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Abstract

a mosaic landscape. In the African savannas, such landscapes comprise, for example, of agricultural 

role in ecosystem services in African savanna biome. Woody aboveground biomass (AGB) is a 
critical Earth’s terrestrial carbon sink and exert strong control on the evolution of atmospheric CO2 
concentration. Mapping and monitoring carbon stocks in tropical African region has attracted a great 
deal of attention in recent years. Deforestation and land degradation account for large amount of 
anthropogenic carbon emissions and are now included in climate change negotiation. Therefore, 

of climate change mitigation strategies in tropical savanna regions. Also, considering the growing 
impact of climate change and anthropogenic consequences on savanna land cover, understanding 
of the AGB and land use and land cover (LULC) dynamics in this region is important.

The main goal of this thesis was to examine woody AGB and its drivers in mosaic landscapes 

1) the relationships among aboveground carbon stock, soil organic carbon stock and tree species 
diversity, 2) impact of conservation and fences on density and distribution of woody AGB, and 3) 

were collected from 160 plots of 1000m2 while in Kenya 224 plots of the same size and airborne 

challenging, especially in remote areas. Remote sensing data (e.g., ALS and Sentinel-2 satellite 

The results emphasized that forests and woodlands in mosaic savannas have high carbon stocks 
and tree species diversity. The results also showed how agroforestry contributes in retaining carbon in 

spatial analysis of vegetation and AGB distribution Wildlife conservation and management practices, 

browsing of wildlife in the conservation areas contributes to the sharp AGB transitions that lead to 
reduced AGB stocks. Exotic tree species, even though invasive, can have large contribution to carbon 
stocks. Good management of plantation forest and conservation of forest patches especially on isolated 
highlands contribute largely to carbon pools Furthermore, large trees contribute disproportionately 
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In conclusion, the results of this thesis highlight the importance of species composition, and large 
trees in AGB dynamics in African savanna landscapes. The result also revealed the variability of 

combined with other data to observe how conservation of megafaunas converts dense vegetation 
into treeless savanna grassland and result into decline in AGB density. Therefore, keeping large trees 
and conserving trees with high carbon stocks in LULC types (croplands, pastures, and forests) is 
necessary. Moreover, material, method, and results of this thesis are useful for national and global 
policy formulation on climate change mitigation and other climate change initiatives, especially 
those for savanna regions of tropical Africa.

Keywords: Aboveground biomass; carbon; biodiversity; land use land cover types; wildlife 

savanna biome



7

Acknowledgements

My PhD study was an amazing moment of my life. As an agro-forester, I had an opportunity to 

aboveground biomass dynamics in mosaic landscapes of West and East African savannas. Support 
from other people through data collection, data analysis, manuscript review and comments were 
vital in this study.s

I would like to thank my supervisors Prof. Petri Pellikka and Dr. Janne Heiskanen for their 
consistent support and guidance during the course of my study. Furthermore, I would like to thank 
all the co-authors who participated in producing the original research articles: Hari Adhikari, Mika 
Siljander, Ermias Aynekulu, Martha Munyao, Patrick Omondi and James M. Mwamodenyi.

I would like to thank the rest of the student community of Earth Change Observation Laboratory 

National park (OKNP) and Sierra Leone Agricultural Research Institute (SLARI) for their roles 
during data collection. I would also like to thank colleague students and other member of the 
ECHOLAB family in Finland and abroad. 

I wish to express thanks and appreciation to all institutions and organizations that funded my 
study. I am grateful to BIODEV (Building biocarbon and rural development in West Africa) project 

of Helsinki through the Dean of Faculty of Science and the Government of Sierra Leone through the 

my study.
Lastly, but perhaps most importantly, I would like thank my family, especially my wife Mrs. 

Yvonne Amara, children, Boi, Mafoh and Edward junior for your prayers, love, patience, courage, 
and support throughout this journey. Also, to SLARI and all the family and friends, especially Mrs. 
Frances Fode in the United Kingdom.s



8

DEPARTMENT OF GEOSCIENCES AND GEOGRAPHY A102

List of original publications

This thesis is based on the following publications:

I. Edward Amara, Janne Heiskanen, Ermias Aynekulu & Petri K. E. Pellikka (2019). 
Relationship between carbon stocks and tree species diversity in a humid Guinean savanna 
landscape in northern Sierra Leone. Southern Forests: a Journal of Forest Science 81(3): 
235–24. https://doi.org/10.2989/20702620.2018.1555947

II. Edward Amara, Hari Adhikari, Janne Heiskanen, Mika Siljander, Martha Munyao, Patrick 
Omondi, Petri Pellikka (2020). Aboveground Biomass Distribution in a Multi-Use Savannah 
Landscape in Southeastern Kenya: Impact of Land Use and Fences. Land 9(10), 381. https://
doi.org/10.3390/land9100381

III. Edward Amara, Hari Adhikari, James M. Mwamodenyi, Petri K. E. Pellikka, Janne 
Heiskanen. Contribution of tree size and species on aboveground biomass across land 
use and land cover types in the Taita Hills, southern Kenya. Manuscript submitted for 
publication.  

Authors’s contribution

I II III
Study plan and design EA, EAY, JH EA, HA, JH, PP EA, JH 
Data collection EA, JH, PP HA, JH, PP JH, HA, PP

Analysis EA, EAY, JH EA, HA, JH MS EA, JH, HA
Manuscript preparation EA EA EA
Review & comment JH, EAY, PP JH, HA, MM, MS, PO, 

PP
JH, JM, PP

EA = Edward Amara, EAY = Ermias Aynekulu, HA = Hari Adhikari, JH = Janne Heiskanen, JM = 
James M. Mwamodenyi, MM = Martha Munyao , MS = Mika Siljander, PO = Patrick Omondi, PP 
= Petri Pellikka



9

DEPARTMENT OF GEOSCIENCES AND GEOGRAPHY A102

Abbreviations

AGB  Aboveground biomass
AGC  Aboveground carbon
AGD  Aboveground carbon density
ALS  Airbone laser scanning
BD  Basal diameter
C  Carbon
CD   Canopy diameter
DEM  Digital elevation model
DBH  Diameter at breast height 
EVI  Enhanced vegetation index 
GEE  Google Earth Engine
GHG  Green house gas
GPP  Gross primary production 
GPS  Global Positioning System 
H  Height
IVI  Important value index
KWS  Kenya Wildlife Service
LIDAR  Light detection and ranging 
LC  Land cover
LU  Land use 
LULC  Land use and land cover
LULCC  Land use and land cover change
LULCCF Land use land cover change and forestry
LUMO  Lualenyi, Mramba and Oza 
Mg  Megagram  

NPP  Net primary productivity 
NTFP  Non timber forest product
OKNP  Outamba Kilimi national park
OSAVI  Optimized soil-adjusted vegetation index 
REDD+  Reducing emissions from deforestation and forest degradation
RS  Remote sensing
SR  Species richness
THWS  Taita Hills Wildlife Sanctuary 
TWNP  Tsavo West National Park



10

DEPARTMENT OF GEOSCIENCES AND GEOGRAPHY A102

Figure 1. Relationships between Articles (I–III) of the PhD thesis and their key areas of 
research and data used. .......................................................................................................14

Figure 2. A) Sanya in Northern Sierra Leone (Article I) and B) Taita Hills in Southern 
Kenya (Article II and III). Data for upper panels are from Natural Earth (naturalearth.
com) and satellite imagery for the lower panels from Bing Satellite through QGIS  
QuickMapServices. .............................................................................................................22

Figure 3. Sample plot design with 1000m  plot and four 100m  subplots. ..............................24
Figure 4. Relationship between methodology and research output. ........................................26
Figure 5. 

DBH classes in Sanya study area. .......................................................................................28
Figure 6. Proportions (%) of the most common woody tree species in the landscape in         

terms of aboveground carbon (AGC) and number of stems. ..............................................28
Figure 7. Distribution of aboveground carbon, stem density, species richness and Shannon 

landscape in Sierra Leone. ..................................................................................................29
Figure 8. Land cover and AGB maps of conservation and non-conservation land use areas       

of lowland savannah landscape of Taita Hills, Kenya. .......................................................30
Figure 9.

and LULC types. .................................................................................................................32
Figure 10. 

and LULC types. .................................................................................................................33

Table 1. Description of LULC types. Photographs of LULC types presented in Articles .......24
Table 2. Variation in aboveground carbon (AGC) density, stem density, tree species richness 

(SR) and Shannon index (H’) in Guinea savanna mosaic landscape in Sierra Leone               
(n = 160 plots). ....................................................................................................................27

Table 3. Proportion (%) and median AGB for non-zero AGB pixels. P value according to        
the Wilcoxon test results. ....................................................................................................31

Table 4.
Taita Hills, Kenya ...............................................................................................................34



11

DEPARTMENT OF GEOSCIENCES AND GEOGRAPHY A102

1 Introduction

Biomass is key component of the global carbon 
cycle and crucial ecological variable. It has been 
recognized as a Global Climate Observing 
System (GCOS) Essential Climate Variable 
(ECV), and a critical input to the United Nations’ 
(UN) Reducing Emissions from Deforestation 
and Forest Degradation-plus (REDD+) program 
(Duncanson et al., 2021). It is also a useful 
input to Earth system modelling and central to 

fraction of the Earth’s surface area, replacing 

and land cover types such as cropland, wildlife 
conservation, buildings and highways (Lewis, 
2006; Luyssaert et al., 2014; Pielke et al., 1998; 
Sterling & Duchame, 2008; Sterling et al., 2013). 
Luyssaert et al. (2014) observed that land surface 
conversion for agricultural, infrastructural 
and urban uses through deforestation to be 
responsible for about 18-29% of the conversion. 
The land use and land cover dynamics (Foley et 
al., 2005; Vitousek et al., 2008) have impacted 
climate (Kalnay & Cai, 2003; Vo & Hu, 2021; 
Wu & Zhang, 2021) and other ecosystem 
services (e.g., hydrological cycle) (Postel et 
al., 1996). Moreover, vegetation loss through 

well as overexploitation of native species have 
led to a decline in biodiversity (Chapin et al., 
2000; Lewis, 2006; Myers et al., 2000; Pimm & 
Raven, 2000; Sala et al., 2000). Information on 

especially in the tropical savannas are less 
studied.

Tropical savannas cover about a sixth of 
the world’s land surface (Beerling & Osborne, 
2006; Campbell & Frost, 1996; Kanniah et 

al., 2009; Ramankutty & Foley, 1999), and 
make up approximately 20% of the terrestrial 
vegetation. Kaya et al. (2018) and Lehmann et 

as scattered tree cover and continuous coverage 
of grass-dominated herbaceous plants. Like other 
terrestrial biomes, savannas are increasingly 
altered by anthropogenic activities (Charles et 
al., 2017; Osborne et al., 2018a). They are widely 
spread throughout Africa, Australia, South 
America, India, South East Asia and New Guinea 
(Backeus, 2016; Lehmann et al., 2011) and cover 
an area larger than that of wet tropical rainforest. 
Savannas also support the economic needs of 
most rural households, especially in Africa, where 
many are dependent on natural resources for their 
livelihood (Egoh et al., 2012). About 20% of the 
world’s population (Solbrig et al., 1996) and ca. 
28% of rural household income in developing 
countries (Pritchard et al., 2019) depends on 
this biome for their support. Furthermore, they 
play a major role in the provision of ecosystem 
services, including carbon storage, regulation 
of regional water budgets, high conservation 

economically important (e.g. livestock farming, 
crop farming and wildlife tourism) (Eamus & 
Prior, 2001; Whitley et al., 2011). Information on 
drivers that determines biomass dynamic in this 
biome in the context of climate change mitigation 
is limited.

global carbon stock with an estimate of  861 
± 66 Pg C (Pan et al., 2011a; Xu et al., 2021). 
Living biomass (aboveground and belowground) 
account for 42% while soil store the highest 
fraction (44%) and remaining (14%) is stored 
in dead wood and litter (Pan et al., 2011). 
However, also tropical savannas and grasslands 
store substantial amount of carbon (Anav et 
al., 2013; Carvalhais et al., 2014; Friend et al., 
2014). For example, 336 Pg C was observed 
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in Carvalhais et al. (2014). Savannas vegetation 
account for ca. 30% of all terrestrial vegetation’s 
gross primary production (GPP) (Grace et al., 
2006; Kanniah et al., 2009). Savannas also 

with net primary productivity (NPP) of 1 to 12 t 

(Grace et al., 2006). High biodiversity (Abreu 
et al., 2017; Myers et al., 2000; Staver et al., 
2011), and carbon potential support ecosystem 
functions and services (R. C. R. R. Abreu et al., 
2017; Majumdar et al., 2016; Mohanraj et al., 
2011). Even though there is increasing interest 
in the contribution of African savannas and 
woodlands to the global carbon cycle (Atsri et 
al., 2020), information on aboveground biomass 
(AGB) and carbon (AGC) remains incomplete 
and not much is known about the role of land use 
and land cover (LULC) types and biodiversity on 

LULC type, vegetation structure, tree 
species composition, and other factors determine 
woody biomass (Asner et al., 2009; Asner, 
Clark, et al., 2012). Wildlife conservation and 
management practice considerably impact 

and the primary productivity of the ecosystem 
(Augustine, 2003; Augustine & McNaughton, 
2006). Valuable habitats and the existence of 

presences and increase in wildlife population 
(Vesala et al., 2017). Fences erected mainly to 

2015; Jakes et al., 2018) contribute to biomass 
decline by altering ecological processes (Li et 

Packer et al., 2013). Large-sized trees can have 
large contribution to woody biomass but those 
are continuously decreasing due to climatic, 
environmental, and human induced factors 
(Bennett et al., 2015; Lindenmayer & Laurance, 

2017). The disturbance of savanna structure 

vegetation and results in woody encroachment 
as a result of the interaction of drivers (e.g., 

2018) In African savannas, megaherbivores 

disturbance factors contributing to the loss of 
trees with large diameter (Vanak et al., 2010). 
They affect the tree size distribution, and 
hence the biodiversity and biomass in savanna 
woodlands (Pellegrini et al., 2017). Because of 
the variable disturbance factors, the distribution 
and contribution of large trees to AGB can be 
highly variable between vegetation types within 

regularly mapping and monitoring of savanna 
landscapes, and to quantify the carbon pools and 

to global productivity (Iais et al., 2011).
Human induced land use and land cover 

ecosystem and the consequences can be substantial 
for climate (Stevens et al., 2017a). Based on land 

(Pfeifer et al., 2013), savanna biomes represented 
58% of the terrestrial surface of the East African 
region. Grasslands cover the largest (12.9%) 
area, followed by scrublands (9.7%), croplands 
(9.4%), and forests (7.2%), with woodlands 
(1.1%) and urban areas (0.1%) covering the 
smallest area (Pfeifer et al., 2013). Decrease 
in scrubland and grassland due to deforestation 
result in carbon loss that is partly counterbalanced 
by carbon gains from increases in savanna and 
grassland area (Pfeifer et al., 2013). Land use 
change due to agriculture expansion in African 
mosaic savannas is on increase, as land use 

2014; Pfeifer et al., 2013). Other anthropogenic 
drivers, present and previous climate, edaphic 
factors and geomorphology are vital factors 
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maintain it (Backeus, 2016). Closed and dense 
forests are increasingly converted into the mosaic 

or abandoned farms (Sloan & Sayer, 2015). 
Agricultural fields in addition to forest in 
Afromontane landscapes in Africa harbor trees 
that hold substantial amount of woody biomass. 
This was observed by Vanderhaegen et al. (2015) 
with the largest amount of carbon found stored 
in agroforestry trees

The increasing importance of forest-based 
carbon sequestration initiatives and global 
forest monitoring spurred the need for accurate 
information at regional and national scales, on 
the spatial extent, condition, biomass and growth 
potential of forests and woodlands with a canopy 
cover as low as 10% (Viergever et al., 2008). 

(MRV) at a small scale is mostly based on 
ground measurements. Field-based methods, 
such as forest inventories in permanent sample 
plots and transects support the understanding of 
forest and savanna vegetation structure (Cook et 

data are, however, time consuming, expensive, 
labor intensive and often require destructive 
sampling (Patenaude et al., 2005). Furthermore, 
those usually do not capture the spatial variation 
in aboveground carbon density (ACD) that exists 
throughout the environment (Asner, Clark, et al., 
2012).

Spatially explicit information over large 
areas is more easily derived through remote 
sensing (RS), which provides quick and 

vegetation at landscape or ecosystem level. 
The use of active and passive remote sensing 
to map forest variables have been studied 
intensively, especially in boreal forests (Lutz 
et al., 2008). High-resolution maps have been 
recently done also in savannas with relatively low 

biomass (Bouvet et al., 2018), while the tropic, 
pantropical and continental scale forest maps are 
based on coarse resolution RS data (Avitabile 
et al., 2016; Baccini et al., 2019; Saatchi et al., 
2011). Therefore, accurate estimations obtained 
using freely available RS images are adequate 
for monitoring, reporting and verification 
of climatic variables. To name but a few, in 
reducing emissions from deforestation and forest 
degradation, conservation, sustainable forest 
management and enhancement of forest carbon 
stocks (REDD+) and the payment of ecosystem 
services (Adhikari, 2019). Furthermore, the 

of RS data products (Tsalyuk et al., 2017). 
Lastly, spatial studies on the impact of wildlife 
conservation and fences on biomass dynamics in 
multi-used savanna landscape in Africa are rare.

1.2 Aim and objectives
The main aim of this thesis was to examine 
aboveground biomass and its drivers in two 
mosaic landscapes in West and East Africa. 
The goal of this thesis is further divided into 

1. To examine the relationship among 
aboveground carbon stocks, soil organic carbon 
stock and tree species diversity (Article I);

2. To assess the impact of conservation 
and fencing on AGB in multi-use savanna 
landscape (Article II); 

species on aboveground biomass across land use 
and land cover types (Article III).

The main content of the thesis and relationship 
of the articles is summarized in Figure 1. 
Although several studies have examined carbon 
stocks and tree species diversity, few focuses on 
mosaic savannah ecosystems. Article I aimed to 
assess aboveground carbon stocks, soil organic 
stock and tree species diversity and compare their 
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inventory data on trees, soil and vegetation types 
were collected from the mosaic Guinea savanna 
in Northern Sierra Leone. AGC, soil carbon, and 
tree species diversity indices were computed and 
analyzed in this study. Furthermore, relationships 
between carbon densities and tree species 
diversity indices were studied.

in multi-use savanna is studied even less. The 
overall objective of Article II was to assess the 
AGB distribution patterns, and the impact of 
wildlife conservation and fences on AGB in 

sensing and wildlife counts were applied. Land 
cover and biomass maps were produced using 
Sentinel-2 satellite images processed in Google 
Earth Engine and ALS data. Impact of fences on 
the AGB densities and other relationships among 

Even though some tree species and large-
diameter trees can contribute disproportionately 
to AGB, little is known on their contribution in 

contribution of tree size assessed by diameter 
at breast height (DBH), and species on AGB in 

and common LULC types from the highland 
and the lowland mosaic savanna were extracted 
and used. AGB fractions were computed for the 

contribution of AGB and stem densities were 

LULC types.

Figure 1. Relationships between Articles (I–III) of the PhD thesis and their key areas of research and data used.
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2  Background

2.1 Aboveground biomass, 
biodiversity, and land cover and land 
use of African forests and savannas

2.1.1 Aboveground biomass 
and carbon stocks

Plant biomass includes the mass of trees, shrubs, 
herbs, grasses, and sometimes dead plant  
materials (Houghton et al., 2009). For trees 
alone, Sinacore et al. (2017) reported AGB to 
constitute the biomass of leaves, branches, and 
stems, with stems accounting for the highest 
fractional component of AGB (Asner & Martin, 
2009; Fallah & Onur, 2011; Lefsky et al., 2005; 
Rocchini et al., 2016). According to Sinacore 
et al. (2017), AGB of trees accounts for two-
third of total biomass, while the rest is as below 
ground biomass (BGB). Forest inventories 
combined with allometric models or airborne 
and satellite-based remote sensing techniques 
are common methods to determine. Accurate 
characterization of total tree biomass is critical 
for robust estimates of carbon storage (Nepstad 
et al., 2008; Pelletier et al., 2011).

weight and constitute approximately 50% of 
carbon and determines the amount of carbon 
emitted to the atmosphere (as CO2, CO, and 
CH4). Forests in the World, hold 70–90% 
of terrestrial aboveground and belowground 
biomass (Houghton et al., 2012). The world’s 
terrestrial ecosystems hold an estimate in range 
of 385 to 650 PgC with most of the carbon stored 
in soil organic matter (Houghton et al., 2012). 

In addition to various tree species, biomass 
density also varies spatially and temporally. It is 
the quantity of biomass per unit area, or Mg dry 
weight/ha, that determines the amount of carbon 

emitted to the atmosphere through burning 
and decay, when ecosystems are disturbed. 
Living biomass range from less than 5 MgC/
ha in treeless grasslands, croplands, and deserts 
to more than 300 MgC/ha in some tropical 

Northwest of North America (Houghton, 2009). 
Biomass density can also vary considerably 
within ecosystem type due to environmental 
factors (e.g., soil, nutrient, and precipitation), 
disturbance and recovery. The aboveground 
living biomass density of a recently burned 
forest may be near to zero, but it increases as 
the forest recovers.

Forests have an important role in the 
global carbon cycle and are valued globally 
for their service for the society. Therefore, 

for forest management, carbon stock change 
assessment, climate change mitigation and 

modeling (Carreiras et al., 2013). Tropical 
forests are critical because they are carbon-
dense and highly productive, and because the 
tropical biomes play an important role in the 
global carbon cycle  (Schimel, 1995). The carbon 
emitted to the atmosphere is dependent on the 
amount of biomass. Accurate estimation of AGB 
and carbon stocks is important for addressing 
sustainable development goals as the information 
can aid natural resource management at varied 
spatial scales (Forkuor et al., 2020). Also, it is a 
key parameter for estimating carbon emissions 
and removals due to land-use change, and related 
impacts on climate (Achard et al., 2014; Baccini 
et al., 2012; Mitchard et al., 2014; Saatchi et 
al., 2011). Furthermore, AGB substantially 
determines the ecosystem potential for carbon 
storage, which plays an important role in the 
regulation of atmospheric CO2 and global 
climate (Houghton, 2010; Schimel et al., 
2001). Knowing the amount of carbon stored 
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in ecosystems is also important in politics and 

policies to mitigate climate change, for example 
(de la Cruz-Amo et al., 2020). Knowledge on 
AGB densities in savanna biome can further 
support climate change mitigation schemes.

According to the Intergovernmental Panel 
on Climate Change assessment (IPCC, 2014) 
about a third of the carbon is stored in plants and 
about two thirds in soils. In the forests in tropical, 
temperate and boreal regions, about 31% of the 
carbon is stored in the AGB and 69% in soil. 
Tropical forest alone store 471 ± 93 Pg C, which 
is 55% of total C. It’s carbon density is 242 Mg 
C/ha, and 56% of the carbon is stored in biomass 
and 32% in soil and the remaining 12% in dead 
woods and liters (Pan et al., 2011). It released 
2.8 ± 0.5 Pg C year-1 to atmosphere through 
anthropogenic deforestation and degradation 
activities (Pan et al., 2011). Third of tropical 
forests and 25% of carbon in tropical forests 
is in sub-Saharan Africa (Marshall et al., 2012; 
Saatchi et al., 2011).

In order to control climate change, the most 

reducing deforestation (potential of  39%), which 
simply means not to harvest the forest. The 

(10%), sequestering soil organic carbon in 
grasslands (10%), shifting human diets (8%), and 
agroforestry (8%) according to (Roe et al., 2021). 

ecosystem is dependent on many variables, such 
as biomass, canopy cover and forest structural 
heterogeneity. For example, deforestation and 
degradation destructs the habitats of fauna and 

storage potential, and increases the temperature 
(Furniss et al., 2010). It is also evidenced that 
greenhouse gas emissions from soils is less 
in landscapes with almost natural like woody 
vegetation (Wachiye et al., 2020) and without 

forest, carbon cannot be captured from the 
atmosphere.

2.1.2 Biodiversity and tree species
Tropical savanna is a globally extensive biome 
prone to rapid vegetation change in response to 
changing environmental conditions (Stevens et 
al., 2017b). Savanna covers ca. 50% of the African 
continent (Osborne et al., 2018b), constituting 
diverse ecosystems with scattered trees. In 
Africa, the biome support hydrology, grazing and 
browsing, food and fuel provision for millions of 
people, and have a unique biodiversity (Osborne 
et al., 2018c). The highlands are in general  more 
biodiversity rich. The known biodiversity hot 
spots in tropical Africa are the montane regions 
of West Africa, for example Biafran Forest and 
highlands (Cronin et al., 2014a) and Eastern Arc 
Mountains in Eastern Africa (Wang et al., 2020). 
The Biafran Forest and highland region includes 
broad interconnected plateaus, like the Bamenda 
Highlands, as well as isolated peaks, such as 
Mount Cameroon (4095 m) in Cameroon, and 
Pico Basilé (3011 m) on Bioko Island (Bergl 
et al., 2007). Eastern Arc Mountains describe a 
chain of mountains starting in southern Kenya 
and progressing through eastern Tanzania towards 
Malawi (Burgess et al., 2007). Topography in 

precipitation that support high biodiversity, while 
the hills acts as water tower for the surrounding 
lowlands (Gasse et al., 1987). Elevation also 
support the distribution of biodiversity justifying 
that high-elevated areas in the African mosaic 
savanna hold high biodiversity (Hemp, 2006). 

herbivores (Sankaran et al., 2008). Areas with 

higher woody cover in the savanna biome (Abera 
et al., 2018; Andersen et al., 2005). Savanna soils 
on the other hand are generally deep, acidic, 
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dark red and sand clay in nature  resulting from  
prolonged weathering (Wachiye et al., 2020). 
They are generally low in supply of phosphorus, 
nitrogen and sulfur (Lock, 2013) due to frequent 

Plant functional characters portraying major 

human induced drivers of ecosystem dynamics. 

economy (Höhne et al., 2014). Charismatic 
megafauna, such as elephants (Loxodonta 
africana), which are iconic for wildlife tourism, 
contribute millions of dollars to African 
economies. Although fire suppression and 

tropical savannas, biodiversity conservation is 
not assured (Abreu et al., 2017).

Tropical forests are the most biodiverse 
terrestrial habitat containing around 50% of the 
World’s (Dirzo & Raven, 2003; Wright, 2005). 
Diversity of tree species increase with increase 
in forest cover, whereas diversity of shrubs and 
herbaceous plants decline markedly as a result 

savanna biome (Abreu et al., 2017; Bunker et 
al., 2005; Osborne et al., 2018). Tree density, 
on the other hand, increases in response to a 

(Silva, 1996). The potential for terrestrial carbon 
sequestration could be altered sharply by ensuing 
changes in species composition (Bunker et al., 
2005). Biodiversity explains variation in AGB 
(Hooper & Vitousek, 1997) and thus carbon 
storage in some species-poor communities can be 
low (Bunker et al., 2005). High AGB in tropical 
forest is often related to high species richness 
(Bunker et al., 2005). Furthermore, increasing 
impact of human population on terrestrial 
biosphere reduces number of species and their 
corresponding ecosystem services. Ecosystem 

degradation, habitat loss and fragmentation leads 
to biodiversity loss and therefore conservation 
of the remaining fragments and the recovery of 
secondary vegetation is important (Armenteras 
et al., 2003). There is a reduction in average 
aboveground biomass with loss of species in the 
tropics  (Bunker et al., 2005b; Hector et al., 1999). 

the tropical forest (Bunker et al., 2005). African 
ecosystems comprise a wealthy repository of 
biodiversity with a high proportion of native 
and endemic plant species, which makes them 
biologically unique and providers of a wide range 
of ecosystem services (Catarino & Romeiras, 
2020).

2.1.3 Land use and land cover (LULC)
The observable biophysical surface (i.e. land 
cover) and human arrangements and activities 
(i.e. land use) in tropical savanna biome vary 
in terms of AGB and biodiversity density and 
distribution (Dayamba et al., 2016). The terms 
“land use” (LU) and “land cover” (LC) are 
common terms used in Earth observation studies 
and dataset names. In order to avoid conceptual 
confusion the terms are normally used together. 
Understanding the relationship between land 
use systems and carbon stock is essential, as 
every land use system has either positive or 
negative impact on the carbon balance. The 
African savanna biome consist of a mosaic of 
land cover types (e.g. grassland, bushland, forest, 
cropland). While the LULC types have the same 

land cover type of an area covered with crops and 
trees can be categorized as “cropland” while in 
terms of land use, a cropland or homestead can be 
called agriculture or agroforestry. Furthermore, 
Land Use Land Cover Change (LULCC) refers 
to changes in land surface (Houghton et al., 2012) 
and occurs mainly due to anthropogenic factors. 
Land Use Land-Cover Change and Forestry 
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(LULUCF) is another combined concept that is 
used in the context of climate change (GOFC-
GOLD, 2012). This study deals with land cover 

of the Earth and human action on Earth surface 
in African mosaic savanna ecosystem (Clark & 
Pellikka, 2009).

2.2 Impact of conservation on biomass 
in a multi-use savanna
African savanna landscape is often used 
for many purposes. Those include wildlife-
based conservation, pastoralism, small-scale 
agriculture, production of non-timber forest 
products (NTFP), forestry, and fuelwood 
production. Landscape also provides ecosystem 
services such as climate change regulation 
and water provision (DeVries, 1984). Wildlife 
conservation in protected areas, such as in 
national parks, national reserves, community 
conservancies, and wildlife sanctuaries, promote 
wildlife-based business (Barnes et al., 2016; 
Massey et al., 2014; Myers, 1972), which can 
also be called as tourism  which  is an important 
revenue source for many African countries, and 
especially important for Kenya. Craigie et al. 
(2010) observed how savannas harbor herbivores 
(wild and domestic) and their potential predators, 
considering the nutritional suitability of the plants 
(Wilmshurst et al., 1999) and  the physical and 
chemical attributes of the ecosystem. Increase in 
population of domestic animals in protected areas 
pose serious challenges to (Fynn et al., 2016). 
Furthermore, communities near conservation 
areas embark on agriculture for their livelihoods. 
Hence land-use policies and increase in human 
population, support the expansion of agricultural 
activities at the expense of biodiversity and 
wildlife conservation (Codron et al., 2008; 
Cromsigt & te Beest, 2014; Fynn et al., 2016). 
In addition, the extraction of timber, fuelwood 
and NTFP, have a negative impact on woody 

vegetation structure and biodiversity (Aron et al., 
1991; Asner, 2009; Wessels et al., 2013).

East African savannas are extremely rich 
in biodiversity with the largest remaining 
populations of iconic wildlife left on the continent 
(Merckx et al., 2015; Nogués-Bravo et al., 2008; 
Peters et al., 2019). Many nations have allocated 
huge fractions of their terrestrial areas to wildlife 
conservation, amongst them some of the world-
famous national parks and reserves, such as 
Tsavo National Parks and Maasai Mara National 
Park in Kenya and Serengeti National Park in 
Tanzania. Outamba Kilimi National Park in 
Sierra Leone is one of the few ones in West Africa 
(Peters et al., 2019). Ownership and purpose of 
the conservation areas determines how they 
are managed. Recently, private and community 
owned conservation areas are established mainly 
for tourism business, especially in Kenya (Vento, 
2017). Management criteria of these areas are 
critical for the maintenance of wildlife within their 
boundaries  This means anthropogenic drivers 

ecological processes that spurred conservation 
area dynamics (Barnes et al., 2016).

to survive in conservation areas. Therefore, 
they impact ecosystem structure (Bergström, 
1992; Bond & Loffell, 2001) ecosystem 
functions (Coverdale et al., 2021; Miller, 2015; 
Schmitz, 2008) and primary productivity and 
edaphic balance (Augustine, 2003; Augustine 
& McNaughton, 2006; Brown et al., 1999). 
They normally destroy valuable habitats and 

(2020), Jakes et al., (2018) and Durant et al., 
(2015)  observed fences as wildlife conservation 

et al., 2020) while securing protected area and 
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demarcating their boundaries. They can also alter 
ecological processes, such as dispersal of wildlife 

biomass densities in grazed and non-grazed areas 
(Dormaar et al., 1994; Li et al., 2013). It has also 
been noted that fencing threatens biodiversity 

et al., 2013). Financing the construction and 
maintenance of fences and associated challenges 

on the use of the protected areas create are 
challenging (Burnham & Anderson, 2004; Pekor 
et al., 2019; van Dyk & Slotow, 2003). The AGB 
in savanna landscapes is highly dynamic due to 

therefore more research is needed to map AGB 
variations in African multi-use savannas.

Remote sensing is important method for 
understanding forest and savanna carbon 
dynamics. It is especially necessary in the 
implementation of national greenhouse gas 
(GHG) emission inventories for assessing 
payments for ecosystem service schemes such 
as REDD+ (Baccini et al., 2012; Haberl et al., 
2007; Houghton, 2007; Saatchi et al., 2011). In 
addition, remote sensing data and techniques 
provide LULC maps and databases on biomass 
dynamics (Friedlingstein et al., 2010; Herold et al., 
2011; Lynch et al., 2013). Optical satellite images 
are the most common data source for LULC 

computing platforms, particularly Google Earth 
Engine (GEE) (Gorelick et al., 2017). Airborne 
light detection and ranging (LiDAR), also called 
airborne laser scanning (ALS), provides the most 
accurate RS method for mapping the AGB of 
forests (Dubayah et al., 2010; Goetz & Dubayah, 
2011; Næsset, 2011; Zolkos et al., 2013), but 
is costly and can be carried out only in limited 
areas. Some studies using ALS over savanna 
mosaics for AGB estimates are carried out by 
several groups (Adhikari et al., 2017; Anderson 

et al., 2008; Egberth et al., 2017; Heiskanen et al., 
2019) motivating further research and operative 
on AGB estimation outs in the African savannas. 
erative on AGB estimation outs in the African 
savannas. outs in the African savannas.

2.3 Tree diameter size and tree 
species contribution to AGB
Global carbon cycle is driven by vegetation 
biomass dynamics. It plays an important role in 
understanding the evolution and potential future 
changes of the climate system. Vegetation can 
sequester carbon or act as a source of carbon, 

regional, and even global climate (De Deyn et 
al., 2008; Wardle et al., 2012), particularly on air 
temperature and water vapor depending on the 
quantity of biomass (Piao et al., 2007; Rushayati 
et al., 2018; Xiao & Weng, 2007). Knowledge 
on the dynamics of terrestrial biomass is still 
rudimentary, although changes in land use, 
largely tropical deforestation, have reduced 
biomass globally. Furthermore, global carbon 
balance requires that terrestrial carbon storage 
has to be increased, albeit the exact magnitude, 
location, and causes of this residual terrestrial 

2004; Baccini et al., 2004; Houghton et al., 2009).
Information on stem diameter distribution, 

tree species, and their links to tree AGB are 
important for understanding carbon stocks 
and their dynamics (Givnish, 1999; Slik et al., 
2010). Planning climate change mitigation, 
biodiversity conservation, and forest productivity 
and succession rely partly on AGB estimates. 
The stem diameter and AGB relate to a wide 
variety of ecosystem processes and services, and 
therefore, can help to understand the dynamics 
of the forest and other tree covered ecosystems. 

patterns (Mensah et al., 2016, 2018, 2020).
Lindenmayer et al. (2012),  Laurance (2012) 
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and Remm & Lõhmus (2011) reported how big 
trees are vital for forest structure and function, 
while Lindenmayer et al. (2012) emphasized 
their importance in diversity. Several others 
stressed their role in regulation of ecosystem 
services (Arneth et al., 1996; Chen & Franklin, 
1997; Martin et al., 2001; Rambo & North, 2009; 
Zheng et al., 2000). Trees with large DBH make 
a disproportionately large contribution to the 
AGB of tropical forests (Aiba & Nakashizuka, 
2009; Bastin et al., 2015; Lutz et al., 2012, 2018; 
Remm & Lõhmus, 2011b; Sist et al., 2014a). 
Their role in global carbon cycle motivates 
forest carbon stock research (Lutz et al., 2009; 
Sist et al., 2014b; Stephenson et al., 2014), and 
this information is needed to support climate 
change initiatives (Slik et al., 2013). Large and 
old trees can also serve as keystone structures 
in savanna mosaic and other biomes, rendering 
unique ecological roles not provided by smaller 
trees. However, the regeneration and succession 

trees (Franklin et al., 2000; Keeton & Franklin, 
2005; Lindenmayer & Franklin, 1997). They 
reduce moisture and light availability for younger 
trees (Binkley et al., 2010; Medlyn, 1998) and 

al., 2010; Das et al., 2016). Large trees also shape 
the structure of forests (Spies & Franklin, 1991) 

spatial patterns over long inter-tree distances 
(Das et al., 2016). Large trees also act as habitat 
for vertebrate species in some ecosystems. In 
addition, they create microenvironments with 
high levels of soil nutrients and plant species 
richness (Ali et al., 2019; Becknell & Powers, 
2014; D. B. Clark et al., 2019).

Only certain tree species are capable of 
attaining large size and hence, a few dominant 
tree species can contribute a large portion to the 
total AGB of the vegetation type (Bastin et al., 
2015), probably due to functional dominance 

of large trees (Mensah, Seifert, et al., 2016). 
Disturbance regimes that permit the development 
of large-diameter individual trees support the 
presence of large trees in an ecosystem (Lutz 
et al., 2018). The large tree species and high 
species richness maintains vegetation structure, 
ecological function, and response to forest 
disturbance (Ahlström et al., 2015; Bordin et al., 
2021; Musavi et al., 2017). The landscapes rich 
with a number of large tree species can better 
respond to disturbance and keep its structure and 
ecological function (Musavi et al., 2017), while 
those with less large tree species are prone to 
any adverse change (Lutz et al., 2018). 

Large sized trees outside forest, for example, 
in savanna, grassland, bushland, woodland, 
and agroforestry areas constitutes substantial 
amount of AGB (Schnell et al., 2015; Thomas 
et al., 2021). Finegan et al. (2015), Dimobe et 
al. (2019), Mensah et al. (2020) and Dimobe et 
al. (2018) observed the importance of vegetation 
type, tree size, and species for AGB density 
and AGB distribution in mosaic landscapes. 
Many studies in Tropical Africa concentrate on 
large diameter trees (Atsri et al., 2020; Bastin 
et al., 2015; Mensah, Noulèkoun, et al., 2020; 
Mensah, Salako, et al., 2020), but few studies 
emphasized how small-diameter tree population 
may be critical to demographic rates and nutrient 
cycling (e.g. LaFrankie et al., 2006; Memiaghe 
et al., 2016; Muller-Landau et al., 2006). The 
relative contribution of smaller diameter trees to 
forest biomass may be higher in tropical Africa 
compared to other regions (Busing, 1998; Busing 
& Fujimori, 2002; Gilbert et al., 2010). However, 
relatively little is known about the distribution and 
abundance of large trees at the landscape scale. 
The need for such information is emphasized as 
large trees can act as focal points for vegetation 
restoration in degraded agricultural and mining 
landscapes as mentioned by Slik et al. (2013).
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3 Material and methods

3.1 Study area 
Study areas were the mosaic savanna landscapes 
in Northern Sierra Leone (12.34° W, 9.84° N) 
and in Southern Kenya (3.20° S, 38.15° E). The 
regions exhibit high diversity in topography, 
climate and vegetation. While Taita Hills in 
Southern Kenya (Article II, III) rise abruptly 
from the semi-arid Tsavo plains at 600–700 m 
to a series of mountain ridges reaching 2208 m 
at Vuria peak (Aerts et al., 2011), Kuru Hills in 
Sierra Leone (Article I) rise to about 1000 m 
above sea level from the Outamba Kilimi plains 
of the savanna landscape (Amara et al., 2019; 
CILSS, 2016; Munro, 2013). In Sierra Leone, 
rainfall pattern is unimodal with rainy season 
from May to October (Gomez Paloma & Acs, 
2012) with annual mean rainfall of 2244mm in 
study area (Hijmans et al., 2005a) In contrast, 
Taita Hills has a bimodal rainfall pattern, with 
long rains from March to May and short rains 
from October to December with mean annual 
rainfall from 500 mm to 1200 mm depending 
on the altitude  (Pellikka et al., 2013). The mean 
temperature for the hottest months (January to 
March) is 19.6 °C for the highlands, and 26.9 °C 
for the lowlands, and for the coolest months (June 
to September) 16.9 °C for highlands and 23.2 
°C for the lowlands. The meteorological records 
for highlands are from Taita Research Station 
in Wundanyi (1400 m a.s.l.) and for lowlands 
from Kenya Meteorological Department station 
in Voi (612 m a.s.l.) for year 2016. In Sierra 
Leone, the monthly mean temperature range 
between 23 and 29° (Hijmans et al., 2005b). 
Combretum glutinosum, Pterocarpus erinaceus, 
Terminalia glaucescens, Ficus capensis and 
Sterculia tragacantha are examples of native 
tree species in Sierra Leone. In Kenya, Albizia 

amara, Newtonia hildebrandtii, Vachellia 
tortillis, Vachellia  xanthophloea are typical 
lowland species, while Albizia gummifera, 
Tabernaemontana stapfiana, Magaranga 
capensis, are common species in the montane 
forests. Eucalyptus spp., Pinus spp., Acacia  
mearnsii and Gmelina arborea are examples of 
exotic tree species found in the two study sites.

Taita Hills in Kenya, and Outamba Kilimi 
in Sierra Leone were chosen as study areas 
because of their diverse biodiversity and high 
mosaic nature and multi-use landscapes driven 
by anthropogenic activities. Clearing of forest for 
agriculture, legal/illegal timber logging, mining, 
road and railway construction and introduction 
of exotic tree species convert the intact forest 
into forest mosaic landscapes in the study areas 
Furthermore, the regions are known for wildlife 
conservation, agricultural expansion and exotic 
tree plantation, deliberately or by natural means 
via explosive mechanism, wind, or animal 
dispersal. Taita Hills is a miniature or model 
for Kenya or East Africa, representing a broad 

and grasslands in lowland areas to evergreen 
indigenous and exotic forests in montane 
forests in the hilltops. Outamba Kilimi in Sierra 
Leone on the other hand has a unique ecology 
between the Great and Little Scarcies River 
basins in Northern Sierra Leone and Western 
of Guinea and in the Kuru hills (Warmenbol 
& Smith, 2018). Wildlife conservation is a 
common practice in both areas. For example, 
Outamba Kilimi National Park (OKNP), a game 
reserve in Northern Sierra Leone (Article I), and 
wildlife sanctuaries (e.g., Tsavo West National 
Park (TWNP), LUMO Community Wildlife 
Sanctuary (LUMO), and Taita Hills Wildlife 
Sanctuary (THWS) in Article II and III in Kenya. 
Furthermore, Guineo-Congolian zone with 
Afromontane elements and Guineo-Congolian/
Sudanian transition zone biogeographical zones 
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Figure 2. A) Sanya in Northern Sierra Leone (Article I) and B) Taita Hills in Southern Kenya (Article II and III). 
Data for upper panels are from Natural Earth (naturalearth.com) and satellite imagery for the lower panels from 
Bing Satellite through QGIS QuickMapServices.

were inventory, 160 from Sanya, Northern Sierra 
Leone and 224 in Taita Hills South Eastern 
Kenya. Each sample plot was circular in shape 
with an area of 1000m2 and radius of 17.84 m 
(Figure 3). Within the plot, all the trees with 
DBH at 1.3 m height from the ground greater 
than 10 cm were measured (Article I & III) or 
5 cm (Article II).

3.2.2 Biodiversity and aboveground 
biomass computations
Tree species diversity indices are mathematical 
measures of species diversity in a community. They 

are common characteristic between the study 

3.2 Field data

3.2.1 Sampling design
Data was collected from field inventories 
adapting the land degradation surveillance 
framework (Vågen & Winowiecki, 2020) 
providing biophysical benchmark at landscape 
level and a monitoring and evaluation framework 
for assessing processes of land degradation and 
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provide more information about community 
composition than simple species richness (i.e., 
the number of species present) and take the 

account. Diversity indices provide important 
information about rarity and commonness of 
species in a community. Shannon diversity 
index (H’) which is very widely used index for 
comparing diversity between various habitats 
(Mante et al., 1995) and tree species richness 

present in the plot were used (Article I). The 
higher the value of H, the higher the diversity 
of species in a particular community and H’ 
equal to zero indicates a community that only 
has one species. H’ is calculated as follows: 

                              (1)                                                                      

s = number of species in a community, pi = 
proportion of total abundance represented by 
ith species. Due to limited  local or species-

biomass model by Chave et al. (2014) was used 
to compute AGB for most of the species (Article 
I-III). The equation is based on DBH (cm), H 

Wood densities were obtained from species-
specific online database, and BIOMASS 
package (Réjou-Méchain et al., 2017) in the 
R software environment (Core Team. R, 2018). 
The pan-tropical model is applicable to a wide 
range of tree sizes (DBH) and locations, and 
easy to handle, especially in species rich areas, 
such as study areas of this thesis. However, 

spp. and Eucalyptus spp. (Paul et al., 2016), and 
Pinus spp. (Henry et al., 2020) in Article III. 
Conti et al. (2019) recommended a model for 
calculating shrub aboveground biomass. The 
model was based on BD (cm), CD (m), and 
H (cm). Basal diameter at 10cm height (D10) 
was used for the ground level diameter equation 

(Conti et al., 2019) (Article II).

(Article III). One must note, however, that 

as well as possible and every plot was checked 

cultivated or not) and tree species composition 
(fractions of native and exotic species) (Table 1). 

(canopy cover and height) was also used in cross 
checking the LULC types.

3.3 Remote sensing datasets

3.3.1 Airborne laser scanning (ALS) data
Airborne laser scanning in Kenya covers an area 
of 433 km  and was conducted in late March 
2014. The data was used to generate a reference 
canopy height model and to predict a high-
resolution AGB map for the study area (Article 
II). Leica ALS60 sensor with a maximum of four 
returns per pulse was used with a pulse density 
of 1.04 pulses/m2. For AGB prediction at wall-
to-wall level in Article II, spatial grids of ALS 
metrics were generated at a resolution of 30 m 

for generating digital elevation models (DEM) 
and the ALS point cloud elevations normalized 
to height from the ground levels using DEM. 
Terrascan, LAStools (Rapidlasso GmbH), and 

power lines, and outliers (high points) from the 
ALS data. Height threshold to provide the best 

was searched and used to separate understory 
and ground returns from the canopy returns. 
The “regsubset” function in the “leaps” package 
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Table 1. Description of LULC types. Photographs of LULC types presented in Articles.

LULC type Description Number of plots Elevation (m a.s.l)

SL KE SL KE

Cropland and 
homestead

Cultivated land with annual or 

systems, and homestead with woody 
vegetation.

28 64 27–701 669–1765

 Bushland Mixture of trees and shrubs with 

Commiphora bushland and thicket 
in the plains and lower height Acacia 
mearnsii plantations in hills

13 70 103–699 675–1987

Forest Continuous stand of trees with crowns 
interlocking

24 34–723

Woodland Open stand of trees with canopy cover 

grasses.

66 - 42–239

Wooded grassland Land covered with grasses and other 
herbs with woody vegetation covering 
10%–40% of the ground

26 -

Montane forest Montane forest of native tree species - 36 1506–
2147

Plantation forest Plantation forest of exotic tree species - 39

Mixed forest Montane or plantation forest with 
mixed species composition (< 80% of 
the species are either native or exotic

- 11 1641–
2136

Riverine forest Forest and woodland along the river - 7 859–887

Grassland Open savanna grassland with scattered 
trees

- 9 880–1049

  

Figure 3. Sample plot design with 1000m² plot and four 100m² subplots.



25

regression models between the ALS metrics 
calculated from the ALS point density clipped 

selected by the leave-one-out cross-validation 
root mean square error (RMSE) and the 

of AGB in each land-use and land cover class 
was calculated from the AGB map.

3.3.2 Satellite imagery and 
land cover mapping
Sentinel-2 satellite images of top of atmosphere 

the dry seasons (January-February and June-
September) in 2017 and 2018, pre-processed in 
the GEE platform were used. Median dry season 
for all bands in the blue to the shortwave infrared 
spectral range and vegetation indices were 

index (NDVI), enhanced vegetation index (EVI), 

index (NDII-1 and NDII-2) and optimized soil-
adjusted vegetation index (OSAVI) (Huete et al., 
1997; Jiang et al., 2008; Serrano et al., 2000) 
were calculated from the median images

GEE platform. Median dry season Sentinel-2 
composite, vegetation indices and ALS-based 
canopy height model (CHM) were used in the 

(cropland, grassland, forest and bushland) were 

Surveillance Framework (Vågen et al., 2013). 
Training data were collected through visual 
interpretation in ArcGIS 10.3. The pixels for 

and regression trees (CART) (Moisen, 2008) 
had the highest overall accuracy. Manual editing 
was performed in ArcGIS to address some of the 

3.4 Wildlife and livestock data

densities was assessed by analyzing wildlife data 
collected in airborne wildlife census by Kenya 
Wildlife Services (KWS) in 2014. Census 

over the Tsavo–Mkomazi area and was compared 
with the 2014 ALS data (Article II). The airborne 
wildlife census procedure is described in detail 
in Ngene et al, (2013).

3.5 Statistical analyses of AGB data
For simple interpretation of AGB values at plot 
and landscape level, descriptive statistics (range, 
mean, median, and standard deviation) was used 
in order to assess the overall performance of the 
AGB data (Article I-III). Statistical test (Kruskal–
Wallis test and pairwise Wilcoxon rank-sum 
test) were employed to observed relationships 

Relationship among biodiversity variables (e.g. 
tree species composition, stem density and 
species richness) and carbon stock were studied 

and relationship between AGB and the land-use 
regions and land cover classes were observed. 
In addition, fence and non-fenced segment were 

and the contribution of wildlife on the AGB in 
the respective land-use regions. Visualization 

types and tree species were studied in Article 
III. In addition, important value index (IVI) 

species (Guariguata et al., 1997; Nebel et al., 
2001; Nguyen et al., 2014) and to further  
improves our understanding of individual tree 
species in the LULC types (Lahoti et al., 2020)  
(Article III). Further, relative frequency, relative 
density, and relative dominance for tree species 
in the LULC types were components used to 
compute the IVI (Nguyen et al., 2014).The R 
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statistical environment (Core Team. R, 2018) was 
used for all data analysis in this thesis. Figure 4 
summarizes data acquisition, preprocessing and 

Figure 4. Relationship between methodology and research output.

results of the thesis.
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Variable AGC/ha Stems/ha SR H’

Mean 28.2 641.0 7.1 1.5

Median 27.7 555.0 7.0 1.3

Min 0.00 0.0 0.0 0.0

Max 113.1 3555.0 17.0 2.4

Sd 21.3 587.6 4.0 0.6

 

Table 2. Variation in aboveground carbon (AGC) density, stem density, tree species richness (SR) and Shannon 
index (H’) in Guinea savanna mosaic landscape in Sierra Leone (n = 160 plots).

4. Results

4.1 Woody aboveground carbon 
and tree species diversity of 
mosaic savanna of Africa  

Article I revealed a high woody AGC, stem 
density and biodiversity (tree species composition, 
tree species richness and Shannon index) in the 
mosaic Guinea savanna ecosystem in Northern 
Sierra Leone. Average AGC was 29.4 Mg C/
ha (SD 21.3) and stem density 641.0 stems/
ha (SD 587.6), with maximum values of 113.1 
Mg C/ha and 3555.0 stems/ha for all trees with 

richness range between 0 and 17 tree species/
ha while Shannon index revealed a minimum 
and maximum values of 0 and 2.4 (Table 2). 
Furthermore, mean tree species richness and 
Shannon index were 7.1 (SD 4) and 1.5 (SD 0.6).

proportion of carbon, stem count and tree species 

trees contribute a disproportionate fraction of 
AGC and constitute many species. Contrary to 
AGC, small (DBH 10 cm) size trees contribute 
a large proportion of the tree stems. Most of the 
AGC and species are distributed in DBH above 

10 cm while that of stem count is distributed in 
DBH 10-20 cm (Figure 5).

Furthermore, Article I revealed a high 
species richness in the Guinea mosaic savanna 

species belonged to 18 families and 53 genera. 
Fabaceae (Leguminosae) accounted for the 
largest number of species (19 species) while 
Annonaceae, Combretaceae, Malvaceae and 
Rubiaceae had the lowest (4 species). AGC was 
the highest for Pterocarpus erinaceus, which 
is a native Sahelian and wooded savanna tree 
species, followed by Gmelina arborea native to 
Asia (Figure 6). G. arborea had the highest stem 
density, followed by Combretum glutinosum, 
which is native to arid and semi-arid tropics in 
Africa (Figure 6).

Median and mean stem density, species 
richness, Shannon index and AGC density 
were the highest in forest and woodland, and 

types based on Kruskal–Wallis test (Article I). 
The median AGC value for forest and woodland 
were high in the LULC types (Figure 7A) and 
Wilcoxon test (Article I) showed mean AGC of 
forest and woodland to be statistically higher than 
that of the other LULC types. Average values 
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Figure 5. 
study area.

Figure 6. Proportion (%) of  common tree species, their abundance and AGC in the landscape.  
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Figure 7.
use and land cover (LULC) types in Guinea savanna mosaic landscape in Sierra Leone.

of AGC in Afromontane region of Taita Hills, 
Kenya (Article III) are higher than in Guinea 
savanna of Sierra Leone (Table 2).

While woodland and wooded grassland 

Taita Hills (Table 2), the grassland had low AGC 
(Article III). Bushland and cropland showed 
similar pattern in the two study sites, which is 
similar to the species richness (Figure 7 C, Article 
I). Forest and bushland showed high stem density 
with a positively skewed distribution (Figure. 

Shannon index (Figure 7D, Article I) than the 
other LULC types (forest, woodland, bushland, 
and wooded grassland). In addition, Article I 
showed a moderate and positive relationship 
between AGC and tree species diversity (species 
richness and Shannon index).

4.2 Impact of wildlife 
conservation and fences on 
woody aboveground biomass

Growing human population in African savanna 
has developed multiple land uses for the savanna. 
Results in Article II emphasized how land use 
from conservation to agriculture and livestock 
management drive woody AGB distribution in a 
multi-use mosaic savanna. Wildlife conservation 
also contribute to woody AGB decline in the 
lowland Taita Hills. 

data that was used to develop AGB map (Figure 
8B). Land cover map (Figure 8A) was developed 
using ALS and Sentinel-2 satellite images in 
GEE. High wildlife presence in THWS and East 
Mramba of LUMO and cattle in West Mramba 
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Figure 8. Land cover and AGB maps of conservation and non-conservation land use areas of lowland savannah 
landscape of Taita Hills, Kenya.

of LUMO may be responsible for the dominant 
grassland LC.  High density of wildlife was 
observed in the conservation areas and sparse 
distribution of cattle was observed in the matrix. 
The matrix is dominated by bushland. Grassland, 
a representative of the savanna biome dominates 
most of the conservation areas (THWS, LUMO 
West Mramba, LUMO East Mramba and 
TWNP) while bushland and cropland were 
highly presented in the matrix in northern and 
northeastern parts of the landscape. Forest was 
only present and had high biomass density in 
THWS along the Bura river and towards the Taita 

in AGB were mainly explained by dissimilarities 
in land cover class distributions (Figure 8A). The 

Wallis test.
In addition, Article II showed how fences 

contributed to AGB distribution in conservation 
and non-conservation regions. Analyzing 
fractions of zero AGB pixels on the boundaries 

observed in percentage of zero AGB in the 
conservation sides of the fenced boundaries 
against the matrix sides of the boundaries between 
THWS_7 and Matrix_7 (Table 3). Furthermore, 
high AGB zero fraction was observed on the 

East Mramba_5 and THWS_7) against matrix 
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Side 1
 

Side 2
 

Fence
 

Fraction (%)  zero 
AGB

 Median for non-zero AGB

Side 1 Side 2 Side 1 Side 2 P value

TWNP_1 LUMO West 
Mramba_1

No 57.6 52.9 7.1 6.6 < 0.001

LUMO Oza_2 Matrix_2 No 17.0 20.7 8.2 8.2 > 0.05

LUMO West 
Mramba_3

Matrix_3 Yes 44.1 84.3 6.5 6.4 > 0.05

LUMO East 
Mramba_4

LUMO West 
Mramba_4

No 63.2 58.2 6.7 6.8 > 0.05

Matrix_5 LUMO East 
Mramba_5

Yes 32.6 62.6 7.2 7.2 > 0.05

LUMO East 
Mramba_6

THWS_6 No 84.9 85.9 6.5 6.9 < 0.001

THWS_7 Matrix_7 Yes 75.2 22.0 8.8 6.9 < 0.001

THWS1_8 THWS2_8 Yes 72.0 5.3 12.6 8.0 < 0.001

Matrix_9 THWS_9 No 10.6 31.0 9.1 10.0 < 0.001

Matrix_10 THWS_10 Yes 61.9 56.2 6.7 9.7 < 0.001

THWS_11 Matrix_11 No 69.9 56.4 6.6 6.8 > 0.05

 

Table 3. Proportion (%) and median AGB for non-zero AGB pixels. P value according to the Wilcoxon test results.

(Table 3). The high percentage zero AGB in the 
conservation side of the fence indicates the role 
of fences in lower AGB.

on aboveground biomass across 
land use and land cover types
Woody plant structure (DBH distribution) and 
species composition drive AGB dynamics in 
mosaic savanna biomes in Africa (Article III). 
Large trees which are normally few in number 
(Figure 9A) contribute a disproportionate 
fraction of AGB (Figure 10A). Figure 9A shows 
high stem density in low DBH (< 30cm) classes. 
The contribution varied among LULC types, and 
it was the highest for low DBH trees (< 20cm) 
in bushland and grassland while  riverine forest 

class (Figure 9B).  
The few large size trees account for the 

60 cm account for the highest AGB densities in 
all the LULC types. However, percentage AGB 

in riverine forest (Figure 10B). In general, the 
contribution of large trees (DBH > 60 cm) was 
the greatest for forests (riverine forest, montane 
forest, and mixed forest), which showed 34–
87% fraction. Furthermore, large trees were also 
common in plantation forests and cropland and 
homestead. Bushland contributed a small fraction 
of the total biomass. Although agroforestry 
(cropland and homestead) contributes a large 
fraction of biomass in large trees, result show 
very low stem density and fractional contribution 

10b).   
Article I and III revealed the importance of tree 

species composition in woody AGB dynamics 
across mosaic savanna biomes in Africa. The 
results further emphasize how exotic tree species 
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introduced mainly from Australia contributes to 
Acacia mearnsii, 

Grevillea robusta, Pinus sp., and Eucalyptus 
sp. (Table 4) are examples of common exotic 
tree species found in the highlands of the Taita 
Hills. Table 4 further shows common tree species 
that contribute the most to AGB as well as their 
contribution to AGB by DBH class in each 
LULC type. Outside of forest, A. mearnsii and 
Albizia amara made the largest contribution in 
bushland, while A. mearnsii was very common 
in the smaller DBH classes (DBH < 30 cm), and 

A.  amara was more common in the larger DBH 
classes (DBH > 30 cm)  (Table 5). Vachellia 
tortillis made a disproportionate contribution 
to AGB (63.9%) in grassland while Grevillea 
robusta  made a very large share to AGB (> 25%) 
in cropland and homestead. Eucalyptus spp., 
mango (Mangifera indica), and some montane 
forest species, such as Ficus thonningii, remained 
in the homesteads and contribute importantly to 
AGB especially in large DBH sizes.

Furthermore, Albizia  gummifera, a  native tree 
species to Kenya, made the largest contribution 

Figure 9. 
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Figure 10. 

to montane forest and to the AGB of mixed 
forest (21.1% and 18.3%, respectively). It had 
a particularly large contribution to larger DBH 
classes (DBH > 40 cm). Tabernaemontana 

 on the other hand had greater than 
10% contribution to AGB in montane forest but 
it was not as common among the largest trees 
as  A. gummifera was. Macaranga capensis, 
Millettia oblata and Syzygium guineense were 
other important montane forest tree species in 
terms of AGB. Eucalyptus spp. contributed to 
large AGB   portion in mixed and plantation 

forest and was present  in almost all DBH classes. 
Its contribution was particularly large in the 
greater DBH classes. Other important species in 
the plantation forest include Cupressus lusitanica 
and  Pinus spp. The riverine forest plots only 
had few tree species with DBH of 10 cm or 
larger. Newtonia hildebrandtii made by far the 
greatest contribution to AGB (67.2%) with only 
trees larger than 30 cm in DBH, and Vachellia 
xanthophloea was the most important species in 
smaller DBH classes.
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LULC type Species Contribution to 
AGB (%)

10–
19.9

20–
29.9 

30–
39.9

40–
49.9

50–
59.9

Bushland
 

Acacia mearnsii 22.3 32.7 28.8 8.9 12.9 22.4

Albizia amara 17.6 2.5 12.1 30.1 40.2 37.4 41.0

Newtonia hildebrandtii 4.6 100.0

Commiphora africana 4.6 3.3 5.9 5.5 46.1

Agauria salicifolia 4.3 2.8 9.9 22.1

Cropland 
and 
homestead

Grevillea robusta 25.2 8.6 21.4 39.2 57.6 47

Eucalyptus sp. 12.1 6.1 4.9 16.8 16.8 29.2 76.7 

Mangifera indica 11.6 5.7 3.4 3.6 5.3 49.4

Ficus thonningii 4.5 13.1 41.7

Persea americana 4.4 4.3 7.1 6.9 10.7

Grassland Vachellia tortillis 63.9 38.1 75.6 100.0 100.0 53.1

16.1 46.9

Portulacaria afra 8.1 35.6 5.0

Albizia anthelmintica 7.6 4.4 19.4 100.0

Vachellia senegal 1.8 9.3

Mixed 
forest

Albizia gummifera 18.3 5.5 5.5 14 16.3 23.2 51.6

Eucalyptus sp. 11.5 7.9 5.6 5.8 8.6 9.3 37.3

Cupressus lusitanica 9.7 4.4 8.0 6.6 28.1 9.8 13.9

Xymalos monospora 6.8 5.7 8.0 5.8 4.1 19.5

6.6 1.4 4.7 8.4 18.6 11.7

Montane 
forest
 

Albizia gummifera 21.1 2.6 3.8 10.0 7.5 13.9 74.4

Tabernaemontana 12.9 12.3 20.3 19.7 17.4 17.1 11.2

Macaranga capensis 9.3 5.0 6.7 7.0 10.5 15.1 22.1

Millettia oblata 6.7 6.2 7.1 11.6 13.4 4.7 3.8

Syzygium guineense 5.9 1.4 3.4 2.2 6.8 9.0 17.1

Plantation 
forest

Eucalyptus sp. 57.2 43.6 45.9 41.0 47.3 55.3 79.1

Cupressus lusitanica 17.5 14.2 22.8 24.0 27.7 16.9 8.0

Pinus sp. 16.7 5.0 16.9 27.1 20.3 17.8 12.9

Acacia mearnsii 2.5 14.6 6.1 2.0 1.0

Grevillea robusta 1.0 0.1 0.6 2.8 2.1

Riverine
forest

Newtonia hildebrandtii 67.2 72.2 39.6 15.2 77.6

Vachellia xanthophloea 31.7 100.0 75.5 27.8 29.4 84.8 22.4

Cordia goetzei 0.8 31.1

Trichilia lepidota 0.4 24.5

 

Table 4.
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5. Discussion

5.1  Carbon stocks and tree species 
diversity in mosaic savanna
The research on carbon stocks and tree 
species diversity in African mosaic savanna 
landscapes revealed high AGC (29.4 Mg C/ha) 
in Guinean savanna in Sierra Leone (Table 2), 
and Afromontane mosaic forest of Taita Hills 
in Kenya, particularly along rivers and on the 
hilltops (65.6 Mg C/ha) (Article III). The high 
carbon stocks are due to high tree densities in 
the hills and large-sized trees along rivers and 
hilltops, especially in the Taita Hills (Table 
2, Figure 5, Article III). Furthermore, high 
precipitation in Sierra Leone and highlands 
in Taita Hills contributes to the high AGC 
densities (Sankaran et al., 2005). In addition, 
climatological and ecological factors responsible 
for plant growth (Kanniah et al., 2010), and rate 
of anthropogenic activities such as management 
of natural resources drives AGC densities and 
distribution.

There is very little information available on 
AGC densities for Guinean savanna in Sierra 
Leone (Lewis et al., 2009). Some other studies, 
however, exist from West Africa. Keniken forest 
reserves in Ghana are estimated to store an average 
60.01 Mg C/ha (Djagbletey et al., 2018), which 
is more than resulted in this study, while AGC 
in Sinsablegbinni and Klupene forest reserves 
in Ghana with estimated average AGC of 26.74 
Mg C/ha and 6.61 Mg C/ha, respectively, are 
much less than in this research (Djagbletey et al., 
2018).  In Burkina Faso, study made by Qasim et 
al. (2016), resulted to an average of 3.41 ± 4.98 
Mg/ha. Bouvet et al., (2018) carried out a remote 
sensing study of AGB of sub-Saharan Africa, 
and estimated  savanna and woodland in Sierra 
Leone to store 24.7 Mg C/ha, in Côte  d’Ivoire 

21.6 Mg C/ha, in Ghana 14.7 Mg C/ha, and in 
Burkina Faso 8.5 Mg C/ha, which are all lower 
than in this study. These Sierra Leonean savannas 
also store more carbon than three studies show in 
East Africa. The miombo woodlands in Eastern 
Arc Mountains of Tanzania’s studied by Shirima 
et al. (2011) stored average AGC of  23.3 Mg 
C/ha, while savannas in Kilwa in south-eastern 
Tanzania studied by McNicol et al. (2018) stored 
24 Mg C/ha. Study made by Pellikka et al. (2018) 
in the Taita Hills in Kenya, resulted in an AGC 
of 15.6 Mg C/ha.

High AGC density in Keniken forest reserve 
could be associated to intensive management, 
while the study area in Sierra Leone was largely 
unmanaged. However, one must bear in mind 

It depends whether trees having DBH less than 

DBH and wood density values, and biomass 
model used for the calculation could contribute 

to the results from cited studies. Nevertheless, 
the carbon estimates may provide useful input 
into REDD+ initiatives in Sierra Leone and 
Africa in general. Disturbance through illegal 
harvesting of timber, slash-and-burn farming, 
fuel wood collection, unsustainable collection of 

contribute to the low stocking of larger diameter 
tree classes.

Tree species diversity is creating a dynamic 
and high quality ecosystem (Kalema, 2010). 
In Sierra Leone, there were ninety species of 

name. G.  arborea, C. glutinosum, P. erinaceus, 
T. glaucescensas and S. tragacantha were the 
most abundant species, while P. erinaceus, G. 
arborea, and C. glutinosum account for the 
largest AGC stock. The number of tree species 
are comparable with other studies in Guinean - 
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Sudanian savanna in Ghana and Burkina Faso 
(Addo-Fordjour et al., 2009; Dayamba et al., 
2016b) and also in dry miombo woodlands of 
Tanzania and Zimbabwe (Mwakalukwa et al., 
2014; Zimudzi et al., 2013; Clemence Zimudzi 
et al., 2016), but much higher in EAM recorded 
by Shirima et al., (2011b), Chamshama et al., 
(2004) and Zahabu and Nordholt, (2008). 

Exotic tree species adapt easily to humid 
tropical environment taking advantage of 
environmental opportunities (Fox, 1967). For 
example, G. arborea initiated in 1920s in Sierra 
Leone (Fox, 1967; Munro, 2013) surpassed 
indigenous tree species, e.g., Tarrietia utilis, 
Terminalia super and Lophira alata, rapidly 
in growth and generally tend to suppress them 
because they grow well on shallow lateritic 
gravels and infertile white sand soils. The 
invasive nature of these exotics is similar to 
Afromontane region in Taita Hills, Kenya where 
Eucalyptus spp. and A. mearnsii contribute 
immensely to abundance of trees (Omoro et al., 
2013; Piiroinen et al., 2018) and AGB (Article 

AGC, high demand for large sized P. erinaceus 
and G. arborea as timber and export to China 
decreases its stock. The woodlands in Sierra 
Leone are relatively diverse in tree species shown 
by Shannon index of 1.6, which is comparable to 
Pare et al., (2009) in forests in southern Burkina 
Faso, but higher than in miombo woodland in 
northern Malawi (Yamashina et al., 2021). The 
moderate Shannon diversity index support the 
stability of the plant communities at the landscape 
because plant community stability depends on its 
diversity (Lhomme & Winkel, 2002). Exotic tree 
species decreases the tree species diversity, for 
example, G. arborea is a typical tree species in 
the landscape because of high seed dispersal by 
wild and domestic animals, e.g., cattle.

I). Forests could have higher AGC stock, but 
the larger trees are illegally harvested for 
timber, fuelwood and poles. Woodland showed 
significantly higher AGC than bushland. 
Surprisingly high AGC was also found within 
croplands, which may be explained by two 
factors. Low intensity of farming contribute to 
high AGC stocks as trees remain in the croplands. 
Another reason is slash-and-burn farming 
conserving some trees and agroforestry with 
fruit trees (e.g. Parkia biglobosa, Parkia bicolor 
and Cola lateritia) (Jusu & Cuni-Sanchez, 2017), 
and trees by the homesteads (e.g., M. indica) 
(Arinloye et al., 2017). 

Biodiversity  measured as tree species  
richness and  Shannon  index showed 

followed by bushland, woodland and wooded 
grassland. Removal of trees during slash-and-
burn contribute to low tree species richness in 
croplands, and they indeed showed the lowest 
Shannon diversity index. The results from Sierra 
Leone indicates that increase in tree species 
diversity gives a corresponding increase in AGC. 
This means that ecosystem productivity is related 
to biodiversity and total biomass depends on 
tree species richness and composition (Tilman 
et al., 1997). This result is similar to other studies 
(Gamfeldt et al., 2015; Mensah et al., 2016; 
Strassburg et al., 2010). Management of the 
high carbon and diverse tree species, landscape 
through community participation will support 
the stability and productivity of the ecosystem, 
which promote carbon sequestration and storage 
in the ecosystem. Forest co-management system, 
sustainable farming (e.g., agroforestry) and 
regulatory harvesting of ecosystem products 
by communities will enhance climate change 
mitigation through carbon sequestration and 
decrease the release of carbon from the region.
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5.2 Impact of wildlife conservation 
and fencing on AGB in multi-
use savanna landscape 
There is an evident causal relationship between 
LULC types and AGB. Field data and ALS and 
satellite remote sensing data were used to assess 
AGB and land cover in a landscape dedicated for 
wildlife and livestock management in the Taita 

accuracy of R2 = 0.88, RMSE= 26 Mg/ha and 
rRMSE= 75% between observed and predicted 
AGB values (Article II). The minimum elevation 

and percentage of all returns above 3.5 m support 
the model. This variation characterize canopy 
height and canopy cover as a proxy for AGB. 
Similar combinations of canopy height and cover 
variables were observed in several studies in sub-
Saharan Africa (Asner et al., 2012a; Mauya et al., 
2015). The ALS-based model was similar and 
comparable to studies carried out in temperate 
and tropical forests in Africa (Adhikari et al., 
2017; Asner et al., 2012, 2009; Chen et al., 2015; 
Mascaro et al., 2011). Small trees with DBH from 

dominated with trees and shrubs with height 
less than 3.5 m of height had zero AGB. That 
showed a gap in the research as AGB in herbs 
and shrubs are important for addressing natural 
resource management at varied spatial scales, 
and their rapid growth provides a higher sink 
capacity (Keith et al., 2009) that is important 
for climate change mitigation. 

The CART algorithm in the GEE platform 
was used to create a LULC map utilizing ALS 
and Sentinel-2 satellite images. Good overall 
accuracy of 88.78% (Article II) using dry 
season satellite image composites was observed 
demonstrating relationship between LULC 
types and AGB in the landscape. Forkuor et al. 

importance of dry season in separating variations 
in woody AGB. Result indicate also that in the 
high wildlife concentration areas over grasslands 
AGB density is low, which is due to wildlife 
damaging the trees (Barnes, 1983; Wilson et al., 
2021). Spatially explicit AGB and LULC maps 

across the savanna landscapes compared to 

Low AGB densities observed in the grassland 
dominated conservation areas (Figure 8), which 
is evidently due to long presence of high 
populations of wildlife, and especially elephants. 
On the other hand, high woody AGB densities 
exist along the Bura river in THWS and matrix 
comprising mainly of the bushland and patched 
woodlands outside the THWS conservation area 
(Article II). LUMO Oza had much higher AGB 
compared to grassland-dominated regions, such 
as THWS, TWNP, and LUMO East & West 
Mramba, because of bushland, in which both 
elephant density and cattle density is low. LUMO 
Oza is also dedicated as scenery area for tourism 
with a lodge and Maktau Hills having 

World War I sites. Without doubt, the land 

Presence of wildlife is important for grassland 
to remain sparsely wooded, and hence, wildlife 
conservation contributes to open grassland with 
relatively low woody AGB. The considerable 
increase in elephant population during the 
recent decades contributes to low AGB densities 
(Munyao et al., 2020). Wildlife and livestock 
census data also showed that private (THWS) 
and government (TWNP) owned conservation 

while the community owned conservation areas 
were also used as livestock grazing lands. 

Fences around conservation areas are 
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as well as prevent poaching (Massey et al., 2014; 

II further showed how fences impact on the 
pattern of woody AGB distribution in wildlife 
and livestock dominated landscape. Wildlife and 
livestock presences leads to sharp land cover 
transitions towards the fenced boundaries of 
the conservation areas. The wildlife conservation 

wildlife and cattle. However, free ranging wildlife 
are constantly moving based on food and water 
availability. Fencing, in general, increases the 
wildlife population in the conservation areas, but 
can on the other hand decrease the biodiversity 
while tree cover is harvested by protected animals 
(Soto-Shoender et al., 2018; Staver and Bond, 
2014). Increase in megaherbivore population 
contribute to reduction in AGB densities due 
to mortality of large trees caused mainly by 
browsing the leaves and bark (Miller, 2015). The 
suppress of woody plants in the grass-dominated 
savanna have a long-term impact on vegetation 
succession (Leuthold, 1977). This is common 
among non-selective feeders, such as elephants 
that forage trees and suppress recruitment and 
vegetation generation. This problem is further 
exacerbated by the fence, which restricts wildlife 
dispersal outside of the conservation areas, 
and hence, reduces the ecosystem’s resilience 
(Dupuis-Desormeaux et al., 2016). This study 
showed how wildlife conservation and fences 
strongly affect AGB densities in multi-use 
mosaic savannas of Africa.

species on aboveground woody 
biomass across LULC types

(Figure 10) is related to tree diameter (DBH) 
and densities (Figure 9). Though bushland 
and grassland had large amount of small-size 
stems, their contribution to AGB was relatively 

low. Furthermore, forest with small number of 
large-sized trees contributes to large fractions 
of AGB (Figure 10). The results revealed that 
tree structure in the form of DBH distribution 
determine AGB among LULC types. AGB 

biomass formation as indicated in Article I. 
These patterns are similar to LULC studies in 
subtropical forests in Southern Brazil (Bordin 
et al., 2021; Nero et al., 2018). Large individual 
trees dominate the forests in the hills compared 
to lowlands (bushland, grassland, cropland and 
homestead), which is also similar to previous 
studies from African savannas (Bordin et al., 
2021; Mensah et al., 2020b; Nero et al., 2018; 
Woollen et al., 2012) as well as Far East (Slik 
et al., 2010). The fewer large trees in forests 
accounted for most of the total AGB compared 
to small trees that dominate bushland, cropland 
and homestead, and grassland (Figure 10). The 
contribution of the large sized trees to the woody 
AGB in the Taita Hills is similar in African 
tropical montane forests in general as found 
in Cuni-Sanchez et al., (2021). Removal of the 
large trees for timber, fuelwood, and clearing 
for agriculture contributes to decline of large 
DBH trees and increase in smaller-sized trees 

(Rogo & Oguge, 2000; Wekesa et al., 2016). 
Furthermore, in LULC types in Taita Hills, 

certain tree species are dominating and contribute 
to a large amount of AGB (Article III). Some tree 
species, such as A. gummifera and Eucalyptus 
spp. in the hills, and N. hildebrandtii in the 
lowlands, manage exceptionally well in certain 
LULC types. Few of the tree species contribute to 
a disproportionate fraction of the AGB (Table 4). 

LULC types and diameter sizes (Article III 
& I). In the Taita Hills, A. gummifera and S. 
guineense contributed the most to AGB among 
large diameter trees in the montane forests. 



39

Contribution of large diameter A. gummifera to 
AGB is in line with Yirga et al., (2020), Kendie 
et al., (2021), Henry et al., (2009), and  Dickens 
et al., (2018) in studies in Ethiopia, Kenya and 
Tanzania, while research by Stromgaard (1985) 
stated the same for S. guineense in woodlands 
of Central Africa. In bushland, A. mearnsii and 
A. amara were widespread in all DBH classes, 
owing to their invasive character and propensity 

2009). Only a few tree species were found in 
the riverine forest. N. hildebrandtii was the sole 
species in the biggest DBH class (DBH > 60 
cm), and contributed the most to biomass. The 
management of trees in LULC type drives also 
the tree size, like in plantation forest trees are 
harvested before the biomass production starts to 
slow down (Zhang et al., 2012). In the Taita Hills, 
large-sized trees are occurring also in agroforestry 
areas as M. indica or avocado (Persia americana) 
trees, while the tree species for timber production 
are typically pruned or cut sooner (Thomas et 
al., 2021). These trees contribute substantially 
to biomass, which is important in mitigating 
global climate change and REDD+ (Fuchs et 
al., 2022; Holmes et al., 2017; Namirembe et 
al., 2015). Furthermore, agroforestry tree species 

desired socioeconomic and environmental goals 
(Kehlenbeck et al., 2007). 

5.4 Aboveground biomass dynamics 
in African mosaic savannas
The AGB dynamics in savanna ecosystems in 
tropical Africa is driven by LULC types and 

altitude forest dominated Taita Hills (Article 
III) with plots above 2000 m a.s.l. account for 
the largest mean AGB similar to Adhikari et 
al., (2017). However, the low altitude Guinea 
savanna (30–700 m a.s.l.) of Sierra Leone (Article 

I) and lowland savannas of the Taita Hills (600–
1000 m a.s.l.) (Article II) had considerably lower 
AGB compared to the forest-cropland mosaic of 
the Taita Hills (Article III). High precipitation in 
Sierra Leone explains the high AGB in Article 
I, which is in accordance with Lieth (1975) and 
Raich et al. (2006). Although similar allometric 
biomass functions (Chave et al., 2014) were used 
for all three studies, result in Article II showed 
low average AGB. This may be explained by 
dominant grassland vegetation, spurred by 

Results in Articles I and III showed the 
contribution of large-sized trees on AGB. Trees 

portion of AGB in both Kenya and Sierra Leone. 
Small trees (DBH 10 cm), on the other hand, 
had large density but account for low fraction of 
AGB in the region (Article I & III). This gives 
a high potential for regeneration and evolve 
from disturbance, especially from clearing of 
forest and woodland for temporary agriculture, 
intensive wildfire and other anthropogenic 
factors. The African mosaic savanna contains 
abundant amount of exotic tree species having 
typically large DBH that contribute to a large 
fraction of AGB (Article I & III). Although 
they are invasive, indigenous tree species seem 
to survive and account for the highest AGB 
densities (Article I). This was also shown by 
Omoro et al., (2013) in the Taita Hills with 
highland forests. However, this is in contrast with 
a study in Kakamega National Forest in Kenya 
where exotic tree species showed higher biomass 
compared to indigenous forest (Glenday, 2006). 
While  G. arborea is the most abundant exotic 
species in Sierra Leone (Article I), Eucalyptus 
spp. and Acacia mearnsii were the most frequent 
exotic species in the Taita Hills (Article III). 
Future studies to map carbon sequestration by 
exotic trees compared to indigenous tree species 
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and their role in mitigating climate change is 
important. Some of the exotic tree species are 
invasive and harmful to ecosystem services, for 
example, Eucalyptus ssp. to water services, they 

Finally, since carbon studies in tropical 
Africa focuses mainly on forest ecosystem, 
this research focus on savanna ecosystems of 
Africa, particularly on AGB of woody vegetation 
in mosaic landscapes in Sierra Leone and 
Kenya. Results are relevant to increasing our 
understanding on the role of African savanna 
ecosystems in the context of climate change 
mitigation and adaptation. The account for large 
fraction of carbon stored in few standing trees 

and high density young trees with a higher carbon 
sink capacity endorse the potential of African 
savanna in the mitigation of global climate 
change. The woody biomass of the ecosystem is 
determined by LULC type, vegetation structure, 
tree species composition, and other factors. Also, 
the study revealed how wildlife conservation and 

use mosaic savannas of Africa. Furthermore, this 
study elucidates our understanding on the roles 
of anthropogenic activities including agriculture 
and wildlife conservation, and their management 
practices on AGB dynamics in African savanna 
biome. 
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6. Conclusions

The Guinea mosaic savanna landscape of Sierra 
Leone stores large amounts of carbon in the 
standing trees and soil due to the high diversity 
of tree species. The ecosystem consists of a high 
density of small trees that store a small amount 
of carbon compared to the few large trees. 
The rapid growth of small trees increases the 
capacity of the ecosystems to sequester carbon, 
which is consistent with global climate change. 
Remnants of forested areas are responsible for 
larger carbon stocks, for example, on the hillsides 
and riverbanks of the Afromontane Taita Hills in 
Kenya. Also Guinea savannas of Sierra Leone had 
high tree species diversity and carbon stocks. In 
addition, the native tree species have the highest 
carbon stock compared to the numerous alien 
tree species. Future studies to better understand 
the sink capacity of native and alien tree species 
to evaluate the high contribution of native tree 
species to AGC are important.

Wildlife protection and fencing affect 
vegetation distribution and AGB density in 
wildlife conservation areas. LC and AGB maps 

spatial data show the distribution and density 

conversion of tree-dominated vegetation to 
treeless, grassland-dominated vegetation, mainly 
distributed in the protected areas with very low 

AGB. The biomass of small trees less than 3.5 
m tall was not included in the map because the 

was set to be greater than 3.5 m. It is important 
that future studies capture small trees as they have 
a high carbon sink capacity. In addition to human 
prevention of wildlife, fences lead to a decrease 
in AGB, especially along fence boundaries. As 
wildlife are prevented from crossing the fence, 
they temporarily stay near the fence where they 
impact AGB by foraging and breaking trees in 
their vicinity. While integrating plot and remote 
sensing data in African savannas remains a 
challenge, this study shows how the combination 
of these data sources can be used to assess the 
impact of wildlife conservation and fencing on 
AGB. This method can be used in the future to 
answer large-scale ecological research questions 
in savanna ecosystems and other biomes.

Large portions of the AGB are stored in a 
few large standing trees that vary by LULC type. 
Some of the large trees were protected trees in 
forests, agroforestry systems, and homesteads 
near dwellings or trees without sufficient 
economic value. Non-native tree species were 
widespread across LULC types, but especially 
in plantation forests and agroforestry systems 

conservation. Conservation of large diameter 
trees is important to promote or maintain local 
AGB and carbon stocks, consistent with the 
global climate change mitigation demands. 
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