data of general wetland characteristics, provisioning ES, and related impacts on soil and 
vegetation were summarized per LUC class and analysed using diagrams in Microsoft Excel.  
 
3.5.8 Upscaling results to total land cover area 
The total ecosystem C stock per total LUC areas within the study areas in Masaka and Soroti 
was calculated by summarizing the above- and BG C stock data per LUC multiplied by the total 
surface area per LUC class. This data was derived from the initial LUC strata digitalization GIS-
survey (Langan, Farmer & Smith 2018).  
 

3.6 Statistical analyses 
Estimated above- and below-ground C stock and pH data were analysed using one-way ANOVA 
with repeated measures computed in Microsoft Excel. The test was done to distinguish if there 
are significant differences between the calculated means. This test was chosen as the number 
of observations within each group tested were not equal, a condition being accepted in the one-
way ANOVA test.  
 

3.7 Discarded samples 
A total number of 2 (Masaka study area samples) soil samples with distinct outlier values and 
7 vegetation samples (6 of Masaka and 1 of Soroti samples) were discarded from data analysis. 
The excluded vegetation samples either had data errors from laboratory measurements, being 
a clear outlier in too high biomass, or lost samples from the laboratory analysis. 
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4 Results 
 
 
In this chapter the results are initially presented with a summary of the LUC classification 
analysis and landscape features of the study areas, followed by the ABG biomass and carbon 
stock results and statistics. Thereafter the BG C stocks and soil pH together with the related 
statistics are presented. Finally, the full ecosystem carbon stocks per total LUC areas and the 
provisioning ES and related soil and vegetation impacts per LUC are presented.   
 

4.1. The dominating land use cover of study areas 
The observed landscape features of Masaka study area is characterized by relatively high hills 
and deep valleys in the west with papyrus dominated wetlands and becomes flatter further east 
towards Lake Victoria (Fig. 11. A). There are clear physical features indicating historical lakes 
shores of Lake Victoria further west, with remnant depression water bodies over the sandplains 
being dominated by reeds and sedges. The flat plains consist of sandy soils, whilst the valley 
bottoms in the western part of the study area contains of bottom clays with overlaying peat of 
varying depths and papyrus residue. 
 
Soroti study area is generally flat with low gradient u-shaped floodplains with savannah 
vegetation and farmlands covering most of the landscape (Fig. 11. B). The southern part of the 
area is connected to the large Awoja wetland system, with large areas of fringing reeds and 
sedges vegetation. Soils in the floodplains are clay rich with vertisol characteristics with dense 
and cracked surfaces in dry conditions, to more sandy soils upland. The lake fringing wetland 
areas in the south are peat soils with underlying mixtures of clay and sand. 

In Masaka study area, the most dominating LUC class within the wetland boarders (889 ha) 
are reeds and sedges, covering 39.7 % (Fig. 12. A). This is followed by natural grassland (28.4 
%), farmland (14.1 %), papyrus (10.9 %) and the smallest proportion (6.9 %) of woodland.  
 
The LUC types within the wetlands of Soroti study area (2051 ha) are dominated by farmlands 
(58.1 %) (Fig. 12. B). Second largest is natural grasslands (27.4 %), followed by reeds and sedges 
(8.3 %) and a minority (6.1 %) of woodland areas. 
 

A B 

Figure 11. Characteristic landscape views in: A) Maska of valley bottom papyrus wetlands with encroaching 
farmlands along the edges; and B) Soroti with vast seasonally wet grasslands in low relief valley bottoms, occupied 
by grazing livestock and reeds and sedges in lake fringe wetlands here seen at distance.  
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Figure 12. The area proportion of land use cover types within the wetland boarders of the study areas A) Masaka, 
and B) Soroti. 

 

The recorded wetland water regimes of the Masaka study sites are most commonly 
permanently wet (wet over 8 months) (46.5 %), 34.9 %, never wet and the least common types 
are temporarily wet (less than a month) (9.3 %) and seasonal wetlands (9.3 %). Out of the total 
study sites (n = 43), the LUC classes farmland (n =11), natural grassland (n= 5) and woodland 
(n=7) are all dominated by a dry water regime (never wet) (Fig. 13. A), with a minority of sites 
being temporal to seasonal wet. The papyrus (n= 8) and reeds and sedges sites (n=12) are 
exclusively classified as permanently wet.  
 
The most common wetland water regime within Soroti study area is temporarily wet (42.9 %), 
followed by seasonal wet (31 %), permanently wet (16.7 %) and the least common is never wet 
(9.5 %). The LUC classes of the Soroti study sites (n=42) were for farmland (n=19) and natural 
grassland (n=12) both dominated by temporal to seasonal water regimes and a minority of sites 
never wet (Fig. 13. B). Woodlands (n = 7) were all classified as temporarily wet, and the reeds 
and sedges sites were 87.5 % permanent wet and 12.5 % seasonally wet.  
 

 
Figure13. Summary of the observed water regimes (proportion of 100 %) in wetlands under the different land use 
cover types for A) Masaka, and B) Soroti study area. 

4.2 Aboveground biomass and C stocks 
The biomass data recorded in field per vegetation classification, from which the ABG C stock 
estimations are computed, are presented here.  This data is the base for further C stock analyses 
per LUC classes. It should be noted that these results are reflecting the vegetation biomass 
present at the time the study was carried out which occurred in rainy season in Masaka and 
dry season in Soroti. Thus, the living biomass is measured under different seasonal variabilities 
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between the study sites that may have affected the results of especially annual vegetation 
sensitive to dry conditions. 
 
4.2.1 Biomass and C stock per vegetation type 
In Masaka the highest vegetation dry biomass and C stock are found for the tree classification, 
of 60.5 (± 174.2) t ha-1 and 28.6 (±82.5) t C ha-1 (Table 8). The second largest is grass vegetation 
with 6.23 (± 5.5) t ha-1 and 2.8 (± 2.5) t C ha-1 followed by papyrus of 4.4 (± 3.2) t ha-1 and 2.0 
(± 1.4) t C ha-1. The papyrus mean is the average of the results of the two models by Jones 1997 
(4.7 t ha, 2.1 t C ha) and Saunders 2007 (4.5 t ha, 2.0 t C ha). The papyrus result is significantly 
lower than earlier recordings (Jones & Muthuri 1997, 1985; Langan, Farmer & Smith 2018; 
Saunders, Jones & Kansiime 2007) and is further analysed in the discussion chapter. Following 
are the reeds and sedges with a biomass of 3.9 (± 7.2) t ha-1 and C stock of 1.8 (± 3.2) t C ha-1. 
The lowest biomass estimation is for the herbaceous vegetation class (1.1 ± 0.8 t ha-1 and 0.5 ± 
0.4 t C ha-1) and shrubs (1.0 ± 1.0 t ha-1 and 0.5 ± 0.5 t C ha-1). 
 
For Soroti the tree classification also indicates the largest biomass and C stock, being 26.8 (± 
27.9) t ha-1 and storing 12.7 (±13.2) t C ha-1. The reeds and sedges classification is the second 
largest of 5.8 (± 5.2) t ha-1 and C stock of 2.6 (± 2.3) t C ha-1. Following is grass of 3.3 (± 6.7) t 
ha-1 and 1.5 (± 3.0) t C ha-1 and shrubs of 0.8 (± 1.3) t ha-1 and 0.4 (± 0.6) t C ha-1. The 
herbaceous vegetation is the lowest with a biomass of 0.7 (± 1.5) t ha-1 and 0.3 (± 0.7) t C ha-1. 
 
The comparison of other shrub biomass allometric models from (I) Ali et al. 2015 (sub-tropical 
China) and (II) Ubuy et al. 2018 (Northern Ethiopia) both indicated highly variable results. 
For Masaka the results are ranging between 42.5 to 299.5 and for Soroti 57.2 to 246.2 t ha-1 

(Table 7). Both estimations are much higher than the results as given above (1.0 and 0.8 t ha-

1, for Masaka and Soroti, respectively) calculated by the allometric shrub model from Tanzania 
(Mugasha et al. 2013). As indicated by the high variety of the biomass estimations of the 
different models, the shrub results in this thesis should only be considered a rough estimation. 
The shrub biomass included in the biomass results is in comparison to previous studies 
relatively underestimated and should be considered in the later presented results (ABG C stock 
analysis per LUC and total ecosystem C stock). The complexity of the shrub biomass estimation 
is further analyzed in the discussion chapter. 
 
Table 7. Comparison of aboveground biomass, in tonnes per hectares (t ha-1) for shrub vegetation results of two 
different general allometric models: (I) Ali et al. 2015, and (II) Ubuy et al. 2018. 

 
 
The estimation of the crop vegetation C stocks, based on adjusted literature values, is for 
Masaka 1.0 (± 0.4) t C ha-1 with an average crop vegetation coverage of 35 % of the study site 
area (900 m2). For Soroti the crop C stock is 0.7 (± 0.2) t C ha-1, and a mean coverage 
proportion of 26.5 %. Crops encountered in Masaka are banana, coffee plants, cassava and 
maize. Banana, coffee and cassava are planted with a larger distance, as reflected in the low 
average plant density (0.35 ± 0.57 individuals per m2), and all crop types except maize are 
standing the full year. In Soroti the crop classification varieties consist of yams, cassava, 
sorghum, and sugarcane, with an average plant density of 6.14 (± 3.84). These plants can vary 
significantly in standing biomass depending on the time of the year. 

Study site Shrub biomass [t ha-1]

Model I Model II

Masaka 42.5 ± 74.7 299.5 ± 501.8

Soroti 57.2 ± 98.8 246.2 ± 427.2
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Table 8. Statistical summary of vegetation types including the number (n) of sample plots with vegetation measurements, observed vegetation precentral coverage (% cover) per 
study site (900 m2), height (ht), stem diameter (cm), number of individuals per 1m2, the estimated dry biomass in tonnes per hectares (t ha-1), the carbon (C) fraction, and C 
stock in tonnes per hectares (t ha-1). The C stock for crops were estimated from literature values, giving no biomass values or C fraction. The biomass for grass, herbaceous and 
reeds and sedges vegetation were estimated from dry weight samples and thus no data on number of individuals or diameter. 

 

 
 
 

Vegetation ty pe n C fraction

Mean STD Mean Min Max STD Mean Min Max STD Mean STD Mean Min Max STD Mean Min Max STD

Masaka 84

Crop 4 35.0 1 2.9 2.1 1 .5 3.0 0.6 5.5 2.2 8.8 4.7 0.3 0.6 NA 1 .0 0.6 1 .4 0.4

Grass 7 55.4 28.4 0.3 0.1 1 .0 0.3 6.3 1 .2 1 6.7 5.5 0.4463 2.8 0.5 7 .5 2.5

Herbaceous 6 23.1 1 4.7 1 .0 0.2 2.0 0.5 1 .1 0.1 2.4 0.8 0.4463 0.5 0.0 1 .1 0.4

Papy rus 25 66.4 20.5 3.5 1 .0 6.0 1 .3 1 .4 0.8 1 .9 0.3 39.7 23.8 4.4 0.3 1 3.6 3.2 0.4538 2.0 0.1 6.2 1 .4

Reeds & sedges 20 60.8 20.7 2.7 1 .0 8.0 1 .6 3.9 0.1 33.2 7 .2 0.4463 1 .8 0.0 1 4.8 3.2

Shrub 1 0 31 .2 1 9.7 2.2 1 .0 5.0 1 .3 2.3 1 .0 4.8 1 .2 1 1 .9 1 0.0 1 .0 0.1 3.4 1 .0 0.47 91 0.5 0.1 1 .6 0.5

Tree 1 2 25.8 1 6.3 7 .7 2.0 21 .0 5.3 9.6 2.2 26.1 9.3 0.2 0.3 60.5 0.0 636.4 1 7 4.2 0.47 35 28.6 0.0 301 .3 82.5

Soroti 77

Crop 1 0 26.5 8.8 1 .4 0.3 4.0 1 .0 3.0 0.9 8.6 2.7 6.1 3.8 NA 0.7 0.4 1 .1 0.2

Grass 1 8 43.4 23.5 0.3 0.0 1 .4 0.4 3.3 0.0 26.0 6.7 0.4463 1 .5 0.0 1 1 .6 3.0

Herbaceous 1 2 24.3 1 3.7 0.5 0.2 1 .5 0.3 0.7 0.1 5.3 1 .5 0.4463 0.3 0.0 2.4 0.7

Reeds & sedges 8 61 .3 30.4 1 .0 0.5 2.0 0.5 5.8 1 .1 1 4.8 5.2 0.4463 2.6 0.5 6.6 2.3

Shrub 22 21 .7 1 2.0 1 .5 0.4 3.0 0.7 1 .7 0.8 3.8 0.7 1 6.5 9.7 0.8 0.0 5.6 1 .3 0.47 91 0.4 0.0 2.7 0.6

Tree 7 1 9.4 1 2.1 8.8 3.0 1 5.0 4.2 41 .0 1 2.0 97 .1 28.5 0.1 0.1 26.8 1 .5 65.1 27 .9 0.47 35 1 2.7 0.7 30.8 1 3.2

C stock (t ha-1 )% cov er/ site ht  (m) Diameter  (cm) No. ind./ 1 m2 Biomass (t ha-1 )
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4.2.2 Aboveground C stock and biomass per land use cover class 
The vegetation proportions per LUC class is initially presented as it is the base of further 
biomass and ABG C stock calculations. For Masaka, farmlands (number of vegetation plots, n 
=27) are dominantly covered by grasses (n=8), trees (n=6) and herbaceous vegetation (n=6), 
and few encounters of crop (n=3), shrub (n=3) and reeds and sedges vegetation (n=1) (Fig. 14. 
A). The natural grassland LUC (plots, n= 11) is dominated by grass coverage (n=7) and minor 
cases of shrub (n=2), tree (n=1) and reeds and sedges (n=1). The papyrus class (plots, n= 37) 
has a high occurrence of papyrus vegetation (n=22), and a minority of herbaceous (n=8), reeds 
and sedges (n=6) and other grasses (n=1). The reeds and sedges LUC (plots, n = 40) is 
dominated by reeds and sedges vegetation (n=23), with smaller proportion of herbaceous 
vegetation (n=8), papyrus (n=6), shrub (n=1), tree (n=1) and other grasses (n=1). The highest 
vegetation proportion for woodland (plots, n= 20) is shrub (n=7), followed by trees (n=5), 
grasses (n=4) and herbaceous vegetation (n=3) and one encounter of crops.  The vegetation 
proportion per LUC classes in Soroti show the most common vegetation type for farmland 
(plots, n = 51) to be herbaceous vegetation (n=15), followed by grasses (n=11), crops (n=10), 
shrubs (n=10), and a minority of trees (n=5) (Fig. 14. B). Natural grassland (plots, n = 36) is 
dominated by grass (n=21), shrubs (n=10) and minority of herbaceous vegetation (n=4) and 
trees (n=1). The reeds and sedges LUC class (plots, n = 18) is covered mostly by reeds and 
sedges vegetation (n=10), followed by herbaceous (n=4), grass (n=2), and the smallest 
proportion being tree (1/18) and shrub (1/18) vegetation. Woodland (n = 10) is dominated by 
shrub vegetation (n=5), grass and herbaceous vegetation (n=2 and n=2, respectively) and tree 
cover (n=1). 

 
Figure 14. Summary of the total number of vegetation plots and the distribution of vegetation dominance observed 
per land use cover class (x -axis). The data is presented for A) Masaka, and B) Soroti study areas. 

 

The mean total biomass and C stock per LUC class in Masaka (Fig. 15. A) is highest for 
woodland of 105.2 (± 236.2) t biomass ha-1 and 49.9 (± 111.8) t C ha-1. However, it is highly 
variable due to high difference in vegetation density, stem sizes and age classes of the 
vegetation composition including both shrubs and trees. This is followed by papyrus of 13.2 (± 
10.0) t biomass ha-1 and 6.0 (± 4.6) t C ha-1, and natural grassland 7.0 (± 11.3) t ha-1 and 3.3 (± 
5.4) t C ha-1). The lowest biomass and ABG C stock results are for farmland (5.5 ± 7.7 t ha-1, 2.9 
± 3.7 t C ha-1) and the reeds and sedges LUC (4.5 ± 6.4 t ha-1 and 2.0 ± 2.8 t C ha-1). The variance 
analysis indicated a non-significant difference for the ABG C stock means per LUC classes (p 
= 0.194). For Soroti the average total biomass and ABG C stock per LUC is highest for woodland 
(15.6 ± 20.3 t biomass ha-1 and 7.4 ± 9.6 t C ha-1) (Fig. 15. B). The second largest class is reeds 
and sedges of 13.4 (± 12.8) t ha-1 and 6.0 (± 5.7) t C ha-1, followed by farmland (8.1 ± 20.0 t ha-

1 and 4.2 ± 10.0 t C ha-1). The smallest biomass and ABG C stock results is the natural grassland 
class with 2.5 (± 5.5) t ha-1 and 1.1 (± 2.4) t C ha-1. The differences between the LUC classes is 
however non-significant (p = 0.422034).  
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Figure 15. Summary of the average total aboveground (ABG) carbon stock (dark grey) and mean aboveground living 
biomass (light grey) per land use cover (LUC) classes in ton carbon per hectare (t C ha-1), for A) Masaka, and B) 
Soroti study areas. Error bars indicates the standard deviation. For Fig. A, the star marked (*) error bars indicate 
the value is larger than the maximum y-axis value with numbers described in text. 

 

4.3 Belowground carbon stocks and soil properties  
4.3.1 Soil bulk density and carbon content 
The studied soil properties can be categorized in two types, mineral soils with higher BD and 
low organic carbon OC content. The second type is soils with peat characteristics with a low 
BD and higher OC content. For Masaka study area, the papyrus and reeds and sedges LUC 
types have peat soil properties with the largest average soil depth, 178.9 cm for the papyrus site 
and 95.7 cm for the reeds and sedges sites (Table 9). These soils have a lower BD of 0.15 (±0.21) 
for papyrus and 0.4 (±0.36) g cm-3 for reeds and sedges. The peat soils have the highest OC 
percentages, for papyrus 26.41 (±6.63) and reeds and sedges 21.03 (±10.85) %.  The other land 
use types, farmland, natural grassland, and woodland all have mineral soil properties of more 
compact soils with BD around 1.0 g cm-3 and lower content OC (3.24 - 4.05 %). The mineral 
soils only include soil profile depth until 50 cm. The statistical variance analysis indicates a 
significant difference between both OC content and BD results between the LUC types (p 
<0.05). For Soroti the soils are in general more compact. The reeds and sedges land cover type 
is the only site indicating peat soils with low mean BD of 0.46 (±0.27) g cm-3, 13.78 % OC, and 
a mean depth of 46 (±5.7) cm (Table 9). The rest of the LUC classes have mineral soil 
dominance with the highest BD for woodland (1.39 ± 0.13), followed by farmland (1.35 ± 0.15) 
and natural grassland (1.31 ± 0.34 g cm-3). The natural grassland soils have a relatively high 
OC % of 4.78 (±2.78), followed by farmland soils (2.99 ±2.08 %) and the lowest for woodland 
of 1.7 (±0.82 %). The results show a significant difference of the OC content and BD between 
the LUC groups (p<0.05). 
 
4.3.2 Soil pH 
The pH results for Masaka are in general low. The lowest pH is found in farmlands 4.09 (± 
0.34) and natural grasslands 4.12 (±0.37). This is followed by woodland (4.54 ± 0.7), reeds and 
sedges (4.78 ± 0.66) both within the same classification range, and highest for papyrus of 5.31 
(±1.47). The soil pH in Soroti ranges between 5.21 – 6.13, with the lowest found for reeds and 
sedges sites (5.21 ± 0.66), followed by natural grasslands (5.49 ± 0.62) and farmland (5.51 ± 
0.71). The highest pH is for woodland soils of 6.13 (± 0.51). The pH differences between land 
use types are significant for both Masaka and Soroti (p<0.05). 
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Table 9. Summary of the number (n) of sample site means per land use cover (LUC) type for Masaka and Soroti study areas, including: organic matter (OM) and organic carbon 
(OC) in percentage, soil dry bulk density (BD), average maximum depth (cm), carbon stock density in ton carbon (C) per hectare, depth correction factor for mineral soils 
(farmland, natural grassland, woodland) down extending to the depth of 50 cm, corrected C stock, and soil pH. The p-values are the results of the one-way ANOVA variance test 
(95 % confidence interval) of average results per study site per LUC. The depth correction was not applicable (NA) for the peat soil profiles as the full depth was included for these 
soils. 

 

Land use cover n Depth corr. n

Mean ± STD Mean ± STD Mean ± STD Mean ± STD Mean ± STD Mean ± STD Mean ± STD

Masaka 42 33

Farmland 11 5.59 1.92 3.24 1.11 1.15 0.34 38.5 9.4 140.63 54.99 1.30 182.86 71.50 11 4.09 0.34

Natural grassland 5 6.43 9.07 3.73 5.26 0.98 0.41 36.6 6.5 89.24 87.37 1.37 121.91 119.36 5 4.12 0.37

Papyrus 8 62.65 23.83 26.41 6.63 0.15 0.21 178.9 109.3 331.15 437.83 NA 331.15 437.83 2 5.31 1.47

Reeds & Sedges 11 45.01 24.96 21.03 10.85 0.40 0.36 95.7 49.3 271.48 206.87 NA 271.48 206.87 8 4.78 0.66

Woodland 7 6.99 3.18 4.05 1.85 1.14 0.15 32.7 12.2 153.51 77.64 1.53 234.62 118.66 7 4.54 0.70

P-value <0.01 <0.01 0.216 < 0.001

Soroti 41 41

Farmland 19 5.16 3.59 2.99 2.08 1.35 0.15 36.2 8.3 148.50 128.78 1.38 205.34 178.08 19 5.51 0.71

Natural grassland 12 8.23 4.80 4.78 2.78 1.31 0.34 33.0 6.8 217.81 160.44 1.52 330.02 243.09 12 5.49 0.62

Reeds & Sedges 7 24.41 5.73 13.78 3.06 0.46 0.27 46.0 5.7 350.52 200.99 NA 350.52 200.99 7 5.21 0.66

Woodland 3 2.92 1.41 1.70 0.82 1.39 0.13 37.7 7.4 85.03 34.06 1.33 112.87 45.21 3 6.13 0.51

P-value <0.01 <0.01 0.019 0.036

OM (%) Corr. t C/ ha pHOC (%) BD (g/ cm 3 ) Depth (cm) t C/ ha
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4.3.3 Belowground carbon stock per land use class 
The BG C stock per LUC class is for Masaka greatest for the papyrus LUC type with 331.1 (± 
437.8) t C ha-1 (Fig. 16, A). The second largest is the reeds and sedges class of 271.5 (± 206.9) t 
C ha-1. This is followed by woodland (234.6 ± 118.7), farmland (182.9 ± 71.5) and lowest for 
natural grasslands (121.9 ± 119.4 t C ha-1). The highest BG C stock for Soroti is reeds and sedges 
with 350.5 (± 201.0) t C ha-1 (Fig. 16, B). Second is natural grassland with 330.0 (± 243.1), 
followed by farmlands of 205.3 (±178.1), and smallest is woodland of 112.9 (± 45.2) t C ha-1. 
The statistical difference of the BG C stock per LUC for the original results (without value 
correction for mineral soils) are non-significant for the Masaka results but significant (p 
=0.018) for Soroti BG C stocks. The high standard deviation especially for the organic peat soils 
(papyrus and reeds and sedges LUC types) can be explained by variations in bulk density, C 
content and the difference in average soil depth. The mineral soil types are more uniform in 
soil bulk density and carbon content within the set maximum depth range of 50 cm. However, 
the BG C stock for mineral soils is probably overestimated. This is assumed because of the 
common pattern of increasing BD and decreasing OC content with depth, and the C mainly 
being stored in the top 20 – 30 cm (Agus, Hairiah, & Mulyani 2011).  

 
Figure 16. The belowground soil organic carbon stock in tonnes per hectare (t C ha-1) per land use cover class, 
separated for mineral soil (light grey) with soil depth of 50 cm, and organic peat soils (dark grey) including 
maximum average depth per soil profile. 

 

4.4 Full Ecosystem Carbon stock per LUC 
The total ecosystem C stocks (TEC), summarizing the ABG and BG soil C, is clearly dominated 
by the latter. In Masaka the highest TEC is for the papyrus LUC (337.1 ± 442.4 t C ha-1), with 
the second largest being woodland of 284.6 (± 230.4), followed by reeds and sedges (273.5 ± 
209.7) and farmland (185.8 ± 75.2 t C ha-1) (Table 10). The LUC with the smallest TEC is natural 
grassland of 125.2 (± 124.7) t C ha-1. The TEC for Soroti is highest for the reeds and sedges 
class, measuring 356.5 (± 206.7) t C ha-1, followed by natural grassland (331.1 ± 245.5) and 
farmland (209.6 ± 187.8 t C ha-1). The lowest TEC is indicated for woodland (120.3 ± 54.8) t C 
ha-1. The results are based on the corrected BG C stocks for mineral soils with extended profile 
depths to 50 cm. The earlier discussed overestimation with the adjusted values for mineral 
soils is especially reflected for the woodland TEC in Masaka, that otherwise would be lower 
than the reeds and sedges LUC (Table 10). 
 

4.5 Total C stock per study area 
The total ecosystem C stock (TEC) per LUC area (ha) is a summarized measure of the average 
ABG and BG C stocks and the size of the LUC aerial proportion. Thus, the following results 
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gives an indication how the C stocks are distributed at a landscape perspective of different LUC 
domination within the wetlands of the study areas.  
 
In Masaka the TEC calculated over the full area per LUC is highest for reeds and sedges (96,453 
t C) that is also covering the largest total area (39.7 %) (Table 10). This is followed by papyrus 
(32,7789 t C) and covers 10.9 % of the total area. The third largest is natural grassland (31,628 
t C) covering 28.4 %, followed by farmland (23,201 t C) with a similar area coverage as papyrus 
(14.1 %). The lowest TEC is the woodland class (17,478 t C), also representing the smallest 
proportion of the total study area (6.9 %). In Soroti, farmland is the most extensive LUC class 
covering 58.1 % of the total area and is reflected in being the biggest TEC pool (249,883 t C) 
(Table 10). Natural grassland is the second largest of 186,326 t C and covers the second largest 
aerial proportion (27.4 %). The reeds and sedges LUC with the highest C density cover a 
relatively small area (8.3 %) and stores an estimation of 60,779 t C. The smallest is woodland 
of 15,102 t C which also has the smallest C density and total area (6.1 %).   
 
Table 10. The estimate of total carbon stocks (summarized above- and belowground carbon) multiplied per land use 
cover area (tonnes carbon) for the study areas in Masaka and Soroti districts. The Total C stock for each LUC area 
is based on the corrected TEC (Corr. TEC) with adjusted soil profile depth of 50 cm for mineral soils and non-
adjusted depth for peat soil that includes soil profiles of maximum depths. 

 
 

4.6 Provisioning ecosystem services and activity impacts 
4.6.1 Current land use activities per land use cover type 
The encountered land use activities (cultivation, fuelwood and fibre harvesting, grazing, and 
cultivations in fallow) within or near the sample site for each LUC type are displayed here.  
 
For Masaka the most recorded activities (n = 48) occurs in farmlands (35%), compared to 27 
% for reeds and sedges and 19% for natural grasslands. Woodland and papyrus stand for 15 
and 4 % respectively (Fig. 17. A). For farmland all activity classes included in the survey were 
observed. The most encountered activities are cultivation (35 %), grazing (24%), and 
cultivations being under fallow (24%). Fewer occasions of fibre (12%) and fuelwood (6%) 
collection were also observed. Natural grasslands are mainly used for grazing (44%), and fibre 
and fuelwood collection (33 and 22 % respectively). For the reeds and sedges class the major 
activity is fibre collection (54%) followed by grazing (31%) and fuelwood collection in few cases 
(15%). Observed activities in woodland are dominated by fuelwood collection activities (71 %), 
and few observations of cattle grazing and cultivation (14 % respectively).  
 
Of the total registered land use activities in Soroti (n = 73) the majority were observed for 
farmlands (41%) and natural grasslands (40%), followed by reeds and sedges (12 %) and 

Land cov er ty pe Area Proportion

ha % T C/ ha ± STD T C/ ha ± STD T C ± STD

Masaka 888.86

Farmland 1 24.89 1 4.1 1 43.5 58.7 1 85.8 7 5.2 23201 9394

Natural grassland 252.62 28.4 92.5 92.7 1 25.2 1 24.7 31 628 31 51 0

Papy rus 97 .26 1 0.9 337 .1 442.4 337 .1 442.4 327 89 43024

Reeds & sedges 352.67 39.7 27 3.5 209.7 27 3.5 209.7 96453 7 3957

Woodland 61 .42 6.9 203.5 1 89.4 284.6 230.5 1 7 47 8 1 41 55

Soroti 2051.04

Farmland 1 1 92.34 58.1 1 52.7 1 38.5 209.6 1 87 .8 249883 223899

Natural grassland 562.66 27 .4 21 8.9 1 62.9 331 .2 245.5 1 86326 1 381 58

Reeds & sedges 1 7 0.47 8.3 356.5 206.7 356.5 206.7 607 7 9 35238

Woodland 1 25.57 6.1 92.4 43.7 1 20.3 54.8 1 51 02 6883

TEC Total C stockCorr. TEC
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woodland (7 %) (Fig. 17. B). In Soroti, natural grassland is the LUC class with most variety of 
activity types, dominated by grazing (41%), fibre (28%) and fuelwood (21%) harvesting and 
fewer occasions of cultivation (7 %) and cultivations under fallow conditions (3%). Farmland 
are equally exposed to cultivation (37%) and fallow land use management (37%) and to less 
extent grazing (20%) and fuelwood collection (7%). The activities most pronounced in reeds 
and sedges sites are cattle grazing (67%) and fibre collection (33%). Woodland activities are 
dominated by fuelwood collection (60 %) and grazing activities (40 %).  

 
Figure 17. The number of observed encounters of current land use activities per land use cover class, proportion of 
total count of occurrences. Results on the left, A) Masaka and on the right, B) Soroti study area. 

 

4.6.2 Evidence of livelihood utilization activity per LUC class  
Of all encountered provisioning wetland services for livelihood utilization (Masaka n = 18, 
Soroti n = 15), the reeds and sedges class hold the biggest proportion in both study areas 
(Masaka 44 %, Soroti 73%) (Fig. 18). In both study areas, fishing and water collection are the 
most dominating activities in reeds and sedges wetlands (63 and 25 % for Masaka, 64 and 27 
% for Soroti, respectively). In Masaka reeds and sedges sites, other activities, here in terms of 
hunting are also registered (13 %). For Masaka, water collection is as well evident at the 
papyrus sites (83 %) where also irrigation for cultivation is encountered, in the way that water 
is pumped from the papyrus wetlands to uphill cultivation fields (“other” activity) (17%). 
Reclamation activities are not common within the study areas, however present at farmland 
sites for Masaka and in farmlands and natural grasslands for Soroti. This classification is 
difficult to distinguish, as a recovered cultivation will eventually first transform into grassland. 
Therefore, to define if an abandoned cultivation site should be classified as cultivation under 
reclamation or grassland is challenging. Extractive industry activities such as sand and clay 
mining are neither extensively common and is only encountered in few woodland areas for 
Masaka and in natural grassland sites for Soroti.  
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Figure 18. The distribution of registered encounters of observed wetland ecosystem utilization activities for human 
purposes for A) Masaka and B) Soroti study areas. Only LUC classes with encountered activities are included. 

4.6.3 Soil management – human impacts per LUC class 
The observed soil disturbances caused by land use management activities includes soil tilling, 
soil erosion by livestock and mining of sand or clay. For Masaka, most of the total disturbance 
observations (n = 19) are found in farmland (47 %), 21 % in natural grasslands, 16 % in reeds 
and sedges and 16 % for woodland (Fig. 19). In farmland sites the most occurring soil impacts 
are soil tilling (56 %) and livestock activities (44 %) (Fig. 20). Natural grassland is exclusively 
dominated by livestock disturbance as well as for reeds and sedges sites. The impacts in 
woodland soils are dominantly soil mining (67 %) and livestock grazing (33 %). Papyrus have 
no registered cases of soil disturbance. 
 

 
Figure 19. The proportion of total observed cases of soil disturbance activities per land use cover type for A) Masaka, 
and B) Soroti study areas. 

 

Data for Soroti indicate similar results as Masaka, that of all registered soil disturbance cases 
(n=42) 60 % are in farmland areas, 31% in natural grasslands, and severely less cases in 
woodlands (7 %) and reeds and sedges (2 %) (Fig. 19). The most common soil impact activities 
for farmlands are tilling (76 %) and grazing livestock (24%). For natural grassland 92 % of the 
observations are soil impact by cattle and a minority of soil mining (8%). For woodland and 
reeds and sedges, impact of livestock is the single soil disturbance activity (Fig. 20).  
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Figure 20. Soil disturbance types summarized (total count) per land use cover types for A) Masaka and B) Soroti 
study areas. 

 

4.6.4 Vegetation management – human impact activities 
The analyses of total encounters of land use activities with vegetation impacts per LUC class, 
such as harvesting, fire, stresses (water shortage), and cattle grazing shows that reeds and 
sedges sites are the most exposed (28 %) out of the Masaka study sites (n = 43). The second 
most occurrences is farmlands (26 %), followed by papyrus (19 %), woodland (16 %) and last 
natural grassland (12 %) (Fig. 21. A). In Soroti (total n = 42), the most LUC class with most 
encountered impacted vegetation is farmland (45 %). Natural grassland is the second most 
affected class (29 %), followed by reeds and sedges (19 %) and woodland sites (7 %) (Fig. 21. 
B).  
 

 
Figure 21. The proportion of total vegetation disturbance occurrences per land use cover type for A) Masaka and B) 
Soroti study areas. 

 

In Masaka the farmland vegetation is mostly impacted by grazing (4/10) and harvesting 
activities (2/10), and 4/10 of the sites registered with no impact. These results are naturally 
expected within this land cover type due to the land management activities of cultivation and 
livestock keeping (Fig. 22. A). The reeds and sedges sites were equally impacted by harvesting, 
fire and grazing activities (2/11 respectively), and with 5/11 of sites with no impact. Natural 
grasslands are dominated by harvesting (3/5) and grazing (1/5), and 1/5 with no vegetation 
disturbances. Papyrus sites are the most intact (6/8) with harvesting being the only vegetation 
impact activity (2/8). Woodland is dominated by fuel-wood harvesting (4/7) and few 
encounters with observed vegetation stresses (1/7), grazing (1/7) and intact vegetation (1/7).  
For Soroti, the number of cases with impacted vegetation for farmland are dominated by plant 
stress (water stress) (12/17) and harvesting (3/17), with few sites being intact (2/17) (Fig. 22. 
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B). The effect of vegetation stress is also evident for woodland (1/3) with equal cases of 
harvesting (1/3) and intact sites (1/3). For natural grasslands, impacts of grazing (6/12) and 
harvesting (4/12) are the dominating vegetation disturbance types, with few cases of 
encountered vegetation stress (1/12) and traces of fire (1/12). The vegetation of the reed and 
sedges class is similarly also exposed to grazing (5/8) and harvesting (3/8) activities. The 
relatively high number of encountered sites exposed to water stress is reflecting the peak of the 
dry season that was prevailing during the time of field work in Soroti. 

 
Figure 22. The summarized encounters of vegetation impact activities per land cover class for A) Masaka and B) 
Soroti study areas. Observe the black bar indicating “None” that represents counts of sites where no disturbance 
was encountered. 

 
 

5 Discussion 
 
 
This chapter put the results of this report in a broader perspective by critically reviewing the 
outcome in perspective with previous findings of wetland carbon stock and ES contexts. This 
is followed by prospects for the future of wetland land management dynamics in Masaka and 
Soroti under a changing climate. The chapter ends with a discussion of the method approaches 
and future recommendations of adjusted procedures. 
 

5.1 Vegetation biomass estimates   
The estimated vegetation biomass, being the base of the total ABG C stock per LUC 
classifications, are of varying accuracy. This depended on the adjustment of different method 
strategies suitable for the types of vegetation, the available resources for destructive sampling 
and the fit of allometric biomass models. Despite the varying preciseness of the results, it serves 
to give a first indication of the estimated total vegetation biomass under various land use 
coverage in the study locations. Further, it also highlights the relative distribution of C in the 
above- versus BG stocks of the wetland ecosystems. 
 
Specific biomass estimations for reeds and sedges are very limited, especially in the tropics. 
However, the reeds and sedges biomass findings of this report (Masaka 4.5 ± 6.3 and Soroti 
5.8 ± 1.1 t ha-1) are in line with previous estimations from eastern Uganda of 4.7 t ha-1 (Barasa 
et al.  2011). The resulting papyrus biomass (4.4 ± 3.2 t ha-1) are lower than previously reported. 
Papyrus inventories from western Uganda concluded a biomass of 22.6 (Saunders, Jones & 
Kansiime 2007) and 26.5 t ha-1 (Langan, Farmer & Smith 2018). Further, in a review by Jones, 
Kansiime and Saunders (2018), they summarized results of papyrus biomass from east and 
central Africa with similar ranges of 11.6 to 86.9 t ha-1. Because of the low papyrus biomass, its 
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C stock is also low for this study (2.0 ± 0.1 t C ha-1). The result is significantly lower than 
summarized results of African papyrus swamps (5.9 to 32.4 t C ha-1) (Saunders, Kansiime & 
Jones 2014). These were unexpected results as the papyrus stem densities and heights are of 
similar magnitude as the populations used for the model developments. This might be 
explained by a low fit of the biomass allometric models in other areas than the location of 
establishment. Thus, developing site-specific linear relationships for the specific study area 
and including destructive sampling methods for dry weight comparisons of models would most 
certainly increase the accuracy of the biomass results. However, modelling papyrus biomass 
equations suitable for a larger geographical area, a wider range of papyrus species varieties and 
sizes, would be highly beneficial in resource-limited surveys. With papyrus swamps being the 
most common wetland type in Uganda (NEMA 2009), this would increase the accessibility of 
papyrus biomass monitoring and research for a wide range of stakeholders from local 
community to larger institutional scales.  
 
The average biomass results for grasses (6.3 for Masaka and 3.3 t ha-1 for Soroti) generally 
follow previously reported estimations. Grass biomass estimated in a tropical savannah in 
Northern Brazil of 4.5 to 5.1 t ha-1 (Fidelis, Lyra & Pivello 2013) are within the same range. 
Although earlier studies from Uganda indicated lower biomass of 1.6 t ha-1 (Barasa et al. 2011), 
and higher C stocks (7.32 t C ha-1) (Langan, Farmer & Smith 2018) compared to my findings 
(2.8 and 1.5 t C ha-1). Combined biomass for grass and herbaceous vegetation from grasslands 
in Kenya reported 4.54 t ha-1 (Deshmukh 1986). This is similar to that of this thesis, if in the 
same way combining the herbaceous results (Masaka 1.1 and Soroti 0.7 t ha-1) with the grass 
biomass (Masaka 7.4, Soroti 4 t ha-1). The generally lower C stock results for the findings in 
Masaka and especially Soroti in relation to the other findings from Uganda, could be explained 
by the ongoing high grazing pressure. This is further discussed under the topic of impacts of 
land use management. 
 
The biomass results for shrubs (1.0 and 0.8 t ha-1 for Masaka and Soroti respectively), 
estimated using an allometric model developed in Tanzania, are lower than previously 
reported. Shrub biomass results from Tanzania, including small trees and shrubs with a stem 
diameter of < 8 cm, reported ranges of 29.3 – 43.6 t ha-1 (Chamshama, Mugasha & Zahabu 
2004). Similarly, shrub biomass of 20-200 t ha-1 summarized for the African continent (Aalde 
et al. 2006) also indicated significantly higher results. Although, lower shrub biomass ranges 
(6.3 to 7.7 t ha-1) have been indicated in central Mexico (Mendoza-Ponce & Galicia 2010), in 
Senegal (0.44 to 4.58 t ha-1) (Lufafa et al. 2009) and in northern Argentina (0.1 to 9.8 t ha-1) 
(Bonino 2006). The shrub structures I measured in this report are within the recommended 
proportions for the used shrub biomass model (stem diameters of 1.1 to 110 cm) (Mugasha et 
al. 2013), although the outcome is out of range compared to the most geographically near shrub 
biomass results.  
 
The results of the comparison of other shrub allometric models clearly shows the difference in 
biomass outcomes by the various equations (42.5 and 299.5 t ha-1 for Masaka, 57.2 and 246.2 
t ha-1 for Soroti). These results are significantly higher than the outcome of the model used 
initially for the shrub biomass results. This indicates a possible underestimation of the shrub 
C estimations. The large variety between the model results, the complex nature of the shrub 
plant structure (Fig. 23), and the relatively low 
number of established allometric shrub equations in 
the tropics, highlights a need of developing such 
models at local scales for more accurate outcomes. 
Shrubs are common features of the savanna 
landscape (Mwakalukwa, Meilby & Treue 2014), that 
is covering big parts of Uganda. Considering the 
higher biomass results by the two comparison 
models as well as previous results, shrubs possibly 
play an important role at larger scales in ABG 
biomass and C stock estimations.  

Figure 23. A field example of a shrub, indicating 
the complexity of the plant structure. 
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The estimated tree biomass (Masaka 60.5 and Soroti 26.8 t ha-1) and C stock (Masaka 28.6 and 
Soroti 12.7 t C ha-1) are generally lower than reported in similar studies. Tree biomass estimated 
in Kenya based on indigenous and eucalyptus trees indicated severely higher biomass of 360 
and 221 t C ha-1, respectively (Omoro, Starr & Pellikka 2013). For Masaka, the stem density is 
relatively high (0.2 stems m2) comparing with Soroti study area (0.1) and similar tree 
inventories (0.06 – 0.1 stems m2) (Omoro, Starr & Pellikka 2013). Varying stem density is 
mainly because of the high difference in tree structure, ranging from closely planted young 
eucalyptus and dense tree and shrub clusters, to single larger trees standing alone over the 
whole 900 m2 sample site (Fig. 24). The low biomass may be related to the relatively low site 
aerial coverage of trees and with a large variety of stem sizes with dominantly younger trees.  

The estimated crop C stock results for this report (1.0 and 0.7 t C ha-1), based on adjusted 
literature values (Willcock et al. 2012) are similar to C estimations from small-holder farms in 
western Kenya (0.6 ± 0.1 t C ha-1) of permanent crops (Henry et al. 2009). They included 
measurements from home gardens, food crop plots, cash crop plots and pasture lands from 
two different areas. My estimated crop results only gives a relative picture to the other 
vegetation types due to not being based on field measurements other than the aerial coverage 
proportion. Thus, the results should not be considered as definite for Masaka and Soroti study 
areas. Cropland C stocks is however the vegetation class expected to be the most unstable. The 
biomass changes due to the management of the land, harvesting, ploughing, planting new 
seedlings, as well if the plantation is rain-fed or if the land is watered by irrigation techniques 
(Niang et al. 2014). Optimally, to enhance higher level of crop biomass and C stock results, 
permission of plant harvesting and development of site specific allometric equations would 
have been needed for higher accuracy biomass estimations (Henry et al. 2009). Secondly, the 
vegetation sampling should preferable be done before harvest periods to capture the biomass 
at peak growth state.  
 

5.2 Total C storage from a land use perspective 
5.2.1 Aboveground C stock 
The results of the total ABG C stock per LUC with woodland being the largest C stock, 
permanent wetland vegetation being intermediate, and farmland and grasslands in general 
being the lowest, resonates with previous studies. Reported from a LUC inventory of a wetland 
system in western Uganda, forest cover is similarly being the highest class, followed by reeds, 
papyrus, grassland and cultivation land cover (Langan, Farmer & Smith 2018). However, the 
total ABG C stock for woodland of 49.9 for Masaka and 15.6 t C ha-1 for Soroti, are in 
comparison lower than reported from the same study (147.2 ± 80.2 t C ha-1) (Langan, Farmer 
& Smith 2018). This as well as compared to regional woodland estimates for east Africa (221.9 
– 236.5 t C ha-1) (Willcock et al. 2012).  As highlighted in the estimation of biomass and C stock 
per vegetation type, the shrub category is possibly underestimated. The ABG C stock for 
woodland is substantially dependent on the shrub results as the vegetation composition of the 
LUC type is dominated by shrub vegetation. It should be noted therefor that the woodland LUC 
C stock is possibly an underestimation, however still the largest compared to the other LUC 
classes. 
 

Figure 24. Field examples of the large variations in tree stem density and plant structure. 
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The ABG C stock for the natural grassland LUC (Masaka 3.3 ± 5.4 and Soroti 1.1 ± 2.4 t C ha-1) 
points at slightly lower outcomes than indicated for other areas. Grasslands land cover results 
from the same previously mentioned wetland system in western Uganda reported 7.32 (± 1.47) 
t C ha-1 (Langan, Farmer & Smith 2018). Based on biomass results (9.8 to 24.9 t ha-1) for 
grasslands in Mexico reported by Mendoza – Ponce and Galicia (2010), if considering a 50 % 
C conversion factor, it would result in ABG C stocks between 4.9 to 12.5 t C ha-1. Thus, also 
indicating the results of this study to be slightly low.  
 
The results for the reeds and sedges LUC class (2.0 ± 2.8 for Masaka and 6.0 ± 5.7 for Soroti) 
are lower than what has earlier been reported for western Uganda of 14.6 ± 1.7 t C ha-1 (Langan, 
Farmer & Smith 2018). From the same study, the total ABG C for papyrus LUC was 12.0 ± 0.5 
t C ha-1, being substantially higher than the same LUC type of this report (Masaka 6.0 t C ha-1).  
Two wetland land cover studies of ABG C stocks measured in Ethiopia, with a mix of papyrus 
and reed vegetation, indicated similar ranges as from western Uganda, between 11.94 to 44.1 
(Bekele, Lemma & Mengistou 2016) and 4.5 to 34.5 t C ha-1 (Afework 2015). These results 
included estimations from permanent wetlands of low to moderate disturbance impacts. The 
widespread encounters of vegetation impact by grazing pressure and fibre harvesting 
encountered for the reeds and sedges sites in Masaka and Soroti possibly explain the lower C 
stock results. This further discussed later in this chapter. As previously highlighted, the low 
results for papyrus vegetation biomass and thus C stocks can most likely be explained by the 
underestimation due to the miss-fit of the papyrus allometric biomass models used.  
 
The total ABG C stock for the farmland LUC of 5.5 for Masaka and 8.1 t C ha-1 for Soroti are in 
line with previous findings. Cultivation LUC measured in western Uganda reported C stock of 
6.6 (±0.4) t C ha-1 (Langan, Farmer & Smith 2018). Results within the same range were 
concluded for farmlands included trees, permanent crops and hedges vegetation in western 
Kenya with a total ABG C between 6.5 to 12.4 t C ha-1 (Henry et al. 2009). Further, similar ABG 
C stocks were also concluded from converted wetlands into cultivated lands in Ethiopia of 8.5 
t C ha-1 (Bekele, Lemma & Mengistou 2016). Slightly lower values were concluded for farmlands 
in eastern Uganda with 3.9 t dry biomass ha-1, that converted to C stock using the same C 
conversion factor as for this study (42.23 %) would correspond to 1.64 t C ha-1 (Barasa et al. 
2011). The total ABG C stock for farmlands as shown may be highly variable between locations 
and depends on the composition of crops, the number of trees, and the plant density (Henry et 
al. 2009). Furthermore, the result comparisons between areas and sites are highly uncertain 
because my findings are being based on modified literature values. Although, with the results 
being within the range of similar studies from geographically near locations, the outcome may 
be considered as an approximate estimation. To increase the result accuracy a larger sample 
population of farmlands with varieties of croplands and grazing areas would be needed. 
Further, as well to estimate the crop biomass from destructive sampling or locally developed 
allometric models (Henry et al. 2009; Willcock et al. 2012). 
 
5.2.2 Belowground C stock 
The difference in BG C between the relatively undisturbed LUC types (reeds and papyrus), 
being the highest, and the lowest for the farmland and woodland sites, resonates with earlier 
findings from Uganda (Langan, Farmer & Smith 2018) and Ethiopia (Afework 2015; Bekele, 
Lemma & Mengistou 2016). Thus, the results also strengthen previous findings that peat-
forming wetland areas shows higher C stock potential than mineral soils (Sjögersten et al. 
2014; Villa & Bernal 2018). These results were expected due to the high build-up of OM in peat 
soils and a commonly deep organic soil profile that over time can accumulate large reservoirs 
of C (Agus, Hairiah & Mulyani 2011; Farmer, Langan, & Kibirango 2016; Villa & Bernal 2018). 
My BG C stocks findings for papyrus (331.1 C ha-1) and reeds and sedges (Masaka 271.5 and 
Soroti 350.5 C ha-1) are within similar ranges as earlier findings from Uganda and tropical peats 
generally. Papyrus sites in western Uganda reported 309.5 t soil C ha-1 (Langan, Farmer & 
Smith 2018), and slightly lower values were shown from mixed papyrus and reed dominated 
lake-fringe wetlands in Ethiopia of 108 to 579 t C ha-1 (Afework 2015). Masaka papyrus soils 
have typical peat soil bulk densities (0.05 to 0.2 g cm-3), known to be due to the high porosity 
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of the soil structure (Farmer et al. 2014). The reeds and sedges soils for both Masaka and Soroti 
have a slightly higher density (0.4 and 0.46 g cm-3, respectively) that is more common for peat 
with mineral soil mixture (Page, Rieley & Banks 2011), typically present in the lower end of the 
peat profiles (Farmer et al. 2014). That resonates with the sandy soils in the reeds and sedges 
environments of this study. The significant amount of C stored in peat soils as shown here, will 
cause large GHG emissions if drained. Land use change and estimated emission factors from 
peat soils reported by IPCC 2014, indicated transitions of intact systems to small-holder 
farmlands to have an emission factor of 14 t C ha-1 yr-1 (Niang et al. 2014).  
 
The LUC with the second highest BG C stock, natural grasslands in Soroti (330.0 ± 243.1 t C 
ha-1) dominated in seasonal and temporally wet wetlands, have clay-rich soils. Similarly, high 
soil C stocks (857.9 t C ha-1) was found for seasonal wetlands with deeper soil profiles in 
western Uganda (Langan, Farmer & Smith 2018). The relatively high BG C stocks is largely due 
to the dense soil texture (BD 1.31 g cm-3) with mixing of fine clays and the relatively high OC 
content (4.8 ± 2.8 %) (Langan, Farmer & Smith 2018). In the way that anaerobic conditions of 
water-logged soils involves slow decomposition rates of OM and thus build up increased OC 
content (Bekelke, Lemma & Mengistou 2016), the compact nature of clay brings similar effects 
in relation to sandy soil (McCauley et al. 2009; Villa 2014). The fine-textured soil structure 
reduces the availability of oxygen and limits oxygen-required microorganisms involved in the 
decomposition processes. Clay also has stronger binding of humus to clay particles with 
relatively large particle surface area, thus increasing the protection of the OM (McCauley et al. 
2009). The C stock potential of seasonal wetland soils have been less studied (Nyamadzawo et 
al. 2015), although an investigation of the potential GHG fluxes based in central Uganda has 
proven their importance as possible releasing high amount of CO2 and CH4 (Sebadduka 2014). 
The seasonal flooding events indicated an effect of the difference in gas release, with lower flux 
rates when soils are flooded (Sebadduka 2014). Similarly, research on seasonal wetlands in 
Zimbabwe showed a clear linkage between increase in wetness and higher soil C stock 
potentials, and significantly varies both in terms of locations within the wetland systems and 
by season (Nyamadzawo et al. 2015). The significant BG C stocks of seasonal wetlands as shown 
in my results, strengthens the need of further studies on these wetland systems. This to 
increase the understanding and potential of seasonal wetland soils as a C sink and source. It is 
specifically important considering the vast coverage of seasonal wetlands in Uganda (MWE 
2013) and in Africa as a whole (Sebadduka 2014). Thus, it would fill a large knowledge gap of 
the total C cycle dynamics of wetland ecosystems at larger scales. 
 
The lowest BG C stocks are the LUC types the most transformed from natural wetlands, namely 
farmland (Masaka 182.9, Soroti 205.3 t C ha-1), woodland (Masaka 234.6, Soroti 112.9 t C ha-1) 
and for Masaka as well natural grassland (121.9 t C ha-1) that is not seasonally flooded as the 
grasslands in Soroti. These soils are all mineral with a relatively low OC content compared to 
the permanent wetland soils. To note is that these results are the adjusted values multiplied by 
additional depth ranges (correcting all depths to 50 cm) for the purpose of site comparison and 
as earlier discussed most likely gives an overestimation. The farmland and grassland BG C 
stocks are slightly lower than earlier results from transformed peat wetlands in western 
Uganda (Langan, Farmer & Smith 2018). These included soil depths down to 2 m, so for 
comparative reasons adjusting their results to 50 cm depth the estimates would indicate 225 t 
C ha-1 for cultivation and grassland 218 t C ha-1 (Langan, Farmer & Smith 2018). Also, the 
woodland LUC results from the same area of shallower soil depths (180.6 t C ha-1) are in 
accordance with woodland BG C stocks of this report.  Converted wetlands to farmlands in 
Ethiopia indicated results within the same range of 230 to 295 t C ha-1 (Afework 2015). The 
natural grasslands in Masaka with water regimes of the classes never to temporarily wet, have 
BG C stocks similar to grasslands with severe grazing impacts in western Kenya (mean 77.76 t 
C ha-1) (Svanlund 2014).  
 
The conclusion of the BG C storage results of this study indicates a significant decrease in C 
stock after wetlands being converted from relatively undisturbed systems to LUC types with 
altered soil management and activity impacts. The same trend has been widely concluded from 
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other land use-orientated wetland studies, and points towards the importance of careful 
wetland soil management (Afework 2015; Bekele, Lemma & Mengistou 2016; Farmer, Langan, 
& Kibirango 2016; Miettinen et al. 2012).  
 
5.2.3 Total ecosystem carbon stocks 
The total ecosystem C stocks, being a summarized result of the above- and BG C per LUC type, 
has a significant difference in the precision of estimations. The accuracy of the results is 
generally higher for the BG results, having less temporal variability affecting the outcome, 
compared to the ABG C stocks. The ABG results are a combination of various allometric 
equations for the vegetation and harmonized classifications defined by the author of this 
report. Thus, all in total contributing to more within-methods varieties and lowering the over-
all accuracy of the ABG results. However, it still give a clear indication of the above- and below 
proportions of potential storage of CO2 under different LUC in the wetland areas of this study. 
 
The results clearly show the importance of the soil C in relation to the ABG proportions for all, 
and especially the peat dominated LUC types. This proportion has been widely recognized in 
previous research (Afework 2015; Bekele, Lemma & Mengistou 2016; Jonsson & Hedman 
2018; Langan et al. 2018; Miettinen et al. 2012). As shown in the ABG and BG results of this 
work, the varying C stocks between LUC classes evidently indicates that with land management 
transitions from wetland to forested land, the BG: ABG ratio is bound to change. In this case 
with increasing ABG stock and lowered soil C. That is due to wood of larger biomass instead of 
papyrus or sedges vegetation, and with depleted C stocks due to more aeriated soils which 
enhances decomposition rates. The same differences for the BG C stocks is applicable for land 
use alterations into cultivations and grasslands, with both decreasing above- and belowground 
C stocks.  
 
The sites with the highest total ecosystem C stock, the permanently wet reeds and sedges and 
papyrus sites, highlights the importance of conservation efforts to hinder land use 
management that includes draining activities. However, in areas where the land use change to 
cultivations has already been put in place, sustainable management of these areas are 
important to hinder the loss of stored C. Agroforestry with increased crop density cover and 
high biodiversity have been observed as well-functioning strategies in converted tropical peats 
to prevent already altered soils from rapid degradation (Jonsson & Hedman 2018; Miettinen 
et al. 2017). Seasonal wetlands with dominantly grassland cover that are converted into 
farmlands are as well of major importance in this context. Considering findings from seasonal 
wetlands in Uganda that indicated the lowest CO2 emission rates being during flooded periods 
(Sebadduka 2014) and highest BG C stocks with increased wetness (Nyamadzawo et al. 2015), 
highlights that altering hydrological processes by land use management would potentially fully 
decrease the C stock potential of these areas as well.  
 
Due to the adjusted BG C results for mineral soils, the TEC for woodland in Masaka is within 
the same range as the permanent wetland soils. Although, this is reflecting soils with high bulk 
density which in the adjusted 50 cm depth correction had a big influence on the total BG C 
stock. This, in summary with high ABG biomass C stocks, added up to a total similarly high C 
stock as the reeds and sedges LUC type. However, it clearly shows the impact of soil density on 
the total C stock estimations. 
 

5.3 The soil pH 
The general low soil pH for all sites in Masaka, and especially in LUC classes with dominantly 
mineral soils, corresponds with the acidic soil characteristics of the ferralsol soil types widely 
common in the district (Namakambo 1999). The soil pH of the permanent wetland soils of the 
papyrus and reeds and sedges sites in both Masaka and Soroti are also low, ranging between 
4.8 to 5.3. This is typical for soils high in organic matter because of the additional acidic cations 
resulting from decomposition processes of organic compounds (Farmer, Langan & Kibirango 
2016; Jackson, Thompson & Kolka 2014). The natural grassland LUC class in Soroti, 
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dominantly located in seasonal wetland, has a higher pH than the permanent wetland types, 
however lower than the mineral soils.  This possibly reflects the mix of mineral and organic 
soils characteristics for these areas (Mackel 1985), and the lower amount of OM due to the 
higher exposure to oxygen (Collins 2005).    
 

5.4 Ecosystem services, land use activities and impacts 
5.4.1 Activities and provisioning services of wetlands under various LUC 
The LUC types with most encountered activities for both Masaka and Soroti are farmland, 
natural grasslands and the reeds and sedges sites, similarly to the pattern concluded in 
wetlands of western Uganda (Langan, Farmer & Smith 2018). Fuelwood and fibre collection, 
cultivation practices and grazing are the most common. Papyrus and reeds and sedges LUC for 
both study areas were observed to provide important provisioning ES such as fishing, water 
collection, and to minor extent clay and sand mining, an activity also encountered in natural 
grasslands of seasonal wetlands in Soroti (Fig. 25). Because these are commonly 
governmentally owned lands, everyone may benefit from these services. Converted land 
transformed into farmlands and forested areas are all lacking these provisional services. This 
indicates a change in total observed ES by wetlands under land use changes. This shift has also 
been recognized in other areas of Uganda (Langan, Farmer & Smith 2018; Turyahabwe et al. 
2013) and in wetlands at higher latitudes (Nelson et al. 2009). Results from three areas in 
Uganda, highlighted how people living nearby wetlands prone to land-use changes during a 
10-year period, had experienced declines in plant diversity, soil fertility and water availability 
(Turyahabwe et al. 2013). Further, wetlands that are physically more accessible are also more 
directly prone to land use activities and increased used of the wetland provisioning services 
(Namaalwa et al. 2013). This can be reflected in the land use activity results and impacts of this 
report, in particular of the seasonal grassland wetlands and edges of papyrus and reeds and 
sedges wetlands. Farmlands are also expectedly encountered with many different land use 
activities, that for both Masaka and Soroti involved cultivation and grazing activities, and with 
several plots being under fallow. However, the activities in farmlands are benefitting a 
narrower group of users than the communal lands. This has also been acknowledged in western 
Uganda where the wetland land use changes also commonly impact the ownership 
management, from governmental or communal lands to private beneficiaries (Langan, Farmer 
& Smith 2018). 
 

5.4.2 Potential land use management impacts on ecosystem services 

For both Masaka and Soroti the most dominant impacts in the permanent wetland LUC other 
than livestock grazing, are harvesting of papyrus and reeds and sedges vegetation for 
handcrafts. Dominance of biomass harvesting in papyrus and reed land covers was also 
commonly recognized in other wetland areas of Uganda (Langan, Farmer & Smith 2018). The 
high-density livestock keeping in Soroti (NEMA 2004), severely common in the seasonal 
wetland areas, is reflected in the data of encountered vegetation and soil impacts. The flat 
terrain and hot climate favours livestock contra cash crop farming, and this has a wide impact 
on soil properties and vegetation in terms of soil compaction from tramping and grazing. 
Impacts of over-grazing has earlier shown impact of the full ecosystem C stock in wetlands, by 
decreasing vegetation cover and soil erosion (Enriquez et al. 2015; Reeder & Schuman 2002). 
The heavy livestock keeping in Soroti is partly due to continuous availability of green pasture 
and water supplies provided by seasonal and lake fringing permanent wetlands, well 
maintained even during dry-spells. This important ecosystem service has further been 
acknowledged in Zimbabwe with vast areas of grassland covered seasonal wetlands 
(Nyamadzawo et al. 2015). The importance of wetlands as a provider of water and thriving 
vegetation is evident in comparison to cropland cultivations and other vegetation outside 
seasonally to permanently wet areas, being more directly affected by droughts. This is reflected 
in the results of encountered areas exposed to vegetation water stress, in particular in Soroti.  
The importance of livestock keeping as an economic income for many people in Soroti and 
several similar areas elsewhere, strengthens the need of sustainable management of the 
seasonal and permanent wetland areas.  
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5.5 The future: impacts of wetland management and climate change  
The provisioning ES reflected in the encountered wetland activities indicates how the lands are 
being utilized and what threats there are to the currently less disturbed wetland areas. Keeping 
a balanced management of these wetland ecosystems is important to sustain the climate 
regulating, cultural and economic ES of these ecosystems. As indicated by this thesis, 
transformed land use of wetland areas are decreasing C stocks and provisioning services 
available for whole communities when converted to private lands. Earlier inventories of land 
use changes of wetlands have identified that shifts in land ownership and the overall decreasing 
ES, creates a clear discrimination against the lowest income parts of the population. The 
economic products derived from wetlands (fishing, hunting and fibre for handcrafts) has 
proven to reduce local income inequalities (Maclean et al. 2003). Thus, the possible imbalance 
and decrease in ecosystem service resources implied by wetland management alterations, also 
reduces important livelihood incomes and the thus the work towards poverty reduction. 
Further, continuous wetland degradation from environmental and social aspects, will be an 
obstacle in the work towards meeting several of the UN sustainable development goals 
(Millenium Ecosystem Assessment 2005; United Nations 2018).  
 
The use of wetlands as a source of water for livestock, the population and as a functional habitat 
providing pasture year around is proven to be important. However, the importance of water-
irrigation techniques to sustain cultivations outside the wetland areas especially in dry periods, 
is a factor I think should be emphasized as well.  In sustainable wetland management there is 
a need to prevent encroaching of new cultivations at wetland edges in search of fertile and 
humid soils. By sustaining the farmland soils outside wetland areas with enough water supplies 
and nutrients it will also indirectly act as a preservation strategy of wetland areas. This is 
especially important in areas of regular dry spells that, as shown in this thesis, can cause severe 
stress on vegetation during dry seasons. In areas such as Soroti with increasing challenges of 

Figure 25. Field examples from Masaka and Soroti study areas showing provisional services from the wetland 
ecosystems including: A) fishing in reeds and sedges in Masaka; B) brick-making of extracted clay from a grassland 
area within seasonal wetlands in Soroti; C) harvested papyrus fibres for matt-making in Masaka; and 4) grass for 
building materials in Soroti. 

A B 

C D
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prolonged droughts, farmers tend to shift to other income activities (Bakama 2010). As 
reported by Bakama (2010) many farmers in Soroti are converting from agriculture to fishing 
in the surrounding permanent wetland systems due to higher rates of crop failure with 
increasing water stress. This further points out the need of conserving wetland ecosystems for 
a continuous provision of services. This as they possibly will become increasingly demanded in 
a climate projected to involve intensified and prolonged droughts in many parts of Uganda 
(MWE 2015; REIT 2017). With a rapidly increasing population putting more pressure on land 
and natural resources (Maclean et al. 2003), it is urgent to improve wetland management and 
find sustainable coordination of implementation from local to governmental scales (Namaalwa 
et al. 2013) and further get a deeper understanding of social and physical complexities of 
Wetland ecosystems (Langan et al. 2018). 
 

5.6 Methods – lessons learned and further recommendations 
5.6.1 Land cover classification and upscaling uncertainties 
The aerial image interpretation of LUC strata of the wetlands areas is a method with varying 
pros and cons. In relation to remote sensing techniques where the data input for the analysis 
is what is dominantly defining the quality output, the main factor for aerial imagery techniques 
is the preciseness of interpretation (Thompson et al. 2002). This including varying degree of 
accuracy in the recognition of wetland areas by vegetation cover, where permanent wetlands 
with more distinct vegetation types is argued to be more easily identified than seasonal 
wetlands (Thompson et al. 2002).  The quality of available imagery is another important factor 
(Thompson et al. 2002), which in this study differed within the study areas. This made the 
aerial image interpretation unevenly challenging and obliged the procedure to be done at 
different scales. The resulting analysis uncertainties were however limited by performing 
ground-truthing pilot studies to increase the preciseness of the LUC strata digitalisations 
(Hairiah et al. 2010). Further, as the outcome quality is correlated with skills of the 
cartographer in learning to recognize vegetation cover and land features, the accuracy of the 
LUC digitalization commonly increases with time (Hairiah et al. 2010). Another method 
procedure with effects on the results is the use of two combined wetland extent boarders from 
1996 and 2008. The limit to this strategy is that no method descriptions of the quality or scales 
of the data were available. Thus, this included a higher uncertainty if the distributed sample 
points were accurately distributed within actual wetland areas or not. This would be improved 
by conducting an in-detail analysis to develop more precise wetland boarders based on soil 
morphology and vegetation data (Thompson et al. 2002), prior to the initial study sites 
distribution. In conclusion, the LUC stratifications and total calculated areas are approximate 
and do vary in accuracy thus affecting the final calculation of total ecosystem C stock per LUC 
areas. 
 
5.6.2 Field procedure 
Categorizing and mapping vegetation types in field turned out unevenly challenging from the 
beginning compared to the end of the field work. The data recordings got more precise with 
time when getting used to the vegetation types and composition structures in the different 
locations. This is reflected in the vegetation data per LUC type, where the Masaka study area, 
being the first one executed, had a larger variety in the vegetation composition per LUC class. 
To increase the accuracy in creating LUC-based database of vegetation biomass and carbon 
stock inventories, it is important to have clear boundaries of plant compositions for each land 
use categorization. It is also essential for the field workers to train with local experts in 
identifying relevant plant species and to get familiar with the study areas prior to field data 
collection (Hairiah et al. 2010). The more accurate knowledge of the vegetation species is, the 
more precise the outcome will be, both through allometric equations for biomass calculations 
but also in comparison of results to previous studies. 
 
5.6.3 Considerations of temporal variability 
Temporal variability is a factor that should be considered in this study as the two field 
campaigns were carried out only at one occasion per area and in different seasons. For Masaka, 
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at the end of the rainy season, while the field work in Soroti took place in the dry season. Earlier 
research has pointed at the highly dynamic response on seasonality on ES (Farmer, Langan & 
Kibirango 2016; Kotze et al. 2009). The seasonal differences have possibly also had an effect 
on the soil C in terms of the soil moisture and top soil layer microbial activity, related to 
seasonally bound changes in water-regimes and near-surface temperature differences 
(McCauley et al. 2017; Sebadduka 2014). Thus, to get a full picture of the annual ecosystem 
service provision of wetlands, the field work should preferably be assessed in both wetter and 
dryer periods rather than looking at one snap shot of moment in time (Kotze et al. 2009). 
 
5.6.4 The importance of high-accuracy biomass models 
The vegetation biomass and C stock results of this study varies in terms of estimation accuracy 
by using different estimation methods, destructive and non-destructive. This as the destructive 
method is a true measure of the field based dry biomass whilst the applied models for non-
destructive procedures may only give estimations of different accuracy degrees. Further, 
species-specific allometric equations were used when available as they have shown lower 
percentage errors than the otherwise applied mixed-species models (Mwakalukwa, Meilby & 
Treue 2014). Although more general mixed-species models specific for local to regional scales 
are highly useful when estimating plant biomass over larger areas or for studies with limited 
resources (Mugasha et al. 2013). In conclusion, emphasis on following similar throughout 
procedures and developing site-specific allometric equations are recommended. This to 
increase the accuracy of wetland vegetation inventories especially where species-specific 
biomass models currently are lacking.  
 
 

6 Conclusion 
 

 

This thesis brings a first estimation of the above- and belowground C stock potentials, analyses 
of encountered provisional ES, and human impacts of wetlands areas under various LUC. My 
results support previous estimates of a general decrease in total C stocks from natural wetland 
environments to changed land use management, with the most significant alteration 
concerning the BG C pool. The highest ABG C stock was in both study areas found in woodland 
land cover areas followed by, in varying order for the study areas, permanent wetland 
vegetation such as reeds, sedges and papyrus, and the generally lowest for grassland and 
farmland areas. The BG C stock was highest for the permanent wetland LUC classes, papyrus 
and reeds and sedges sites. The results further highlights the importance of the less studied 
grassland covered seasonal wetlands being the second largest BG C stock. Although its 
relatively shallower depth and lower OC content than wetland peat soils, they prove to play an 
important role in total wetland C sequestration. The lowest soil C was found in the most 
transformed LUC types with severely altered water regime, C content and higher bulk density. 
The pH was low for the most organic soils, related to the organic acids of the decomposition of 
organic compounds, and higher pH in the mineral soils. Although, Masaka soils were an 
exception with generally acidic soil types in the area that are lower than the high organic peat 
soils.   
 
The provisioning ES encountered for the various LUC types are many for reeds and sedges and 
natural grassland sites in permanent and seasonal wetland areas. This is shown by impacts of 
soil compaction and decreasing biomass by intense livestock grazing and fibre harvesting. Due 
to currently intense grazing pressure on grassland covered seasonal wetland systems, and 
considering their high C stock potential, they are possibly the most sensitive wetland systems 
exposed to the ongoing poor land management. The LUC types in permanent wetlands further 
provide important services for livelihood incomes. The results from Soroti in central-eastern 
Uganda usually exposed to long dry spells, highlights the essential need of sustaining the 
current water regimes of the seasonal and permanent wetland areas. 
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With the observed intense use of grasslands of seasonal wetland areas, the implication of 
changed hydrological processes with altered land use management activities calls for a need of 
deeper knowledge to improve sustainable management throughout all wetland systems. 
Uganda is projected to face a climate of intensified rains and prolonged droughts, and 
sustainable land use of wetlands will be even more important in the future. Sufficient wetland 
management is an important piece in the puzzle of achieving the UN sustainable development 
goals on several levels, from climate mitigation to poverty reduction strategies. Improved 
management through increased understanding of physical and social aspects of the wetland 
ecosystems will not only play a part in the total C balance. It will also sustain the environmental 
ES and important livelihoods for surrounding communities, especially targeting the poorest 
part of the population that are more directly in use of the wetland resources. 
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Appendix 1 Development inputs: National Field 

Method Manuals for Uganda 
 
 
This study involved new insights of seasonal wetlands that has not been studied in the same 
manner before in Uganda. The nationally adapted method guidelines for wetland ecosystem 
service inventories (Langan, Farmer & Smith 2016) and sampling of organic peat soils (Farmer, 
Langan & Kibirango 2016) have so far focused mainly on permanent wetlands in valley bottoms 
landscapes. Concluding by the encountered challenges of the field work procedures, there is a 
need for method adaptations in lake-fringing wetlands with sandy-peat mixtures and clay-rich 
seasonal wetlands. This in terms of re-evaluating the best suitable soil extraction tools to be 
used in such environments. In areas with sandy soils in combination with high water tables, 
the used sampling equipment of peat auger and soil ring methods were not optimal as the 
samples were easily lost or not at all able to be sampled. In regions with expected mixtures of 
mineral soils in wet conditions it would be recommended to use other type of volumetric 
sample-based equipment to increase the sampling success. Secondly, the highly dense clay-
rich soils characteristics for the seasonal wetlands should preferably be sampled in the wet 
season due to soils being almost too hard to sample when dry. To increase the efficiency and 
accuracy of wetland vegetation biomass and ABG C stock surveys, a more in-detail description 
of vegetation measurement for a wider variety of species (especially shrub and cultivation 
vegetation) is recommended.  

 
  



 

Appendix 2 Harmonization of vegetation types 
 
 
Table 11. Original and harmonised vegetation type categories 

 
Harmonised vegetation category Original vegetation type category 

Crop • Yams  

• Cassava  

• Matoke  

• Sorghum  

• Sugarcane  

• Maize  

• Coffee plant  
 

Grass • Short grass 

• Medium tall grass 

• Tall grass 

Herbaceous • Weeds 

• Water lilies 

• Forbes 

Papyrus • Papyrus 

Reeds and sedges • Reeds 

• Sedges 

Shrub • Shrub 

Broadleaved trees Tree – agriculture 

• Orange tree 

• Mango tree 
 

 Tree – eucalyptus 

• Eucalyptus tree 
 

 Tree – native 

• Native trees as later through pictures identified 
to be: Kigelia Africana, Acacia sieberiana, 
Mangifera indica, and Milicia excelsa. 



 

 

Appendix 3 Wetland land use types and descriptions 
 
 
Table. 12 Characteristic descriptions of wetland land use cover types, modified by Langan and others 
(2018), and based on classifications by Henninger and Landsberg (2009). 
 

Wetland land 
use cover type 
 

Swamp forest Continuous stand of trees and palms at least 10m in 
height with crowns interlocking; under story 
usually sparse except where the canopy is 
more open 

Woodland  Open stand of trees with a canopy cover of 40 % or 
more. The field layer is usually dominated by 
grasses.  

Shrubland:  Open or closed stand of trees or bushes, no more than 
8m in height and a sparse canopy cover 

Bushland and 
thicket/palms: 

Stand dominated by bushes usually less than 10m in 
height; and a medium to dense canopy cover 

Papyrus: Stand dominated (more than 50% of area) by dense 
papyrus cover 

Reeds and sedges:  Herbaceous layer of reeds and sedges, occasionally 
with grasses and forbes; woody species, if 
present scattered or grouped with sparse 
canopy cover  

Natural grassland:  Herbaceous layer of grasses and forbes. Woody 
species, if present, scattered or grouped with a 
sparse canopy cover  

Open water An area with a water surface with less than 50% 
covered with emergent vegetation; floating 
vegetation, like Azolla, may be present and 
may cover the surface area up to 100% 

Farmland- cultivated Wetland area that is modified, usually by the digging 
of drainage channels, and worked on a 
seasonal or permanent basis for the 
production of agricultural crops. 

Farmland- grazing Wetland area that is modified, usually by the digging 
of drainage channels, and worked on a 
seasonal or permanent basis for intensive 
livestock production 

Plantation Wetland area where vegetation has been replaced by 
plantation forestry species, mainly eucalyptus 
or pine or agroforestry such as tea. 

 

 
 
  



 

 

Appendix 4 Wetland Ecosystem Service Survey Form 
 

Sample site survey, adapted from Langan, Farmer and Smith 2016 

Table 13. General Survey Information 

Site No (ID)  

Grid no central coordinate (GPS)  

Location - Wetland system, Subcounty, District   

Elevation (m)  

Date  

Plot id  

Photo id  

 

Land Form 

Wetland land use 
type 

 

Swamp forest Continuous stand of trees and palms at least 10m in height with crowns interlocking; under 
story usually sparse except where the canopy is more open 

Woodland  Open stand of trees with a canopy cover of 40 % or more. The field layer is usually dominated 
by grasses.  

Shrubland:  Open or closed stand of trees or bushes, no more than 8m in height and a sparse canopy cover 

Bushland and 
thicket/palms: 

Stand dominated by bushes usually less than 10m in height; and a medium to dense canopy 
cover 

Papyrus: Stand dominated (more than 50% of area) by dense papyrus cover 

Reeds and sedges:  Herbaceous layer of reeds and sedges, occasionally with grasses and forbes; woody species, if 
present scattered or grouped with sparse canopy cover  



 

Natural grassland:  Herbaceous layer of grasses and forbes. Woody species, if present, scattered or grouped with a 
sparse canopy cover  

Open water An area with a water surface with less than 50% covered with emergent vegetation; floating 
vegetation, like Azolla, may be present and may cover the surface area up to 100% 

Farmland- cultivated Wetland area that is modified, usually by the digging of drainage channels, and worked on a 
seasonal or permanent basis for the production of agricultural crops. 

Farmland- grazing Wetland area that is modified, usually by the digging of drainage channels, and worked on a 
seasonal or permanent basis for intensive livestock production 

Plantation Wetland area where vegetation has been replaced by plantation forestry species, mainly 
eucalyptus or pine or agroforestry such as tea. 

Other Describe 
 

Wetland HGM  

(select one) 

Flood plain Valley bottom with channel Valley bottom without channel 

Lake fridge Floating  Hill slope with stream 

Isolated seepage Raised bog Depressional 

Other   
 

Water regime 

(select one) 

No of months Water table depth is less than 10 cm below the soil surface layer 

Permanent (<8 months) Seasonal (< 8 months) Temporary (< 1 months of the year) 
 

 

Land cover characterisation 

Woody leaf types: (Yes/No) Broadleaf/Native Needle leaf/Pine Eucalyptus Other 

Woody cover (%) Absent < 5 5-15 15-40 40-65 > 65 

Shrub cover (%)? Absent < 5 5-15 15-40 40-65 > 65 

Herbaceous cover (%) Absent < 5 5-15 15-40 40-65 > 65 

- crops (%) Absent < 5 5-15 15-40 40-65 > 65 



 

- papyrus (%) Absent < 5 5-15 15-40 40-65 > 65 

- sedges & reeds (%) Absent < 5 5-15 15-40 40-65 > 65 

- grasses (%) Absent < 5 5-15 15-40 40-65 > 65 

- weeds & forbs (%) Absent < 5 5-15 15-40 40-65 > 65 

Surface water coverage (%) Absent < 5 5-15 15-40 40-65 > 65 

Bare soil coverage (%) Absent < 5 5-15 15-40 40-65 > 65 

 

Land use, management and anthropogenic influences 

Primary current uses: 

(within the area 
surrounding the plot) 

Food cultivation Timber Fuel wood 

Forage (wild foods, raw materials 
etc.) 

Grazing Permanent crops (tea) 

Fallow Brick making Beekeeping 

Water collection Fishing Other-specify 
 

Land ownership Private Communal Cooperative 

Government Don’t know Other-specify 
 

Assessment the impact of anthropogenic activities on wetland properties 

Tree planting- Pine High Moderate Low None 

Tree planting- Eucalyptus, High Moderate Low None 

Tree cutting High Moderate Low None 

Grazing/browsing of livestock High Moderate Low None 

Cropping/cultivation High Moderate Low None 

Permanent cultivation (tea) High Moderate Low None 



 

Fire High Moderate Low None 

Fibre harvesting High Moderate Low None 

Firewood collection High Moderate Low None 

Anthropogenic drainage High Moderate Low None 
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