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SUMMARY

Human population pressure increased with the population growth around the NNP and Cyamudongo
with disturbance impacts on the forests isolating populations into fragments and today, Cyamudongo
natural forest is located a way at a distance of at least 8.5 km horizontal distance to Nyungwe main
block with a surface area estimated at 300 ha. Under Cyamudongo project implementation, there was a
need to understand how the flora diversity responded to human imposed challenges and to forest
restoration initiatives. Three physiognomic landscapes forest were identified and considered for three
phases of vegetation survey in Cyamudongo and related to the closest area of Nyungwe main block. In
this study, 15 transects were laid in each physiognomic forest landscape and 10 and 5 plots were set
respectively in Cyamudongo and Gasumo study area. In total, 315 phytosociological relevés were
performed and the Braun-Blanquet methods used for three times vegetation surveys. Species life-forms
and chorophyte were evaluated and tree species dbh and height have been measured. Data were
subjected to different statistical analyses using different softwares such as PAST, R 3.5.2, and SPSS.
The mapping was done using Arc GIS and the Multi-Spectral Remote Sensing used to find NDVI for
the vegetation classification.

NDVI trends showed that there has been fluctuations in vegetation classifications of the studied area.
In this study, 494 vascular plant species from 106 families were harbored in the study area and
distributed differently among forest landscapes and study phases. Although, 43.54% were common to
Cyamudongo and Gasumo landscapes while 48.54 % of species diversity were hold only by
Cyamudongo and 7.92% confined to Gasumo and 12 in total were found new records for Rwanda while
several others suspected require detailed research for identification showing how the flora diversity of
Cyamudongo is of special interest and extremely important for discoveries.

The finding of the study on diversity indices, the PCA, CA and the Cluster analysis, all statistical
analyses (MANOVA, ANOVA) and life form spectra unanimously showed that the anthropogenic
disturbance shaped the vegetation cover, the floristic composition, the species diversity, the forest
landscapes community structure, the life form spectrum and the phytoclimate of Cyamudongo and
Gasumo forest landscapes. Although, the vegetation analysis couldn’t clearly identify communities and
sub-communities at the initial and final vegetation surveys and cluster groups were heterogeneous as
well as overlapping and species associations not clearly defined due to the high level of similarities in
species composition among forest landscapes and vegetation surveys. The species diversity was found
high in secondary forest and Gasumo landscape forest and low in the primary forest and the buffer zone
of Cyamudongo and the disturbance with gaps openings was found to be associated to the species
diversity with a seasonal variation. The patterns of dbh for the buffer zone and of the size classes of all
landscapes with an inverted ‘J’ indicated a healthy regeneration in the forest landscapes and tree species

explained a good regeneration and recruitment capacity. Different shapes in the pattern of dbh with
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respectively an inverted ‘J’, ‘J ‘and ‘U’ for the buffer zone, primary and together the secondary and
Gasumo forest landscapes indicated differences in the landscapes health and degree of regeneration and
recruitment capacity.

Findings from differents measuements showed at which extend human activities have shaped the flora
diversity and structure of forest landcapes studied. For instance, disturbances due human activities were
daily oberved and trees were logged by neighboring communities such as Batwa populations at
Cyamudongo and local populations at Gasumo. Some species were evenly observed targeted for their
barks such as Ocotea usambarensis, Parinari excelsa for medicines and many others for their wood
quality, fire wood collection and for agricultural purposes.

In the period of Cyamudongo project implementation, important achievements included the increase of
forest biomass and therefore the photosynthetic capacity and the evapotranspiration potential that
influence the rainfall regime; the regulation of weather conditions and then species diversity;
supporting local communities and limiting human activities; raising awareness on conservation and
protection of biodiversity and improving of living conditions of neighboring populations by providing
paid employment and so to restore to the Cyamudongo forest ecosystem functions. Moreover,
Cyamudongo forest remains vulnerable as surrounded by local communities with a high population
pressure relying on forest resources for its survival. Cyamudongo harbors a high level of endemism and
is a small hotspot for biodiversity conservation. It is therefore recommended to strengthen conservation

and protection measures and continue the support of local communities.

X1i



CHAPTER 1. GENERAL INTRODUCTION

1.1 Background of the study

A forest ecosystem is characterized by the composition, function and the structure of itself. The
forest composition is described by proportions of various species that explain a major aspect
of biodiversity. The function involves all the roles and processes that are played by an
ecosystem such as productivity, nutrients conservation, and regulation of water cycles and the
structure concerns different features such as trees, snags, logs of various sizes and conditions,
their special distribution, such as whether they are uniformly spaced or clustered (Franklin e?
al., 2002).

The forest is most important on Earth and harbors the planet’s most interesting ecosystems
with 90% of terrestrial biodiversity among which a variety of birds, animals, and plants (Brooks
et al., 2006, Joseph, 2010). Forests remain the source of more than 5,000 products. These range
from the aromatic oil, herbal drugs, fuel, furniture, food and clothes. They are solution to soil
erosion, regulate the climate and purify water. The benefits of forest are far extended to the
inspiration of human lives with art, research, religion. Furthermore, forests have been found to
be essential for the survival and the well-being to all the 7 billion people living on the Earth
(Joseph, 1999) as they globally regulate the carbon flux by its sequestration and storage in
forest biomass (Gullison et al., 2007) and they are particularly important in terms of species
richness and their concentration of endemic species (Brooks et al., 2006).

Tropical forests represent more than a half of the total forests in the world ( Babin, 2004) and
are located between the two tropics, more less in the latitudes 23° N and 23° S (Oldeman,
1989). In this area, during the seasonal progression, the sun stays directly overhead at some
points and the flux of solar energy remains high, because of sunlight projected at 90° angle to
the earth surface. As a consequence, it results in a high rate of water evaporation and
evapotranspiration respectively over the tropical oceans and the tropical land surfaces
(Oldeman, 1989) leading to an increase of temperature and moist air at tropical latitudes. Due
to the gradient in air pressure, the air rises and cools resulting in a condensation of water from
the air mass and subsequent rainfall.

A wind circulation pattern known as Hadley cells results from the air mass which becomes dry
and directed polewards from the tropics. The dry air mass descends at subtropical latitudes near
23-30° N and S and creates a region of high pressure corresponding the deserts world

distribution. These climate circulation patterns lead to the warm and wet in the equatorial zone



which corresponds to a large band of tropical forests along the equator (Figure 1). Tropical
forest are habitat of a half of the world’s animal and plant diversity on the surface area of only

one tenth of the total world’s area (Nageswara-rao et al., 2011).
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Figure 1: Global distribution of tropical forests (Thomas & Baltzer, 2002)

Differences in the distribution of rainfall throughout the year, the elevation and the soil type
are distinguishing the main types of tropical forests. Tropical forests that experience ever-wet
conditions, with more than 100 mm of precipitations in every month of the year are referred to
tropical rainforests (Thomas & Baltzer, 2002).

Tropical forests that experience ever-wet conditions with no month receiving less than 100 mm
of precipitations are generally referred to tropical rainforests. However, a tropical “moist
forest” that is receiving annual rainfall exceeding 4000mm is, in strict sense sometimes
different from a tropical ‘rainforests’ (Oldeman, 1989).

The earth’s function at local, regional and global scales has been under the dependence of the
tropical forest’s roles and rich biodiversity (Malhi et al., 2013) and the recent decades was
marked by an increasing curiosity of scientists and tourists impressed by the large extend of
sophisticated fauna and flora diversity interacting with various ecological conditions
(Nageswara-rao et al., 2011) and responding to human basic needs (Tilman, 2000).

Human dependence on basic needs in terms of food, medicines, shelter, fuel, settlement, and
infrastructure became severely threatening in the last decades. It resulted in a continuous

decrease of the species richness and diversity as forest resource have been constantly harvested



and eroded; large areas of forests fragmented, cleared, and transformed in agricultural lands
and grazing areas (Nageswara-rao et al., 2011).

The importance of rainforests is undeniable. After an overview of functions of the rainforests
Park (1993) considered rainforests as the most abundant source of life that nothing else can
replace. The same functions were also highlighted by several authors. These include all
ecosystems services such as environment and climate regulation (Park (1993); human life
support, biodiversity support, cultural benefits (Dao et al., 2016; Naeem et al., 2002; Angelsen
& Kaimowitz, 1999; Gradstein et al., 2008) while Malhi et al. (2013) qualified the African
rainforests qualified as the “green heart of Africa”.

In tropical forests, mountain forests harbor high species richness and a source of water for
millions of people inhabiting the tropics and were in fact accounted for hotspots for
biodiversity. The 25 worldwide hotspots, are mostly found in tropical forests with a high level
of endemism and under a high population pressure and include the Albertine rift of Africa

(Cincotta er al., 2000).
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Figure 2: The distribution of the 25 biodiversity hotspots (Myers et al., 2000)

The tropical forests face multiple threats (Nageswara-Rao et al., 2012). They are environments
among the most important locations of global land use and cover change (Chowdhury, 2006).
Different major rainforest regions are defined by their geographical location, ecological
conditions, the composition and structure of the rainforest, the level of human pressure to each
entity and how the different biological unities in rainforests respond to human threats to each

of the rainforest (Corlett et al., 2008).



The causes of tropical deforestation have been classified into proximate causes and underlying
forces. At the proximate level, tropical deforestation was best explained by multiple factors.
The dominating factors are agricultural expansion, wood extraction, and infrastructure
expansion, which varied clearly on regional scale. At the underlying level, tropical
deforestation was also explained by multiple factors but they rather acting synergistically than
single-handedly, with more than one third of the cases being driven by the full interplay of
economic, institutional, technological, cultural, and demographic variables (Geist & Lambin,

2006).

Past decades have been marked by changes in factors of tropical forest destruction and
important threats which will keep changing for the future. The growth of industries and the
need of improved wealth in developing countries are predominant factors and biofuels and
climate change are also potential factors of changes in tropics. These changes are predicting a

future destruction of forests with genetic depletion due to emerging pathogens (William, 2015).

Chakravarty et al. (2012) have identified several agents of deforestation as slash and burn
farmers, commercial farmers, ranchers, loggers, firewood collectors, infrastructure developers
and any other who are cutting down the forests and defined the causes of deforestation like
forces that stimulate the agents to clear the forests for different anthropogenic activities
including economic growth, overpopulation and poverty, air pollution, war and military role

among others.

The clearing of forests and consequences affect in return the economic activity and threaten
the livelihoods and cultural integrity of forest-dependent people as argued Angelsen &
Kaimowitz (1999). Scheidegger et al.( 2002) has also observed that human impact on forest
has changed species composition as well as species richness and suggested that this impact will
undoubtedly continue in the future as long as humans operate in forests. Results from a study
by Huang et al.( 2003), suggested a significant less variations in species richness and stems
density in undisturbed natural forest than in disturbed forest.

There is a lot of research activity in the African rainforest zone. The African humid forests
have been explored from a variety of perspectives, including archaeology, paleoecology,
ecology, climate science, satellite remote sensing, global climate-vegetation modeling,
international policy and social science (Malhi et al., 2013). Hilbert (2006) postulated that
Biologists and Historians were fascinated by the species richness in tropical forests around

1900s and that more than a hundred years later we remain fascinated, yet not sufficiently close



to understanding the origins and long-term maintenance of high species diversity in the tropical

forest.

Results of the Global Forest Resources Assessment of the Food and Agriculture Organization
of the United Nations (FAO) indicate that between 1990 and 2015, the total forest area declined
by 3%, from 4128 Mha to 3999 Mha, and the annual rate of net forest loss halved from 7.3
Mha y ! in the 1990s to 3.3 Mha y™! between 2010 and 2015. Loss of forest area occurred largely
in the tropics, from 1966 Mha in 1990 to 1770 Mha in 2015 (Keenan er al., 2015).
Archaeological evidence in combination with pollen samples from Burundi, Rwanda, and
western Uganda suggests that widespread clearance of forest by humans began in these regions
2,300 years BP (Jolly et al., 2003). Human actions resulted in loss of species through
extinctions which has been estimated to be the most alarming issue for conservation
practitioners and weeks after weeks, predictions about extinction rates are appearing on
headlines in the international press (Willis et al., 2019).

Long-term ecological records in biodiversity conservation suggest their use to greatly enhance
many aspects of conservation practice and policy. Specific applications are related to species
extinction and particular methods to prioritize those on the IUCN Red list, climate change
conservation strategies and the use of the fossil records to determine the errors inherent in
species envelope, the responses of communities to environmental changes, the maintenance
and restoration of biodiversity hotspots as well as biological invasions (Willis et al., 2019).

In recent years, observers have voiced over the destruction of tropical rainforests in Africa,
Asia and Latin America according to Myers & Shane in Rudel (1989) because, the destruction
would result in massive species extinctions with depletion of the world’s genetic resources
and climatic changes and greenhouse effect.

Africa harbors the world’s second largest tropical forest region with the tropical forests of
Central and West Africa, known as the Guineo-Congolian region accounting for 95% of
African rainforests including the submontane forest patches of East Africa and the unique
forests of Madagascar (Malhi et al., 2013).

Rwanda is a small, mountainous, landlocked country (26338km?) located in the equatorial
highlands of the Albertine Rift Valley. It is bordered by the Democratic Republic of Congo
(DRC) to the west, Burundi to the south, Uganda to the north and Tanzania to the east. The
western part of the country is dominated by the Congo-Nile divide, and a chain of highlands,
running north-south and separating the Congo from the Nile basin. Five Pleistocene volcanic

peaks dominate the Congo-Nile highlands in the north (Ntaganda, 2003). Montane forests,



Nyungwe forest, Mukura and Gishwati remnant forests as well as the Volcanoes National Park
cover the highlands of a surface of almost 1,030 km? and are important habitats for biodiversity
and ecosystemes services (Adekunle, 2010; Rukundo et al., 2018).

Nyungwe forest National Park has been described as the most biologically important
rainforests in central Africa (Fischer & Killmann, 2008). The population density of Rwanda in
2012 was 415 inhabitants per square kilometer and it was found to be the most densely
populated country of the continental sub-Saharan Africa and facing with severe resources
imbalances (May, 1995). The population has slightly increased in the period 1930 to 1950
followed by a dramatic increase between 1950 and 1970. Thereafter this trend was slightly
slowed down until 1990. The population density was only 183 persons per sq. km in 1978 and
reached 321 in 2002. Since the census in 2002, the population continued to increase and
reached 11millions in the year 2010 (Habiyaremye et al., 2011) and has increased by 2.4
million, which represents an average annual growth rate of 2.6% (National Institute of Statistics
of Rwanda, 2012). This population growth in Rwanda has affected the natural rainforests with
a continuous and severe loss of biodiversity which has led to the creation of protected areas
(Masozera et al., 2006).

The Nyungwe Forest Reserve in southwestern Rwanda (2°15' — 2°55' S, 29°00'- 29°30" E)
represents a key area for rainforest conservation. According to Masozera et al. (2006),
Nyungwe Forest was thought to cover 970 km? of mountainous terrain and the be largest tract
of forest remaining in the Albertine rift Highlands of East-central Africa. Many species found
at Nyungwe occur only in the Albertine Rift region of central Africa, highlighting the
considerable importance for conservation of this forest (Plumptre et al., 2007). As asserted by
Vedder ( 2000), Nyungwe forest together with the contiguous forest of Kibira National Park in
Burundi, forms one of the largest blocks of lower montane forest in Africa which includes vast
stretches of forest ranging from 1,600 to 2,950 m and consisting of dynamic mosaic of closed
forest, secondary forest, drier forest ridge, swamp forest, large homogenous stands of bamboo
and openings with herbaceous plants (Bahigki & Vedder, 1987). This block harbors the Congo-
Nile Divide where species of different geographical origin may meet and due to its extension
across a wide range of altitudinal zones, it offers a high diversity of habitat (Boxnick et al.,
2015) with a high level of biodiversity.

Nyungwe is home to 13 primate species, approximately 280 birds species, up to 230 tree
species and many Albertine Rift endemics (Plumptre et al., 2007).

The climate of Nyungwe is typical of a tropical montane forest and is characterized by very

small thermal seasonality and a long wet season from September to May and much drier
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conditions during the mid-year months. The rainfall average ranges between 1500 and 2500
mm per year. The maximum and the minimum average temperature are found to be 19.6° C
and 10.9° C respectively (Seimon, 2012).

The fragmentation of Nyungwe forest happened long time ago due to the accelerated and
extensive land-use change which resulted into two separate rainforests patches. Today, these
patches are known as Cyamudongo forest and Nyungwe main block. Originally, the
northeastern side of Cyamudongo forest was connected with the Nyungwe main block
(Nyirarwasa et al., 2020). Nowadays, it is a small relict forest, located far in the southwest of
the country, close to the Nyakabuye town and the border with the Democratic Republic of
Congo (DRC), almost 10 km away from Nyunwe main block according to Moore et al.(2018).
However, the increasing human population pressure with over exploitation for timber,
charcoal, fuel wood, farming and medicinal plants extraction for its economic values for
survival of local community converted this forest into farmlands and tea plantations (Arakwiye
et al. 2021). Cyamudongo forest was progressively reduced in size up to 410 ha today which

was previously estimated to be 300 ha (Kanyamibwa, 2001).

The figure below shows Cyamudongo forest disconnected from Nyungwe National Park.

bmbe

Gisuma

3h
Parc national
Nyungwe

RN |

Karengera

Foret Naturelle @9
Cyamudongo

Nyakabuye
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The map above shows that the remnant forest patch encompasses the area between three
administrative sectors such as Nkungu, Gitambi and Nyakabuye.

Cyamudongo forest (02°33.12°S 28°59.49°E) is a small dense forest patch at 8.5 km horizontal
distance to Nyungwe National Park (NNP) which ranges from 1,700 to 2,000 m above sea level
and harbors a wide range of flora and fauna species with denser vegetation with fewer clearings

than Nyungwe forest (Kanyamibwa, 2001).

1.2 Problem statement

Several studies have been carried out throughout the world’s rainforests. Some approaches
used intervene as a tool to answer to relevant questions on Cyamudongo spatially disconnected
from Nyungwe. It assumed that disturbances modify the physical environment, the spatial and
temporal distribution of available resources. Hence, they have influence on the abundance and
distribution of populations (Bazzaz, 1983;Tilman, 1982). In the same context, it’s argued that
fragmented forests are characterized by lower arboreal and shrub density and canopy height,
but greater shrub cover (José Luis & Antonio, 2014). Habitat fragmentation is also associated
with drastic changes in the floristic composition and structure of vegetation (Harper et al.,
2005).

The size distribution of trees in a tropical forest conveys much information about site-to-site
differences in growth, mortality rates, stem density, canopy architecture and forest structure.
An ability to track these structural properties over time enables assessments of directional
changes in forest dynamics (Chambers ef al., 2007). The presence or the absence of species in
a region are not only determined by climate and edaphic or site conditions but also by
disturbances (Heydari & Mahdavi, 2009).

Several indexes were used to estimate the biological diversity and the species richness. These
are like Shannon and Margalef richness indexes found to be good indicators of the health
of an ecosystem are used by Mehrvarz et al.(2016) and Simpson’s Indices, Coleman
Rarefaction curves, and ,,Chao 2 non-parametric species richness estimator curves were used
to compare the species richness in a vegetation assemblages (Jones, 2011).

Jouri et al. (2011) stated that diversity and richness of plants are reduced by abiotic (slope,
feature, altitude, latitude, soil properties, etc.) and biotic (animal and human) factors along time

and animal grazing and especially overgrazing, can change plant composition.



Replan & Malaki (2017) have estimated that the geographical distribution of plant species is
useful for assessing biodiversity values of regions, countries, and islands where species
confined to a particular site. Plants with a narrow distribution are more vulnerable to
disturbance and should be taken into account for particular conservation management

strategies.

Bermingham ez al. (2005) also argued that diversity differences among communities occupying
similar habitats in different regions (so-called anomalies) provide a strong indication that the
history has a lasting effect on the species richness of local communities. The differences among
species that co-occur in an ecological community are the result of modifications to a common
ancestor that the species all ultimately share. Today, the molecular and analytical methods
provide an invaluable new dimension of information to ecologists to evaluate differences
among species and to elucidate phylogenetical relationships easier and more reliable (Webb et
al., 2002).

The role of dominant species is less important than the species diversity for the stability of
plant communities. An increased diversity caused by the removal of a dominant species lead
to an increased stability of the community with a prevailing diversity effect, by reducing the
competition for limiting resources and modifying the dominance hierarchy in the community
(Sasaki & Lauenroth, 2011). The same authors investigated further, the effect of removing
dominant species by using various measures of species diversity, functional diversity, and

relative abundance of dominant, subdominant and rare species.

Mo et al. (2013) have assessed the impacts of human disturbance on species community
assembly along with a successional gradient in a traditional managed forest landscape by using
the phylogenetic community structure analysis. Theses authors hypothesized that if the
environment is the driver of community assembly, the species will be filtered for species traits
that enhance the survival, growth and reproduction in specific habitats leading to co-occurrence
of closed related species with similar traits (phylogenetic clustering). However, if species
interaction drives the community assembly, the species with similar traits will out-compete
each other leading to phylogenetically random or dispersed species community (Mo et al.,
2013). Plant life forms have been proposed in several studies to explain the relation between a
plant and its environment and analyze changes in plant communities. They help to describe the
structure of tropical forests and to assess the impact of human activities on tropical landscapes

(Ewel & Bigelow, 1996; Gillison, 2006).
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The Raunkiaer life forms defined in period between 1905-1913 (Einar Du Rietz, 1931) and
reviewed in 1934 and based of the plant’s unchanging attributes related to the position of their
perennating bud were proposed to explain the relationship between the climate and vegetation
where statistical methods applied on them were developed by Smith (1912). The approach has
been also used to understand the life history of plant communities (Gibson, 2002). The global
spectrum of plant forms provide a foundation to achieve a better understanding of the
evolutionary trajectory of vascular plants (Diaz et al., 2016). Changes in plant communities
have also been investigated by the vegetation cover. Vegetation cover has been used as
indicator of human activities in an surveyed area in China (Li et al., 2015). The Braun-Blanquet
scale was earlier found to be adaptable to assessment of the impact of disturbance by comparing
plant coverage values in disturbed areas with those in undisturbed areas having similar species
composition (Douglas, 1978).

Estimates of the tropical forest cover inform about changes in forest extent but do not consider
the biological diversity within the forest (Morris, 2010). The quantitative estimate of the
biological variability is performed using the diversity index to compare biological entities
composed of discrete components in space and time (Help et al., 1998) where the a diversity
is an important measure of the species richness in number of surveyed plots (Zhang et al.,
2014). The B diversity measure the degree to which species composition differs and allowed to
conclude that that in the emerging human modified landscapes, levels of floristic
homogenization will increase at the local scale, resulting in a declined B-diversity as Escobar
et al. (2013) suggested.

Others important measures such as the Diameter at breast height (Dbh) and the tree height were
used to describe forest stands in natural tropical forest and a relationship model has been
developed (Mugasha & Eid, 2013).

In Rwanda little is known. The scientific exploration started with the German expedition to
Central Africa in the year 1907/1908 (Fischer & Killmann, 2008). Rwanda was almost
unknown concerning its flora and fauna (Killmann & Fischer, 2005). The knowledge
about plants and plant communities has been gained by the hard work of generations of
committed Botanists. Among recognized researchers, Robyns & Troupin produced the Flora
of Spermatophytes around 1950 and 1970s-1980s respectively. Fischer & Killman (2008)
illustrated the field guide of the Plants of Nyungwe National Park while Fischer et al (2010)
produced the Orchids of Rwanda.

Based on their publications, the research on the evolution and development of the biodiversity

in respect to abiotic and biotic factors is possible. The diversity of the flora and the fauna has
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been the center of many years of intense researches and several species have been discovered
in Nyungwe and in Cyamudongo forest. In discoveries, epiphytes such as orchids and ferns
were found more diverse due to the fact that these rainforests constitute their preferred habitat
favored by an abundant forest cover as claimed by Kromer & Gradstein (2016) that the
abundance of vascular epiphytes is one of the most striking characteristics of tropical
rainforests and montane humid forests.

Nyungwe forms a part of the isolated mountain ranges of Africa. Their flora consists of more
than 80% of plants which are not known elsewhere, so called endemic species. Nyungwe is
part of a floral region called the Afromontane and afroalpine Centre of endemism according to
White (1983) in Fischer & Killman (2008). It is known as one of the most beautiful and most
species-rich montane rainforests of Africa and the rapid population growth of local
communities living around was found correlated with forest losses due to agriculture
expansion, timber and non-timber collection, mining activities, charcoal production which
resulted in forest fragmentation and reduction of species diversity (Kayiranga et al., 2016).
Efforts to understand subsequent changes were directed to biodiversity in general (Jolly et al.,
2003; Plumptre et al., 2007; Plumptre et al., 2002; Boxnick et al., 2015); birds (Kanyamibwa,
2001); primates (Mvunabandi et al., 2015a; Chitayat, 2015; Krajewski, 2007; Moore et al.,
2018), oriented to land cover change (Mlotha, 2018; Kayiranga et al., 2016); addressed aspects
related to conservation, tourism and policies (Plumptre et al., 2017; Plumptre, 2004; Gapusi,
2007; Munanura et al., 2017; Kanyamibwa, 2013; Gross-camp et al., 2015; Masozera et al.,
2006 & Rutagarama & Martin, 2006). But no similar study has been undertaken to investigate
and understand the flora diversity and the role of human in shaping the structure and
composition of forest communities in Cyamudongo and yet there is a lack of data to guide the
political decisions and conservation policies and strategies.

The past use and current anthropogenic activities on Cyamudongo and Nyungwe should have
modified the forest structure and composition lead the loss of forest functions. This study
focuses on Nyungwe and Cyamudongo rainforests because human activities have created a
geographical isolation between the two components of Nyungwe National Park that may have
caused a modification of distribution patterns of the flora diversity. The goal of this study is to
investigate and assess the influence of anthropogenic disturbance on the diversity of the flora
and vegetation of Cyamudongo rainforest, its adjacent forestry plots and the Western Nyungwe

main forest block.
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1.3 Objectives of the study

The present study aimed to understand the structure, the function and the composition of the

species diversity and analyze the patterns of floristic homogenization or differentiation between

Nyungwe western block and Cyamudongo forest. As Gardner et al. (2009) asserted, several

threatening factors can alter the composition and structure of remaining assemblage where the

configuration of the two habitats on the spatial dissimilarities in species composition (j-

diversity) remains poorly understood. The understanding and the knowledge acquired from this

study is a provision of tools for Cyamudongo forest and species conservation management

strategies as well guiding the Rwandan policy makers.

More specifically, the following objectives were the basis of this study:

1.

10.

To establish the taxonomic list of vascular plants in Cyamudongo rainforest, forestry
plots and the western Nyungwe main forest block.

To measure species richness and the species diversity (Alpha diversity and Beta
diversity).

To plot the distribution of key species

To assess the relationship between the species richness of vascular plants and the
intensity of anthropogenic disturbances.

To detect plant associations and identify indicator species.

To relate the identified plant associations with those described for similar forest types
To measure the similarity among Cyamudongo rainforest, the buffer zone plots and the
western Nyungwe main forest block;

To describe the forest structure based on DBH, tree height, life forms and canopy cover.
To establish the relationship between disturbance, vegetation structure and composition
To establish the conservation status of key species in Cyamudongo and Nyungwe

western block.
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1.4 Research hypotheses

The achievement of such objectives will allow testing the following research hypotheses:

1.

10.

The plant associations in the western Nyungwe main forest block are similar to those
previously described for similar rainforests and differences with Cyamudongo forest
are due to anthropogenic activities.

The species diversity and abondance is higher in Cyamudongo than in Nyungwe main
block and some species are restricted to Cyamudongo.

Cyamudongo and its buffer zones are more diverse in vascular plant species than
Western Nyungwe main forest block.

The disturbance of Cyamudongo has affected plant community composition and key
species have been affected.

The western Nyungwe main forest block exhibit a higher richness in endemic/rare
vascular plant species than Cyamudongo and its adjacent forestry plots.

The level of anthropogenic disturbance is a factor of flora diversification in
Cyamudongo.

Diversity differences among communities occupying similar habitats in different
regions provide a strong indication of human impacts on species richness of local plant
communities.

The size (Dbh and height) distribution of trees in Nyungwe and Cyamudongo forest
conveys much information about site-to-site differences in growth, mortality rates, stem
density, canopy architecture and forest structure taking place due to anthropogenic
disturbances.

The number of woody species tends to decrease with increasing diameter at breast
height.

Within the buffer zone and the secondary forests sites, the human impact is higher than
within the primary forest sites and it is reflected by the vegetation structure and

composition.

1.5 Study approaches

In this study, a stratified sampling strategy, taking into account physiognomic differences

among plant communities was used to establish fifteen transects each in primary forest,

secondary forest and the buffer zones. The existing trails in the forest were selected as a

baseline for the installation of perpendicular transects in different forest types in the direction
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of the slope. Each transect was 50m long and enclosed 200m? surface area. Forty-five transects
were established in Cyamudongo and fifteen transects in western Nyungwe main block
respectively. In addition, fifteen and five permanent plots of 10 mx 10 m were respectively
were set up in Cyamudongo and in the western Nyungwe main block respectively. A survey of
plant diversity was carried out using Braun-Blanquet scale for cover and abundance estimations
as described in Poore (2019). The Raunkiaer's life-forms (Smith, 1913) were used to
characterize each vascular plant species. The DBH was measured and the height of trees and
vegetation cover were estimated within the surveyed plots, whereas individual tree species

were counted and the level of disturbance scored.

1.6 Thesis chapters

This works is subdivided into six chapters. The first chapter introduces the topic and draws a
background on rainforests and human action. It states the problem, objectives as well as
hypotheses of the thesis and the study approaches. The second chapter is a literature review
which identifies research already completed on rainforest especially on Nyungwe National
Park and how the anthropogenic disturbances have shaped the vegetation and its diversity. The
third chapter presents materials and methods used to collect and analyze data. The fourth
chapter contains the research results while chapter five discuss results with findings of other
researchers and evaluates if they fulfill expectations and hypotheses of the research. The sixth
chapter draws out the findings and conclusion regarding the research problem, sub-problems
or hypotheses, it is an outlook as guidance for nature conservation, suggestions for ongoing
research and possible questions or information which are generated to improve the knowledge

and nature conservation practices.
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CHAPTER 2. LITERATURE REVIEW

This review summarizes the existing literature on the history of tropical rainforest, biodiversity
surveys within sites in tropical forests and Albertine Rift. More specifically were explored the
biodiversity of Nyungwe National Park and the impact of anthropogenic disturbance on the
flora diversity. It is a result of collaborative efforts between many different researchers, NGOs,

protected area authorities and museums that have provided information.

2.1. Evidences of tropical rainforests and refugia

Boundaries of the tropical rainforest have constantly changed in response to climatic changes
and geomorphological, geological, hydrological studies provide evidences (Hill & Hill, 2001).
Evidences of the extent of the past rainforest are obtained from fossil flora and recorded
occasionally on sampling sites (Couvreur & Baker, 2013). A statement from Hooghiemstra
(2002) indicates that sediment cores from lakes are the best 'archives' to learn about the past of
in the rainforest. Fossil pollen grains are accumulated in the sediments and conserved for
millions of years where the changing pollen spectra in time document the floral and
environmental history.

Muller (1981) noted that the fossil records of taxa characteristic of wet tropical forest started
in the Late Cretaceous and since this period different families appeared in different geological
era. In the Early Paleocene (60 My ago), closed-canopy tropical rainforest became widespread
for the first time and occurred on all continents. After the cooling at the end of the Eocene, the
distribution of closed canopy tropical rainforest in the Oligocene (30 My ago) was reduced to
central and northern South America, central Africa, and too much smaller areas in Southeast
Asia, India and Australia. At Middle Miocene thermal maximum (c.13 My ago, the area
covered by tropical rainforest had expanded again (Hooghiemstra, 2002).

Maley (1996) proofed by the paleobotanical research that various tropical vegetation patterns
developed through central and northern Africa from the Cretaceous to the end of the Tertiary,
and has particularly elucidated several stages in the development of the rainforest.

Tropical rainforest declined in cooler climate but also predominantly drier in the Pleistocene
glacial periods (ca. 100,000 year per cycle) and expanded in the warmer, wetter interglacial
periods (ca. 10-20,000 year per cycle). This resulted in rainforests fragments and refugia in
Africa and Australia where there no recent evidence to support that the neotropical forests

promoted lineage differentiation and allopatric speciation that contributed to the extent of high
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tropical plant diversity (Rachel, 2014). A study on the vegetation dynamics in Central Africa
since 18,000 y BP based on pollen records from the inter-lacustrine highlands of Rwanda,
Burundi and Western Uganda did neither support a significant extension of east Central refuge
onto the eastern flanks of the Albertine rift nor refute the possibility that such a major refuge
existed in what is now the democratic Republic of Congo (Jolly et al., 1997).

The “Refuge theory” suggested that more arid climates during recent glacial periods caused
speciation by repeated fragmentation of the ranges of rainforest species (Pennington et al.,
2017). Furthermore, in a statement, Morley (2009) hypothesized that in some periods, frosts
that may have occurred within the tropical zone and forced the tropical rainforest to refuges
along the equatorial belt maxima and during the warmer periods in the Tertiary and the
Cretaceous, much of midlatitudes would have been frost free.

To learn more about the past vegetation change and the modern distribution patterns Weber et
al. (2001) consider some factors the following factors: the tens of millions of years shaping the
African rainforest system, the number of dry and humid climatic phases that affected Africa
during the Pleistocene, the severity of the most recent glaciation maximum which might have
contributed the strongest contemporary distribution patterns and the ability of each species or
group to expend out of a refuge into favorable habitats (Weber et al., 2001).

Fischer &Killmann ( 2008) emphasized that during the last glacial period (20000 B.C.), the
climate was cool and dry and resulted in a lowering of the vegetation belts. Forests disappeared
and humid forest survived in special refugia areas. According to these authors, the distribution
patterns of some Afromontane species perfectly reflect these refugia and the mountain ridges

around Kivu Lake including Nyungwe have been parts of such refugia.

2.2. Distribution of tropical rainforests

According to Morley (2009) tropical rainforests were first encountered when the Romans
expended their empire to India and have become properly known for Western world only for
the last few hundred years, since great voyages of discovery in the sixteenth and seventeenth
centuries and the subsequent European colonial expansion. From the same author, the
knowledge of tropical rainforest has come about a time when tropical rainforests are
disappearing following commercial timber extraction, destruction for agriculture development
and the expansion of human population across the World. At, present day, tropical rainforests
are found in three areas within the tropical zone. They circle the earth around the equator

(Lewis, 2006) and according to Morley (2009), found in the northern and southern high
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pressure zones with convectional rain throughout the year and along eastern coastlines within
the path of moist trade wind and where orographic uplift creates winter moisture.

All tropical rainforests were originally located between 23° and 27' N and the 23° and 27 S.
This area typically has a mean temperature of approximately 25°C with oscillations of less than
2-3 degrees and rainfalls over 1,500 mm a year (Leigh, 1999). They occur in Africa, Asia, and
the Americas and are approximately 19 % of the world’s tropical rainforests, accounting for

184-200 million hectares.

The global distribution of tropical rainforest is presented on the figure 4 and is based on
information from NASA Earth Observations.
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Figure 4: Global distribution of tropical rainforest (black) in 2003 (Hynson et al., 2012)

2.3 African rainforests

Different authors described and highlighted rainforests of Africa. Richards in Nyandwi (2008)
suggested that rainforests are characterized by a gigantic amount of rainfall with a minimum
amount of rainfall of 1750 to 2000 mm per annum. This allowed later to identify many valuable
biomes in Africa. These include, dry open forest, savanna and grassland biomes, mangroves,
afro-montane ecosystems and others according to Malhi ef al.(2013) and the same author
reported that “a key feature of African rainforests is the strong effect of past disturbances by
both climate change and human activity’ (Malhi et al., 2013)

The largest biogeographic unit accounts for 95% of African rainforests, the Guineo-Congolian

forests of West and Central Africa. The Central Africa accounts for 89% of African rainforests
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while the East Malagasy (Madagascar) and Afromontane (Central and Eastern Africa) have
received less attention (Malhi et al., 2013).

It is well established that a rapid population growth with extreme poverty and political
instability in common characterize the rainforest countries of Africa (Corlet & Primack, 2006)
and result in armed conflicts with additional negative impacts on the rainforests (Matsuura,
2015). The African wet tropics accounts for roughly 30% of the global rainforest covers, a
green heart of an otherwise a dry continent (Malhi et al., 2013).

The roots of modern African rain forest can be traced back to the late Jurassic or lower
Cretaceous (136 My), when the continent of Gondwana was beginning to split along the Africa
and South America tectonic plates. In these rainforests, the dominant trees were Gymnosperms.
While the African and South American tectonic plates gradually moved apart, numerous
lagoons formed and the marine influence developed gradually (Weber et al., 2001). By the
Senonian, the Atlantic Ocean was opening up. The climate became wetter, favoring the
radiation of Angiosperms and the decline of Gymnosperms in the tropics. The archetype of the
modern African rain forest appeared as witnessed by Doyle, Salard-Cheboldaeff and Dejax in
Weber et al. (2001). In Africa, the largest area lies in the Congo basin, the Sahel and extends
westwards into Chad, Central Africa Republic, the Republic of Congo, Gabon and Cameroon.
As a narrow strip, the evergreen forest continues further west, parallel to the coast of Guinea,
through Nigeria and the Gold coast to Liberia and the Equatorial Guinea. This western
extension is interrupted from western Nigeria to the Gold coast by a break in which the region
of dry climate reaches southward to the coast. In the east, the rain forest scarcely reaches the
region of Great Lakes. Southwards, the forest extends mainly as a post-climax gallery forest
towards Zimbabwe according to the statement of Richards (1952). The rainforests are the great
green heart of Africa (Malhi et al., 2013). In his review, Morley (2009) classified the African
rainforests at the third rank with a fifth of the global total of neotropical rainforests and
according to Fisher et al.(2013), the African rainforest biome constitutes the second largest
rainforest region and include three African ecoregions. The Guineo-Congolian in West and
Central Africa, the East Malagasy in Madagascar and the Afromontane in Central and East
Africa. Although, the Afromontane ecoregion, Central Africa accounts for 89% and the DRC
for 53.6%, East African countries with Afromontane forests (Ethiopia, Kenya, Tanzania and
Uganda) represent only 2% of the rainforests (Descle et al., 2013) and the vast central African
rain forest is considered to be the least known of the World’s tropical forest (Weber et al.,

2001). The African rain forest was relatively dry compared to other continents and receives

19



between 1600 and 2000 mm of rainfall per year (Tucker ef al., 1985) but there were areas
receiving more than 3000 mm per year as reported by White in Tucker et al. (1985).

2.4 Rainforest functions

Gay (2001) identified tropical rainforests as vital parts of Earth’s supporting systems under
which they play many ecological functions. In this review, they are only considered in three

ways where brief details are provided.

2.4.1 Rainforests as stabilizer for the global climate

Forests are interlinked to climate change as they are envisaged in climate change mitigation.
The tropical forest biomass stores high density of carbon but it is unfortunate that they continue
to be subjected to a high rate of deformation resulting in all net emissions. Tropical forest store
more than double the amount of carbon emission accumulated so far from human activities
(Goodman & Herold, 2014). Tropical rainforests are characterized by the similarity of the
habitat around the World. It has been observed a similar productivity in lowland rainforest
reflecting the similarity of the climate due to evapotranspiration and seasonality in transpiration
rate. In addition to that, in montane rainforest, the saturated climate is also related to the
transpiration rate (Leigh &Egbert, 1975).

Furthermore, Nsabimana (2016), in his thesis argued that forest are important to reduce or
stabilize atmospheric greenhouse gases and to mitigate climate change and they constitute
potential strategies for conservation and sequestration of Carbon.

In a statement of the study on global biogeophysical interactions between forest, authors argued
that the forest cover has a significant effect on climate and a dense forest has lower albedo than
grasses because the forest canopy capture more irradiation (Brovkin et al., 2009). Gharahi
Ghehi et al. (2012) established the linkage between NO2 and NO emissions, which key elements
in atmospheric chemistry for and climate variations in Nyungwe rainforest and it was found
that the emissions were in the range the others reported for African tropical rainforests with
special variation and affected by the soil water content in tropical rainforest.

Farooqui et al. (2010), in a study done in Southern India, demonstrated that the climate
influence rainforests and argued that long-term persistence of moist climates have facilitated
the continuity of many ancient rainforest flora. In contrast, climate is coupled with
deforestation because deforestation modify the local and the regional climate and according to

Malhi & Wright (2004), the future of World’s tropical rainforests will not be determined by
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the climate trends but by the anthropogenic actions on the use and protection. In addition, while
considered as “lungs of earth” and as “sweat glands “, Tropical forests deforestation and
potential impacts have been analyzed from several studies and Lawrence & Vandecar (2015),
hypothesized that a continuous deforestation of tropical forests would result in shifts of rainfall

distribution and temperature.

2.4.2 Richest biodiversity habitat

Tropical rainforests are not monotonous equivalent biomes in terms of their structure and
species diversity. They differ in terms of environmental and evolutionary history, regional and
local climates, relief, soil and hydrology as stated by Bowman in Hill & Hill (2001) and
Denslow (1987).

The spatial heterogeneity in tropical rainforests results in many habitats and each species is
specialized at exploiting a particular sub-division of habitat. Thus, the diversity is viewed as a
function of the total range of habitats (Hill & Hill, 2001). Zakaria et al. (2016) argued that the
animal diversity and depends directly or indirectly on the support of the diversity in vegetation
structure and composition of the tropical rainforests. This diversity is greater than in any other
vegetation type. Its intrinsic value is much greater than that of temperate forests. Tropical
rainforests contain an immensely large gene pool for the long future of animal and plants on
this planet according to Morley (2009). They are the richest forests in tree species on the earth
with large leaves trees and buttresses, climbers, epiphytes and hemi-epiphytes (Zakaria et al.,
2016). Epiphytes are common and dominated with orchids, ferns, bromeliads and bryophytes.
They change in vegetation structure with altitude due to adiabatic cooling, wind exposure and
soils characteristics in montane rain forests.

According to Hill & Hill (2001), tropical rain forest have a high diversity at family and genus
level which indicates more ancient speciation. Thomas & Baltzer (2002) claimed for example
that lowland evergreen rainforests have very high species diversity with over a 1000 of tree
species in Amazonia and Southeast Asia with a canopy and emergent tree having a large
spreading canopy over than 20 m radius at maturity.

Africa is the origin of humanity. African rainforest have evolved in the presence of hominids
and their ancestors with the threatening effects (Malhi er al., 2013). The Nyungwe forest
represents an afro-montane rainforest and is one of the most threatened forests by human
activities. It has a unique variety of flora, accompanied by an equal variety of fauna, including

several species of birds and primates. A high percentage of these species are endemic and are
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found only in the forests surrounding Albertine Rift (Ministry of Lands Resettlement and

Environment, 2003).

2.4.3 Rainforests “Centers of Biodiversity”

Wet tropical forest harbors the richest community of organisms on earth (Harms & Sheil,
2016). In the conference of the parties to the United Nation’s Convention on Biological
Diversity (CBD) in 2002 at The Hague, a Global Strategy on Plant Conservation (GSPC) with
two targets was adopted. Firstly, to protect 50% of the most important centers of plant diversity
and secondly, to conserve 60% of the most threatened species of the world in situ by 2020. For
a better achievement the mapping approach (Barthlott ez al., 2005) was used as presented below
at figure 5. The World map of plant diversity shows a general increase of plants’ richness
towards the equator. Global centers of species richness are concentrated within the humid

tropics as presented on a map by the number of species per 10,000km?(Barthlott et al., op.cit).

I‘(‘ 4 <
Diversity Zones (DZ): Number of species per 10,000 km?
Dz 1 <20 spp. DZ5 1000-1500 spp. DZ 9 @3 4000-5000 spp.
DZ2  20-200 spp. oz 6 [l 1500-2000spp. DZ 10l >5000 spp.

DZ 3 200-500 spp. DZ 7 {5 2000-3000 spp.
DZ 4 500-1000 spp. pz 8 [l 3000-4000 spp.

Figure 5: Global Center of plant diversity (Barthlott et al., 2005)

The above map shows areas in the tropics with species richness with of more than 3,000 plant
species per 10,000 km2 which are comparable to some parts of Central Europe. There are 20
centers of diversity characterized by high species richness, of which five fall into the highest
category with more than 5,000 species and belong to the mountainous region of the humid
tropics (Barthlott et al., 2005). A study that analyzed the relationship between the continental
scale of biodiversity and African plant distributions observed that the area of species richness

occurred across the low latitudes and at the western tip of South Africa and more precisely
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across southern Ghana, Cameroon, Gabon, through the Eastern Arc Mountain region. The
highest richness occurred in the Cape Province and species richness tended to correspond to
mountain ranges of Eastern Mountain region and the Albertine rift system, areas of maximum
rainfall.

The centers of species richness and endemism tended to have similar locations (Ferla et al.,
2002) and Jolly et al. (1997), previously recognized for the Central Africa two main centers of
diversity, so called “core areas”, located in the mountainous parts of the region. The first is
located in the central west, namely Cameroon/Gabon, and the second in the lacustrine
highlands bordering the Albertine rift, the later extending from Lake Albert in North down to
Lake Tanganyika in South encompassing the Democratic Republic of Congo, Uganda,

Rwanda, Burundi and Tanzania (Barthlott et al., 2005).

2.5 Disturbance and threats to rainforests of Africa

Malhi et al. (2013), in their review stated that the African rainforests have been influenced by
both the climate and human activities. It’s reported that in Western Central Africa, a dense
rainforest has been replaced by a forest-savannah mosaic in a period of 2,600 year age, a crisis
which was first thought to be attributed to climate change and human expansion in the region
but detectable traces in the sediments confirmed that human altered the rainforest ecosystem
(Garcin et al., 2018). In addition, Ponce-Reyes ef al.(2017) using a simple ecosystem based
modeling approach to assess the impact of climate on the seven main ecosystems of the
Albertine Rift found out many of these ecosystems were seriously vulnerable to future climate
change with a predicted decrease in extent and a shift in altitude from 2050. The role of climate
change has been also depicted and found to have an implication on Africa rainforests.
According to predictions, precipitations will increase in East Africa while decreasing in
Western Africa and in Equatorial Africa, large increases in dry season water deficit in response
to the global warming, with severe consequences on Africa rainforests (James et al., 2013).
Furthermore, climate change has been qualified as an ‘insidious threat that can quickly and
profoundly modify the functioning and the dynamic of rainforests,

Douglas (1999) coted “anthropogenic influences are ubiquitous. Human actions have affected
the most natural and pristine systems” and added that each site has a history which the
explanation of the present and an evidence of the future. There is a large array of rainforests

threatening activities. They include in one hand, those responding to direct needs of people like
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food, medicines, shelter, settlement... and indirect needs in another hands, like public
infrastructures (schools, hospitals, roads...). In a study, it has been concluded that roads cause
a variety of fragmentations in rainforests with among others habitat loss and alteration, edge
and disturbance effects and this create subdivisions of the population of fauna and flora
(Goosem, 2014). The habitat fragmentation is also a driver of loss of genetic resources and
shape the structure and the distribution of lianas in tropical rainforests (Addo-Fordjour et al.,
2012; Addo-Fordjour et al., 2013). Alroy (2017) estimated that some and many species may
have already gone extinct because of the complete deforestation of their ranges or gone extinct
in intact tropical forest because of stressors such as hunting, invasive species, introduced
epidemic diseases and the direct effects of climate change. Moreover, Gorte & Sheikh (2010)
previously reported that there are benefits in reducing deforestation which include among
others biodiversity preservation, providing livelihood to rural populations living in poverty and

sustaining indigenous communities.

2.6 Rainforest of Albertine rift region

According to Kanyamibwa (2013), the Albertine Rift is the western branch of the African Rift
valley which extends from the northern tip of Lake Albert to the southern tip of Lake
Tanganyika and crosses the borders of following six countries: the Democratic Republic of
Congo in the east, Uganda in the west, Rwanda, Burundi, Tanzania and Zambia in the North.
ARCOS definition considers Albertine rift as a bioregion which including the Albertine Rift
ecoregion and the ecological, physical, political and cultural systems within and around it. This
region includes the volcanic mountain massifs including active Virunga volcanoes,
biodiversity diverse montane forests, great lakes river systems and savannah habitats. The
region contains the third highest montane in Africa (Ruwenzori’s mountains), the second
deepest lake in the world (Lake Tanganyika) and the most endangered great Apes in world
(Mountain gorilla, Gorilla beringei) according to Kanyamibwa (2013). A current definition of
Albertine rift by Plumptre ef al. (2007), includes all natural habitats within 100 km east of the
border of the Democratic Republic of Congo and follows 900 m contour line in eastern
democratic Republic of Congo and in northern Zambia as there are museum collections of
Albertine rift birds endemic species at the Africa Museum in Tervuren, Belgium that were
found as low as the 900 m of altitude. The Albertine rift covers more than 300,000 km? in
Central East Africa and its montane forests are centers for geologic activity and innumerable

endemic species facing the effect of the highest human pressure trend in eastern and central
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Africa recovering from decades of conflicts (Dino, 2013). Barthlott ez al. (2005) estimated that
in this area, the natural vegetation types incorporate the very eastern portion of the Guineo-
Congolian rainforest in the lowlands as well as Afromontane and ericaceous vegetation above
600 m while the Afromontane ecoregion type harbors highest species richness and a highest
concentration of endemic species.

It is assumed that the Albertine Rift is one of the most threatened sites for biodiversity
conservation and being home to 7,500 of endemic plants and animal species. At some locations,
it is the most populated region with up to 600 people per square kilometer. The human
population pressure together with the flow of refugees and lack of settlement policies has
resulted in forest degradation, fragmentation and loss of 52,000 km? in protected areas
(Plumptre et al., 2007). According to Dino (2013), all the factors above combined constitute

one of the key priority areas for conservation and sustainable development.

2.6.1 Rainforests in Rwanda

The natural ecosystems of Rwanda are mainly composed of mountain rainforests. They
comprise Nyungwe National Park, the Volcanoes National Park and Gishwati-Mukura
recognized recently as a National Park in February 2016 (RDB, 2017). They are part of
Albertine rift afro-mountain forests and constitute an important habitat for biodiversity and
ecosystem services (MINITERE, 2003).

Research results of a study conducted using remote sensing on Nyungwe-Kibira forest has
revealed a severe fragmentation outside and a slight fragmentation inside the park (Keenan et
al., 2015). Cyamudongo forest, a disconnected forest patch at a distance of around 8 km from
Nyungwe National Park (Mvunabandi et al., 2015), is part of Nyungwe National Park. The
protection and conservation of Cyamudongo were promulgated in 1985 and a buffer zone of
25 km? made up of exotic species like Pinus patula and Cupressus sp. was established along

the northern and southern part of the forest (Gapusi, 2007).

2.6.2 Nyungwe rainforest

Plumptre al. (2002) emphasized that Nyungwe was gazetted as a forest reserve in 1933,
however, people continued to utilize the natural resources of the forest which resulted in local
extinction of major wildlife species, especially large mammals like elephants and buffalos. It
has been used for a wide range of economic activities including gold mining since 1935, honey

collection, woodcutting; hunting of animals and small-scale agriculture.
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Nyungwe National Park (NNP) is a montane rain forest in the Southwest of Rwanda and covers
an area of approximately 1019 km? including the forest fragments of Gisakura and
Cyamudongo (Moore et al., 2018). Nyungwe National Park is among the most diverse and
important montane forest in East Africa and it is famous for its diversity in primates, birds and
plants. Fischer & Killmann (2008) qualified the flora of Nyungwe as unique with 47 locally
endemic flowering plants and about 280 Albertine Rift endemics.

With an altitude range between 1600 to 2950 m sea level for Nyungwe and between 1500 and
2100 for Cyamudongo (Chitayat, 2015), Nyungwe National (NNP) is inhabited by some of the
rarest and endemic species of wildlife such as owl-faced monkey and chimpanzee Pan-
troglodytes (Plumptre, 2004). Munanura et al. (2017) designed the important attribute of the
NNP to be the concentration of the Angolan black and white Colobus in large groups over 400
individuals which a rare phenomenon that conferred to the park to be considered as one of the
most sites for biodiversity conservation in Africa. The periphery of the NNP is settled
predominantly by subsistence farmers and tea plantations (Gross-camp et al., 2015). Mlotha (
2018) discussed the decrease in vegetation cover prior 2003 as an indicator that there had been
a combination of natural and anthropogenic on forest and natural resources. The active mining
where the topsoil was removed and some trees dug out and left vulnerable to blowing winds.
According to Weber (1989), between 1958 and 1979, the forest reserve has been reduced from
1,141 km2 to 971 km?2 due to encroachment by local farmers. The management plan of NNP
of 5 years was dedicated ‘to protect the biodiversity of NNP and maintain its ecological services
for the benefits of the neighboring local community, the country and the global community’
(Rwanda office of Tourism and National Parks, 20006).

Weber et al. (2001) recommended in their research about African rainforest ecology and
conservation series of tools as steps in developing farsighted conservation plans for forest sites
by obtaining sufficient information as possible about the natural range of variation in local
vegetation communities over long time periods. Moreover, the aspect of paleoecology must be
involved in generating information about the response of the forest at a particular site to known
climatic changes in the past. Thereby charcoal, plant macrofossils and pollen can help to draw
conclusions on the nature and degree of stability of local vegetation.

According to Mildbraed (1907) in Fischer & Killman (2008), Nyungwe National Park has an
enthusiastic impression with beauty; its species richness makes it the richest mountain
rainforest of Africa that tourists can experience. Mecklenburg, a botany explorer, stated in 1910
that the forest of Rugege (former name of Nyungwe National Park) was attractive as any forest

in Usambara, along the Uganda railway or on the Mau plateau. Due its abundant vegetation
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entirely new in the beginning of exploration, Nyungwe was found to be oppressive and with a
splendid magnificence (Fischer & Killman, 2008).

Since then, there has been a good progress in the generation of the knowledge about the
biodiversity of Rwanda in general and particularly of Nyungwe forest. For instance, Georges
Troupin worked intensively to describe and determine the diversity of flowering plant species
of Rwanda which resulted in four volumes of “Flore du Rwanda, Spermatophytes, Volume IV,
III 11, & I (Troupin, 1988; Troupin, 1985; Troupin, 1983, Troupin, 1978). Additionally, he
wrote “La Flore des Plantes Ligneuses (Troupin, 1982) that covers most of the species from
Nyungwe forest. Troupin’s work has been followed by several trips of exploratory searches led
by Eberhard Fischer throughout the country which allowed to discover and describe new
species for Rwanda and for Sciences. The most important achievements include: “Apergu sur
la flore et la faune du Rwanda” (Fischer & Hinkel, 1992) and the illustrated Field Guide Plants
of Nyungwe National Park. At a regional scale epiphytes vegetation and ecology in central
Africa (Zaire, Rwanda) forests has been subjected to analysis (Biedinger & Fischer, 1996)
while more recently, discoveries of new plant species culminated in the family of
Balsaminaceae (Fischer et al., 2003) and Orchidaceae (Fischer et al., 2010). The species
number in these families increased approximately to 250 and 16 respectively (Fischer et al.,
2010).

Seimon (2012) in his report emphasized on the role of Nyungwe for biodiversity conservation
and for the national socioeconomic interests from which climate change become a challenging
issue for the future. Climate change impacts negatively on Nyungwe landscape by exacerbating
existing threats to species and human population depending on Nyungwe Ecosystem services

or by introduction of new ones.

2.6.3 Cyamudongo fragment forest of Nyungwe National Park

Cyamudongo forest used to be connected to Nyungwe National Park, but today the two forests
are separated (Kanyamibwa, 2013). It captures some lower altitude habitats which are not
found in the main forest block of Nyungwe (Plumptre et al., 2017) and today, Cyamudongo
Natural forest is located a way at a distance of at least 8.5 km horizontal distance to Nyungwe
main block.

The Cyamudongo patch of NNP has retained less attention so far. Few studies were directed to
primates. Mvunabandi et al.(2015) concentrated his studies on the Eastern Chimpanzee’s

fragmentation habitat in Nyungwe National Park and evaluated fragmentation patterns for a
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period of 25 years whereas Cyamudongo appeared to be an isolated chimpanzee’s habitat. A
previous study directed on chimpanzees concluded that environmental degradation and
changes in animal behavior result from tourists visit to fragile ecosystems. It claims that the
potential for negative impacts of tourism is exacerbated by small areas like Cyamudongo forest
(Krajewski, 2007). Chitayat (2015) stated in her thesis “Living in a Fragment: The Behavioral
Ecology of Chimpanzees (Pan troglodytes schweinfurthii) in Cyamudongo Forest, Nyungwe
National Park, Rwanda” the need for an assessment of Ficus diversity. Ficus species dominate the
diet of chimpanzees in Cyamudongo and their persistence is most important for this vulnerable

habitat.

2.6.3.1 The origin of the name Cyamudongo and etymology

The current Cyamudongo forest was known before under Bukunzi forest, with the highest
elevation culminating with Cyamudongo and followed by Rwankovu. The fact that
Cyamudongo was the highest summit where it was observed the preliminary signs of rain-
periods to come such as pincher ants and excessive increase of temperatures, dedicated the

current name Cyamudongo to the entire fragment forest (Gakwaya, pers. com.).

2.6.3.2 Historical background of Cyamudongo, fragment of Nyungwe

Born in 1941, Frederick Gakwaya was born in 1941; former Bourgmestre of the commune
Bukunzi and grew up within Bukunzi Kingdom where Cyamudongo forest reserve is located
today. Gakwaya’s family was living around the Cyamudongo forest, had farms around there
and he used to go to prevent animals from damaging family crops. Moreover, people used the
forest for firewood collection for Kamembe market to earn money. The separation of
Cyamudongo with Nyungwe forest reserve was caused by the population from other regions
of the country that came to search place for residence. Criteria for settlement places were the
accessibility and suitability for daily living conditions to people and their livestock. Nyungwe
forest had gained their preference. The political revolution and the venue of political parties in
1959 were followed by ‘Ubukonde’ where people used to take several hectares of the forest
and transform them into farmland. Around 1963, the leadership of the time decided to stop
people from encroaching Nyungwe and Cyamudongo forest reserve. But the forest was the
property of chieftaincy of Bukunzi in Impala Kingdom and the colonial administration till the
1962 independence (Gakwaya, pers. com.).

Nyungwe is one of the most biologically important montane forest systems in all of the Central
Africa, a biodiversity hotspot first gazetted as national reserve in 1933 and elevated to rank of

a national park in 2002 according to Rutagarama & Martin in Chitayat (2015). The later
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confirmed that while Cyamudongo was formerly managed by Bukunzi District, it became part
of Nyungwe National in 2004. Very high human population density adjacent and around the
park threatened the biodiversity of NNP by extraction of natural resources for food meat and
plants, building materials, raw materials, etc.... Cyamudongo was isolated during 1960s and
from this period until 2000 (Chitayat, 2015) and Nyungwe forest lost an estimated 80% of
forest cover (Rutagarama & Martin, 2006) due to increasing population pressure. The forest
was converted into farmlands, agricultural lands as well into tea plantation. Cyamudongo forest
progressively reduced in size up to 410 ha of its natural forest remaining today (Mvunabandi
et al., 2015b). But, in the “Illustrated Field Guide to the Plants of Nyungwe National Park,
Rwanda” by Fischer & Killmann (2008) as well as Kanyamibwa (2001) and Musabwamana
(2019), estimated with unanimity Cyamudongo at 300 ha.

Cyamudongo fragment lower mountain forest extends over five hills surrounding the valley of
the river Nyamabuye the valley of the river Nyamabuye between 1.500 and 2.140m alt isolated
since at least a 100 years according to Fischer & Killmann (2008) and which remains a locality
where many species find only their locality in Rwanda or even in the World (Fischer et al.,

2010).
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The map at the figure 6 presents Cyamudongo with reference du Nyungwe main bloc.
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Figure 6: Location of Nyungwe and Cyamudongo, obtained from satellite image via

https://www.google.com/earth/versions

2.6.3.3 Soil characteristics of Cyamudongo and Gasumo study area of Nyungwe
National Park

Gharahi Ghehi et al. (2012) suggested the soil to be the level two important source of NoO and
NO that influence the chemistry of the atmosphere and a factor of changes in climate. Nyungwe
soils have been previously estimated to be similar to soils of Kakamega (Kenya) rainforest and
the Mayombe (DRC) forest soils as a result of comparison of ther average content of salt, gray
and OC almost similar according Werner et al. in Gharahi Ghehi et al. (2012) and later
generalized on African tropical rainforest. Soil attributes such edaphic composition,
topography, acidity and variability and agrophysiological behaviour or soil morphology are
key determinants of species composition, richness and distribution and moderate all forest
features (Sellan et al., 2019; Buringh, 1981).

There are a range of soil classification systems on the basis of soil survey in temperate and
tropical regions and based on soil properties which came up to determine five soils bodies to
be broadly distinguished in level of soil classification and FAO classification system has been
the mostly used to classify soils in Cyamudongo and the study area of Gasumo (Driessen et al.

2001). A map acquired from the satellite image showed that there is a difference in the soil
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classification between Gasumo study area of Nyungwe and Cyamudongo, soil profiles. The
soil profile at Cyamudongo is found to be dominated by Cambrisols followed by Ferralsols,

Regosols while Acrisols are poorly distributed.
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Figure 7: Map of soil characteristics of Cyamudongo and Gasumo, study area of Nyungwe

Map obtained from satellite image with the support of Mwizerwa Fidele.

On the other hand, Acrisols with a little presence at Cyamudongo dominate in Gasumo
followed by Luvisols and a poor presence of Cambrisols as presented on the map at figure 7.
The presence of these soil profiles has been previously suggested by IUSS Working Group
WRB, Verdoodt and Van in Ghehi et al. (2012) in tropical rainforest of Rwanda. The soil
groups identified at the studied are described as follow according to Driessen et al.(2001) and
mentioned to characterize six tropical soils according to FAO in Verdoodt & Van Ranst (2006)
and Ghehi et al.(2012).

Acrisols: the Soil Group of the Acrisols accumulate low activity clays in an argic subsurface
and are characterized a low level of base saturation and known to distributed in West and East
Africa. Cambisols moderated developed soils due to rejuvenation of the soil material and made
in all environments from and in different vegetation types.

Ferralsols known to be classical, deeply weathered, red or yellow soils of the humid tropics.
Horizon boundaries of these soils are not differentiated with a clay assemblage with a low
activity clays and a high content of sesquioxides.

Regosols are soil groups with shallow, sandy texture and often existing of sloppy topography

and mostly in dry areas and highlands as argued by Masiga (2010).
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2.6.3.4 Weather conditions: temperature and rainfaill
According to Moore et al. (2018), the park receives more 2000 mm of rain annually primarly

during the two wet seasons (March to May and from September to December).
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Figure 8: Temperature indices of Cyamudongo and Gasumo, study area of Nyungwe

The temperature varies little throughout the year, with average minimum and maximum
temperatures of 10.9°C and 19.6°C, respectively. In the study of Seimon (2012) argued that
the climate of Nyungwe is known to be a typical tropical mountain forest with a very small
termal seasonality with a long wet season from May to September and much drier conditions
during the mid year months and average rainfall between 1500-2500mm

Although, these weather conditions presented different figures at Cyamudongo and the study
area of Nyungwe main block as depicted at figure 8 for annual temperatures and figure 9 for
annual rainfall. For instance, the temperature indices at both studied areas are the lowest at
Cyamudongo than at the study area of Nyungwe main block where the temperature varies
respectively between 18-25°C and 25-30°C for Cyamudongo and the studied areas of Nyungwe

and the north and the southern west of Cyamudongo bearing lowest temperature indices.
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Figure 9: Rainfall indices of Cyamudongo and Gasumo, study area of Nyungwe

At the other hand, the middle and the north-est of Cyamudongo and the study area of Nyungwe
receives almost the same quantity of rainfall ranging between 1901.5-2112.8mm while the
southernwest of Cyamudongo receives lower rainfall. A knowlege of the distribution patterns
of temperatures and rainfall regime can be useful to understand the forest structure and

composition of Cyamudongo and the studied area of the Nyungwe main block.

2.6.4 Physiognomic landscapes forests in Cyamudongo rainforest

In this study, the patterns of flora diversity are investigated in buffer zones, secondary and
primary physiognomic communities of Cyamudongo and the western block of Nyungwe main

forest were compared and analyzed.

2.6.4.1 Primary forest landscape

Kormos et al. (2017) assumed that primary forests are naturally regenerated forests of native
species with no indication of human activities that disturbed ecological processes. According
to FAO in Kormos et al. (2017) these forests are characterized by natural forest dynamics in
tree species composition, occurrence of dead wood, age structure, and natural regeneration
processes. They cover a large enough area to maintain characteristics and species composition.
The natural primary forest provide refuge to endemic species and rich biodiversity (Cole &
Dyszynski, 2011). According to the definitions above, in Nyungwe and Cyamudongo forest
differ primary and secondary forest due to the presence of indicator species. Syzygium
guineense and Macaranga kilimandscharica are very important indicator species for secondary

forests (Mlotha, 2018).
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2.6.4.2 Secondary forest landscape

Chokkalingam & Jong (2001) argued that a secondary forest correspond to the successional
forest stages that develop after the destruction of the original forest and is completed, when
they develop again climax communities or primary forests. After a review of several studies
related to the subject by the same authors; secondary forests were defined by consensus as
forests. After a review of several studies related to the subject by the same authors; secondary
forests were defined by consensus as forests that regenerate through natural process after a
nature or human led disturbance of the original forest vegetation at a single site in time or over
an extended period, and displaying a major difference in forest structure and /or canopy species
composition with comparison to nearby undisturbed primary forests on similar sites
(Chokkalingam & Jong, 2001). Corlett (1994) considered secondary forests as a consequence
of natural catastrophes which break forest continuity but with less extend result in modifies
primary forest. Mlotha (2018) argued that 50% of Nyungwe National Park is a secondary forest
while Mvunabandi et al.(2015) studying the chimpanzee’s habitat fragmentation qualified
Cyamudongo forest patch of Nyungwe National Park as a disturbed forest undergoing different
successional phases with a dense vegetation and few clearings according to Kanyamibwa

(2001).

2.6.4.3 Buffer zones landscape

The term buffer zone was thought to be relatively new and serves to avoid negative human
impact on the conservation area. Ebregt & De Greve (2000) defined a buffer zone as area
peripheral to the protected area in which activities are implemented or the area managed with
the aim of enhancing the positive and reducing the impacts of conservation to neighboring
communities and of neighboring communities to conservation. The forest buffers planted or
natural are the oldest known buffer zones created for exploitation purposes. They are parts of
natural forest converted into planted forests and the rest considered as core zones and the
functional quality is best when they are extension of the core zone habitats (Ebregt & De Greve,
2000). According to Mackinnon in Sayer (1991), buffer zones have been defined as areas
peripheral to national parks or reserves with restrictions resource and special development
measures to give an added layer of protection and to compensate villagers for the loss of access
to strict reserve areas. Nyungwe forest is surrounded by a buffer zone planted with different
kind of Eucalyptus and pine trees (Gross-camp et al., 2015). The Cyamudongo fragment forest
buffer zone is under protection and planted with trees like Pinus patula, Eucalyptus sp.,

Cedrella serrata and Grevillea robusta (Author, Pers. Com.).
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2.6.5 Conservation of Cyamudongo rainforest

2.6.5.1 The initiation phase of conservation of Cyamudongo forest

Gakwaya administered Bukunzi commune in a period where some people used to exploit the
forest even though it was illegal. Human activities within this forest mainly concentrated on
hunting, timber and non-timber extraction for different domestic uses, tubers collection and
harvesting of medicinal plants.

In the period of his administration (1971-1987), with the help of former Cyangugu Governor,
Gakwaya established regulations to protect the forest: (1) It is prohibited to register a farm land
surrounding the forest as own property, whoever who will disobey this order will be requested
to pay taxes. (2) Everyone who cultivated in those farms surrounding the forest was subjected
to pay taxes and if he/she refused the farm was taken by another person. This discouraged the
villagers from violating the forest and fostering the acceptance that this forest is a governmental
property. (3) Gakwaya in partnership with volunteers from Germany planted Pinus trees as a
buffer zone of Bukunzi forest (Cyamudongo) which exists till now (Gakwaya, pers. com.).
Today, RDB has initiated a sensitization program for environmental protection to the
community around Cyamudongo forest through arts and dances, shown by a founded
cooperative of youth with the aim to educate people about the sustainable use of natural
resources. The impact of revenue sharing of RDB with development of infrastructures such as
roads, hospitals, schools contributed in raising awareness for the importance of Cyamudongo

forest conservation (Gakwaya, pers. com.).

2.6.5.2 Cyamudongo forest project

The efforts to protect and conserve the biological diversity of Cyamudongo have been
supported by international cooperation initiatives. In this case, the University of Koblenz-
Landau initiated under Cyamudongo project, a program of protection and conservation around
Cyamudongo entitled” Conservation of Biodiversity and Natural Resources and Climate
Protection by Sustainable Agriculture and Forestry at Cyamudongo Forest" in Rwanda”. The
project is managed by the University of Koblenz-Landau and implemented in Rwanda by the
Association for the Promotion of Sustainable Development in Rwanda, funded and supported
through the International Climate Initiative of the German Federal Ministry for the
Environment, Nature Conservation and Nuclear Safety based on the decision of the German
Bundestag.

The project recognized that in 2014, NNP and its adjacent Cyamudongo forest, became, legally

protected as a National Park limiting interventions but the pressure on natural resources
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remained very high. Agricultural plots are found situated at every edge of the forest with
unsustainable land use practices resulting in soil erosion and degradation and the production of
wood is insufficient to cover the needs of the fast growing population in the area (University
of Koblenz-Landau, 2019).

The project aims to contribute to the protection of the biodiversity and geo-ecological functions
of Cyamudongo forest. It strengthens also the awareness of the population about biodiversity
and ecosystem services of the forest and contributes to the capacity building of smallholders.
It also wants to achieve an agroforestry systems and small semi-natural forests that prevent a
further degradation and erosion of the soils. These trees and shrubs produce additional biomass
that contributes indirectly and directly to increase agricultural and forestry production. Hence,
the project makes a contribution to the food and energy security of the local population. At the
same time the project reduces the human pressure on the resources of Cyamudongo forest, and
therefore it maintains as an important carbon sink. The project outcomes and lessons-learned

will be translated into recommendations for the conservation of mountain rain forests.

2.7 Consequences of Cyamudongo deforestation

In view of the facts that resources are overexploited, some plants and animal species were
extinct within this area. Examples for animals are antelopes, rabbits and hyenas while many
plant species like should have been extinct and other like Alangium chinense, Newtonia
buchananii, Symphonia globulifera and Entandrophragma excelsum have been reduced in
population to isolated trees. With proceeding deforestation of Bukunzi forest, the temperature
rose increasingly and caused the disappearance of low temperature friendly crops and wild
plants. In the past, there were abundant precipitations and prosperous crops in this region. It
was even possible to cultivate crops like peas and sorghum or harvest bananas from

uncultivated bushes without any further treatment there (Gakwaya, pers. com.).

The alteration of environment by human activities converted habitats into a mosaic of intact
and disturbed land which resulted in extinction of a large population of animals (Adrienne,
2015). Julie (2006) recommended in his research about’ the response of chimpanzees to
habituation and human-chimpanzee encounters in Cyamudongo forest’ that a habitat corridor
between Cyamudongo and Nyungwe forest should be created in order to allow chimpanzee
migration and gene flow between these two forests. This may not only increase the viability of
the chimpanzee population but also of other animal and plant species. Even though,

Cyamudongo has the great potential for a successful development of ecotourism without a
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proper management of population and residence is an effective maintenance and protection of

the biodiversity and aesthetic of this forest unlikely (Adrienne, 2015).

2.8 Invasive plant removal in Cyamudongo forest

The proliferation of invasive was named among other threats to NNP (Gapusi, 2007). The
degradation of Cyamudongo forest facilitated the introduction of Solanum chrysotrichum,
known as giant devil’s fig, a shrub that grows 2-4 m tall which reproduces mainly by seeds
dispersed by birds and others animals that eat the ripe fruits which is considered to invade the
natural vegetation in Cyamudongo (The freshwater consulting group & Wetland solutions,
2012). The plant is native to Mexico and Guatemala, but was naturalized in Eastern Congo and
Rwanda. Lacking natural controls outside of its native range, it invades the margins and
disturbed areas of rainforests and threatens the forest ecosystem. During regular monitoring
surveys, the spread of the species was detected. Therefore, over a period of 4 weeks in 2019,
intensive removal efforts were made by Cyamudongo project in collaboration with Rwanda
Development Board (RDB), to prevent further spread of this invasive plant species
in Cyamudongo forest. Results from this assignment will allow to develop a management

strategy of Solanum chrysotrichum (University of Koblenz-Landau, 2019).
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CHAPTER 3. MATERIAL AND METHODS

3.1. Research preliminary

Following a request of a research permit to access to the Nyungwe National Park to RDB Head
of Conservation Department, a research agreement was signed every time before data
collection starting in July 2017 for the initiation. A short reconnaissance survey was undertaken
to get an overview of the area and discover Cyamudongo and the Western Nyungwe main
forest block. The reconnaissance helped to identify physiognomic differences in Cyamudongo
forest with following three types of vegetation: primary forest, secondary forests and buffer
zones. On the basis of these vegetation types, the study plots were selected as presented at the
map below (Fig.10& 11).

Data collection was done July 2017 until April 2018 and from December 2019 until February
2020 in Cyamudongo forest, a 4 km? forest fragment that is part of Nyungwe National Park in
the southwest of Rwanda, East Central Africa according to Chitayat (2015) and extended

collection in the western Nyungwe main block with characteristics described at table 1 below.

Table I: Nyungwe and Cyamudongo physical and weather characteristics

Characteristics Nyungwe Cyamudongo

Geographical Position 2°17°-2°50°S 2°32°33”’S
29°07°-29°26'E  28°58°-28°59°E

Altitude 1600-2950 m 1500-2100 m

Mean annual rainfall 1744 mm 1720 mm
Annual Temperature 10.9 °C -19.6°C 15-16 °C

(Kanyamibwa, 2013; Chitayat, 2015; Seimon, 2012; , Kamembe Meteorological station
data ).
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The study area of Cyamudongo and the closest area of Nyungwe main forest
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Figure 10: Map of studied sites in Nyungwe and Cyamudongo Forests

Source: 2006 shapefile for sectors and districts
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Figure 11: Map of the study area in Cyamudongo

Source: 2006 shape file for sectors and districts
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3.1.1 Study design

Data collection was carried out in the forest relict, Cyamudongo, and in Nyungwe National
Park. The existing trails in the forest were selected as baseline for setting perpendicular
transects as used in the research of Mehrvarz et al.,(2016) in different forest types in the
direction of the slope. Forty-five transects of 50 m long were established in Cyamudongo and
fifteen in western main block of Nyungwe National Park respectively. At both sides along the
line transect were every vascular plant recorded within 2 m distance. Consequently, the
sampled area by each transect was 200 m? which is in line with the suggested size for sampling
sites in tropical forests by Gillison (2006). A stratified sampling strategy that considers
physiognomic differences among plant communities was used to establish fifteen transects
each in primary forest, secondary forest and the buffer zones at both Cyamudongo and
Nyungwe main forest block. In addition, plots were used to minimize heterogeneity within
plots and maximize variability between plots as proposed by Dengler (2016) who suggested a
sample area in the range of 4-25 m? for the herbaceous vegetation and 50-400 m? in woody
vegetation.

Moreover, correlations between non-distanced sampling units along transects are often
observed and subjected to underestimation of the standard error between plots according to
Elzinga in Vanessa (2009). In the present study, fifteen and five permanent plots of 10 x 10 m?
were established in each type of forest type in Cyamudongo and in western Nyungwe main
block. These independent sampling units are used to avoid estimation errors for the good
measure of similarities and differences between Cyamudongo forest types and Nyungwe
nearest area of the forest as a sample unity. Transects and plots were set up with a measure tape

and marked by ribbons.

3.1.2 Sampling and measurements

Different ecological parameters and vascular plant species attributes have been recorded for
further uses in different statistical analyses as a tool for hypotheses validation. Data were taken

using sheets with different header with distinct attributes and variables.
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3.2 Vegetation sampling

The vegetation sampling was carried out in transects and permanent plots. Data were collected
using the Braun-Blanquet cover-abundance to estimate community composition and species
dominance (Braun-Blanquet, 1965). This phytosociological method allows to assess and
determine the health of an ecosystem (Mehrvarz et al., 2016) and is known to be suitable for
synmorphological and syntaxonomical purposes (Chmura & Salachna, 2017). In this approach
the species composition of an area allows to explain better the relationship between species
one another and to their environment (Maarel, 1975). The Braun-Blanquet scale corresponds
to a measure of species cover in percentage (%) as it has been applied later by Poore (1955)
and Damgaard (2014) argued that the relative projected area covered by the species in other
words the plant cover is a measure of the abundance that is useful in plant ecological studies.
The appropriate cover-range was recorded in the field for each plant species as described below
for the density measurement of trees, shrubs and herbaceous vegetation. Thereby the cover-

range of each vascular plant species is described as follows:

Table 2: Plant cover-abundance scale

Scale cover value/Cover %
Very rare, negligible
cover

Small cover value
1-5

5-25

25-50

50-75

75-100

Nh WO~ + &

In this study, solitary species conventionally assigned an “R” were combined with those
assigned a “+” (cross) rating. The species lists of each permanent plot and transect were

prepared and compiled.
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3.2.1 Canopy coverage estimation

The canopy coverage for each 4x10 m? plot along the line transect and 10x10 m? permanent
plot was estimated and canopy coverage classes previously described by Hanley (1959) have

been adopted for this study. Table 3 presents canopy coverage classes used.

The estimation the canopy cover in forest is referred to the statement that “within a forest
strand, variation in a forest composition, structure and foliage distribution regulates the light
transmittance in the understory, affecting the growth and mortality of seedlings and saplings”
(Montgomery & Chazdon, 2001). A canopy cover is defined by Jennings in Kari (2006), as
the proportion of the forest floor covered by the proportion of the trees crowns. It affects plants
‘growth and survival and determines the nature of vegetation and wildlife habitat (Jennings et

al., 1999).

Table 3: Canopy covers classes

Classes CC (%) “E[;)C
1 05 25
2 5.25 15
3 2550 375
4 5075 62.5
5 75-95 85
6 95100  97.5

Key: CC= canopy coverage; MCC= mean canopy coverage.

3.2.2 Species identification

All vascular plants were identified based on the knowledge acquired of the plant diversity from
various field expeditions in Nyungwe National Park, Mukura-Gishwati forest reserves, the
Volcanoes National Park in addition to the master thesis research on Pteridophytes of Albertine
Rift and key Flora of Rwanda (Troupin,1982; Troupin, 1983; Troupin, 1978; Troupin, 1988;
Troupin, 1985; Fischer & Killmann, 2008; Fischer et al., 2010; Fischer & Killmann, 2008;
Killmann & Fischer, 2005).

Photos of non-recognized plant species were taken for further identification using dichotomous
keys by comparison of morphological characters states of specimens with species documented
in the flora. Additionally, specimens were prepared for some unidentified plants and referred
to the herbarium of the Royal Botanical Garden of Meise, Belgium for verifications and

confirmation of those species.
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3.2.3 Species life-forms

Raunkiaer's life-forms developed in Smith (1913) were used to characterize each species
recorded. The idea behind their use is to investigate how plants in different conditions
responded to changes as noted Du Rietz (1931), the plant-climate dependence is a condition
for certain vegetation for the adaptation to survive unfavorable seasons and expressed by the
statistical proportion between the life forms of all the species. Moreover, Raunkiaer in Du Rietz
(1931) argued that changes in the flora due to human action never affected the proportions of
life forms in its biological spectrum. In this study, the classification scheme of Raunkiaer’s

life-forms (1913) includes the following:

Table 4: Raunkiaer’s life-forms used in the study

Life-forms Symbols Height (m)/other characteristics
- Megaphanerophytes MGPH >30
- Mesophanerophytes MSPH 8-30
- Microphanerophytes MPH 2-8
- Nanophanerophytes NPH <2
Chamaephytes CH Buds, shoot perennating on surface of the
ground, < 25cm
Hemicryptophytes H dormant buds in the upper crust of the
soil, herbs, rootstocks
Geophytes, G bulbs, rhizomes, tubers on stem, roots and
root-buds
Helophytes & Hydrophytes HH semi-aquatic buds & perennating rhizomes
or winter-buds
Therophytes TH Plants of favorable season that leave
through unfavorable as seeds
Epiphytes and Stems succulents  E /S stand a part themselves from the
Phanerophytes

Raunkiaer in Smith (1913).

The life-form was revealed to be an expression of the interplay between a plant and its
environment, a broad useful perceptive in classification that highlights different survival
strategies of plants and their ecological relevance (Ewel & Bigelow, 1996).

3.2.4 Tree diameter at the breast height (DBH) measurement

The diameter at the breast height was deduced from the measure of circumference of trees as

the relationship between the distance around the trunk at 1.30 m from the basis of the tree and
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its thickness that is translated to the geometrical relationship expressed in the following
formula: C =Dz where, C= circumference; D= diameter and © = 3.1416. All trees with a
DBH 22cm were measured using a diameter tape for the data set 1. A DBH meter has been
used for the data set 2 and quiet similar data were obtained.

Huang et al. (2003) noted that the density and size distribution of trees is key for patterns of
structure in rainforests and that diameter size and size distribution influences the tropical forest
structure. In addition, the use of large DBH class should allow to consider cumulative effects
of past anthropogenic over a 10-years period in tropical rainforests as argued by (Sabatier,
2001; Timilsina et al., 2007). Moreover, when there is a high number of small DBH trees the
forest is degraded and can be classified as secondary forest, whereas many trees with large
DBH are characteristic of primary forests (Rodel & Ernst, 2004). In the present study, two
larger individual tree species (DBH 22cm) were measured and the DBH averaged in plots
surveyed. Trees with buttresses were measured at the point above the buttresses and the DBH
averaged and reported. In accordance with the scale of Omeja ef al.(2004), the following DBH

and age classes as presented in table S has been used.

Table 5: Age and DBH classes

Age classes DBH classes
Seedling <2

Sapling 2-9.9

Pole 10-19.9
Mature tree > 20

Omeja et al. (2004)

3.2.5 Height measurement

It is established that differences in tree height classes of species in forest define different
vertical patterns through the forest strata (Oliveira-Filho et al., 1994). The tree height does not
affect the estimates of canopy cover but canopy closure increases as the tree become taller
(Jennings et al., 1999). Height and diameter classes were found useful in assessment of changes
due to human activities. A study has warned that regular height and diameter classes suggest
that large scale disturbance by human hadn’t occurred for long time as cited by Lorimer in
Oliveira-Filho et al., 1994). Another case study on second growth and old growth forest types
observed that tree height varied significantly but there is not a significant interaction between

forest type and diameter classes (Montgomery & Chazdon, 2001).

44



In this research, tree height was measured for the two tallest trees using an electronical tree
height measuring device Vertex IV-36. It was calibrated twice a day to increase and optimize

the measuring accuracy.

3.2.6 Level of disturbance

Biologists believe that species extinction mainly is associated to forest destruction. In a case
study, different levels of disturbance have been identified to evaluate the impact of disturbance
on biodiversity. Undisturbed, moderately and highly disturbed level of disturbance were
identified (Alroy, 2017). Another study conducted in an Asian rainforest revealed that the
understorey species of regenerating forest after 15 years since logging was similar to those of
primary forest (Whitworth er al., 2016). To evaluate the impact of human activities in
Cyamudongo forest fragment and Nyungwe western main forest, three levels of disturbance
were considered and signs of disturbance scored and recorded. Physiognomic types described
were referred to disturbance level as follow: buffer zone (1) for changed habitat; secondary

forest (2) for highly disturbed forest and primary forest (3) for moderately disturbed forest.

3.3 Global positioning System
A GPS was used to collect coordinates of different geographical locations (longitude, latitude

and altitude) for further plotting of plant species distribution.
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3.4 Data analysis

3.4.1 Taxa classification

The classification of taxa followed APG III (Angiosperm Phylogeny Group III) classification
(Reveal & Chase, 2011 and the Syllabus of Plant Families: Bryophytes and seedless Vascular
Plants (Frey et al., 2009) with reference to the synopsis of classification of Lycophytina and
Moniliformoses Kenrick & P.R. Crane to classify respectively angiosperms and Pteridophytes

and the African Plant Database' and Kew plant of the World? used for verifications.

3.4.2 Diversity indices

Species richness, evenness, Shannon’s diversity index (H’) and Simpson’s Index ()L) were
calculated following the methods described in PAST Paleontological Statistics (Hammer et al.,
2009) and R 3.5.2 statistical program. Diversity measures were calculated separately for
different community and the species richness was evaluated by the number of species per plot.
Species were plotted in the Cartesian coordinates given by principal components (PCA) and
the Principal Coordinates (PCoA) in order to identify groups basing on their similarity measure
using PAST. All the regression analyses were performed using the statistical programs R 3.5.2
and PAST to examine the trends of different diversity among different diversity measures and
the disturbance gradients. Group of species with similar traits were evaluated using the
hierarchical agglomerative cluster analysis (McCune et al., 2002). Hierarchical clustering

method, Ward’s method with Euclidian similarly measure non-constrained was used.

3.4.2.1 Species diversity

The plant species richness and diversity are simple and interpretable indicators of biological
diversity (Malik & Nautiyal, 2016). For community description of the community, the common
practice it is a common practice to use one of these indicators. The idea of a diversity index is
to obtain a quantitative instrument of biological variability that allows to compare the living
entities and their discrete components, in space or in time (Pielou, 1975). Diversity indices
combine both richness and abundance. Alpha diversity (o), Beta diversity, Gamma diversity,

Simpson’s Index ( A ), Shannon-Wiener Index (H”) and Evenness were applied to evaluate the

! https://www.ville-ge.ch/musinfo/bd/cjb/africa/recherche.php
2 http://www .plantsoftheworldonline.org/
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role of human in shaping the diversity of flora in Cyamudongo. Diversity is measured at
different scales and thus it can be differentiated in alpha diversity, beta diversity and gamma
diversity (Rachel, 2014). In this study, Gamma diversity (y) is analyzed for Cyamudongo and
Nyungwe, beta diversity measured between forests forest types whereas alpha diversity was
evaluated as the species number per plots, transects or forest type.

Alpha diversity (a)

Also called community diversity, is the mean of species richness in the surveyed plots at

Cyamudongo and Nyungwe western main block.

alef' | Si, where Si represents the species richness in the plots and n, the number of plots.
n=—":mrv

Beta diversity ()

Beta diversity was defined as differences in species composition among all surveyed plots at
the site or the species turnover at landscape to regional scales and calculated by subtracting
diversity from vy diversity:

p=r-a

Beta measure the heterogeneity in the data (McCune & Grace, 2002).

Gamma diversity (y)

Gamma diversity, also called site diversity, is the species richness at Cyamudongo and the
Nyungwe western block or the total regional species richness.

Shannon-Wiener Index (H’)

s3]

Where ni= number of individuals of each species (the i" species) and N= total number of
individuals for the site and /n= the natural logarithm of the number. Its values range from 0 to
S, but usually ranging from 1.5 to 3.5. This index is fairly sensitive to actual site differences
and there are several instances where H’ is similar between sites even though sites are different

as it is a measure of entropy or disorder of the community according to Daly et al. (2018).
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Simpson’s Index (D)

Simpson’s Index (D) is a measure of the dominance; therefore (1-D) measures the species
diversity.

b > n(n-1)
N(N-1)

Where ni= number of individuals of each species (the i species) and N= total number of
individuals for the site with different annotations from literature. The Simpson index (D) was
originally proposed by Simpson in Daly et al. (2018) and given by the following relationship:
Hsi @) (D) =ZS:P2
i=1

But this was not found to be an intuitive measure of diversity since higher value suggests low
diversity. The Simpson diversity index of the diversity (SDI) was proposed to measure the
probability that two individuals randomly selected from a sample will belong to the same
species (Z. A. Malik & Nautiyal, 2016) and in this study the formula, SDI=1-D was used to
measure the diversity and its value ranges between 0 and 1. The greater value explains the
greater sample diversity.

Evenness of species

Evenness expresses how evenly the individuals in the community are distributed over different
species (Pielou, 1975). There is a partial correlation between the diversity and the evenness
(Whittaker, 1972). Colwell (2009) defined evenness as a measure of the homogeneity of the
abundance or species occurrence in a sample or a community. It was also termed as equitability
of the species abundance distribution which is also a measure of the diversity (Daly et al.,
2018). The equitability of the abundance of the species in Cyamudongo and the studied area of

Nyungwe was calculated using the Pielou’evenness index as follow:

v_H' _ [
=ty =H/logs

Where H’, is the number derived from the Shannon-Wiener Index and H’max, the maximum
possible value of H’. Evenness indices are functions of some diversity measures and the

number of individuals in a species sample. It ranges from O to 1 (Kvalseth, 2015).
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3.4.2.2 Measure of similarity among community

Similarity indices indicate how close two samples are to another. Dissimilarity indices states
“how apart” they are and indicate better the degree of resemblance between two ecological
communities represented by the samples (Johnston, 1976). The similarity between two
populations is expressed by Sorensen quotient that is denoted below as:

2c
a+b

Qs= x100,

where, a is the number of the species in the population (A), b, the number of the species in the
other population (B) and c is the number of species occurring in both populations. Values range

from O to 1 whereas higher values suggesting greater similarity.

3.4.3 Ordination methods

Ordinal is in literal sense of arranging items along multiple axes as a means of generating
hypotheses about underlying mechanisms and can also be used to test hypotheses when
variables are correlating. In community ecology, ordination is very important to describe the
strongest pattern in structuring species composition of the community (McCune & Grace,
2002) and underlying environmental gradients that influence patterns (Chahouki, 2012).
According to Peet in Chahouki (2012), similar species or samples are plotted close to each
other while dissimilar species or samples lie far apart from each other. In addition, McCune &
Grace (2002) extended the idea and argued that species differences between two samples reflect
their environmental differences including differences in biotic interactions and historical events
in highly integrated fashion. The data matrix is subjected to a set of multivariate analyses to
explore the plant community structure. To better interpret the analysis, it was assumed that
infrequent species were noisy and sampled and were deleted for convenience reasons (McCune
& Grace, 2002).The following ordination methods are used:

Principal components analysis (PCA)

The PCA is known to be earliest ordination technique for ecological data using rigid rotation
to derive orthogonal axes to maximize the variance in the data set. A single analysis results in
ordination of both species and samples. It is the basic Eigen analysis technique (Chahouki,
2012). It is the best known multidimensional scaling technique based on single value

decomposition (Chahouki, 2012; McCune & Grace, 2002; Camiz et al., 2017).
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Eckart &Young in Camiz et al. (2017) theorems; have stated that the principal components are
orthogonal directions, linear combinations of the original characters, along which the inertia
(that is, the sum of squared distances of units to their centroid, in this case the scattering of
relevés) is maximum. The mean and variance are basic concepts to compute PCA so that it may
be applied only to quantitative (measure or frequency) data, but is currently accepted for
presence/absence data, by giving sense to a weighted average between O and 1, which is
actually a proportion of presences. In the present case, in order to perform this ordination
method, data were required to normal distributed. The data has not to show significant trend,
seasonality and other means on non-linearity. The reason why, they were forced to follow a
normal distribution described by Gaussian distribution using PAST build in function before
analysis. Data were first described by their Eigen values and corresponding percentages which
allowed deciding orthogonal principal components and data plotted accordingly in Cartesian
coordinates given by the Principal components. Groups were identified based on similarity
using Euclidian similarity measure by default and the mean spanning was used to connect

highly similar species/plots in space.

The Correspondence analysis (CA)

The correspondence analysis is method for geometrically modeling relationship between rows
and columns of a matrix whose entities are categorical (Merz, 1999) and a multivariate
graphical technique designed to explore relationship and examine associations among multiple
variables (Eremina et al., 2010). This method has an advantage that it produces two dual
displays whose row and column have similar interpretations facilitating analysis and detection
of relationship (Iordache et al., 2012). The CA produces a map where each row and each
column is represented by a point and contains three basics: a point in multidimensional space,
a weight (mass) for each point and a distance function between the points, the chi-square

(Greenacre, 2002).

Canonical Correspondence Analysis (CCA)

Problems in community ecology require to inferring species-environment relationship from
community composition data and associated habitat measurement (Ter Braak, 1986). The CCA
is a multivariate direct gradient analysis method that has become very widely used for this
purpose. This method allows plotting individual species against a few environmental

parameters to reveal the most important trends in data and observe the patterns. The CCA
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method is applied to examine how plant species compositions in Cyamudongo are associated

with the measured environmental variables and the level of disturbance.

Principal coordinates analysis (PCoA)

Principal coordinates analysis also uses Eigen analysis and requires the normality assumption
in order to test the variability of the chosen components. Data were described basing on the
eigenvalues with their corresponding percentages. The first and the second Eigenvalues have
given preferred coordinates since they showed that they were adequate to give full information
in the data. The mean spanning tree used to connect highly similar species to form groups. This

analysis was performed PAST.

3.4.3 Classification Analysis of flora diversity

In community ecology, a classification method put samples or community in groups and is
computer assisted. The classifications of plants communities are based on their total floristic
composition and recognized by their diagnostic species, as known differential and character species
(Brown et al., 2013). In an hierarchical classification, groups are nested within other groups in a
divisive and an agglomerative way (Chahouki, 2012). The use of accepted quantitative methods in
data collection allows a detailed information on species abundance and a description of the
vegetation structure (Brown et al., 2013). In this study, the hierarchical agglomerative cluster
analysis is used to describe the vegetation structure in studied area stratified physiognomic and

physiographic units, namely the buffer zone, secondary forest and primary forest.

The cluster analysis corresponds to the agglomerative classification with the objective to show
graphically the relationship to cluster analyses and individual data points (Chahouki, 2012) and
the neighbors joining clustering method with Manhattan similarity was applied to construct
groups which are more similar to each other than to members of another group by their
community composition (McCune & Grace, 2002). MVSP 3.2 software is used for analysis of
the species abundance, main data matrix and UPGMA (Unweighted Pair Group Method with
Arithmetic Mean) is performed resulting in UPGMA dendrogram where species are ordered

according to their position on the dendrogram.
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3.4.4 Statistical analyses

3.4.4.1 Correlation and regression analysis

All tree measurements will be submitted and environment variables will be submitted to
Shapiro-Wilk test for the normality as a requirement to perform the correlation analysis
(Gibson, 2002) that requires both the data sets to be normally distributed. In this case Pearson
product moment correlation will be used to evidence that the two types of variables vary
together. If data are found not normally distributed Spearman’s rank correlation will be applied.
In the other hand, the regression analysis will be used to test the dependence between variables
as argued by Gibson (2002). SPSS software 3.2 will be used for the correlation and regression
analysis of some tree metrics such as DBH, height, canopy cover and the disturbance level,
altitude, habitat types and for correspondence analysis between life-forms and the type of forest

under study.

3.4.4.2 Variation analysis of species occurrence in different forest types

The statistical difference in species that occurred in 2018, 2019, and 2020 considered as three
response variables recorded in four vegetation types known as buffer zone, primary forest,
secondary forest, and Gasumo forest has been evaluated. R software was used for MANOVA
(Multiple Analysis of Variances), One-Way ANOVA and Two-Way ANOVA to test
differences in means of species occurrences in 2018, 2019, and 2020.

MANOVA was first to explore the global difference at significance level alpha of 0.005
compared with the p-value computed from the data. Since the global p-value was equal to
2.595e-12, the null hypothesis was supported. Astonishingly, MANOVA didn’t tell how the
corresponding response behaved in the forest types. One-way ANOVA was applied for the
identification of the specific dependent variable that contributed to the significant difference in
each forest type was done but didn’t say something about the influence of the cover percentage
and the level of disturbance on these differences. In this context, two-way ANOVA intervened
to identify the impact of these attributes on the species occurrences for the corresponding
phases of data collection. During the analysis, R programming language was utilized while
graphs that are presented was plotted with powerful R plotting tools plot 2 which is suitable to
produce exemplary graphs easy to interpret. The analysis was performed species occurrences

in 2018, 2019, and 2020, level of disturbance and cover percentage as attributes here
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abbreviated (HC: High cover, MiC: Middle cover, MoC: Moderate cover, LC: Low cover. HD:
High Disturbed, CH: Changed the Habitant, MD: Moderate Disturbance).

3.4.5 Biological and Phyto-climate spectra analysis

According to Raunkiaer in Einar Du Rietz (1931), life-forms are the sum of a plant’s adaptation
to climate and the ratio of life-forms of different species in terms of number or percentage in a
floristic community is the biological spectrum or life-form spectrum according to Milne&
Milne in Thakur (2015) or the phyto-climatic spectrum (Smith, 1912). Differences in life-form
distribution between the normal spectrum and the biological spectrum point out the life-form
characterizing the phyto-climate or the vegetation under study as stated by Jyoti et al. (2014).
The normal biological spectrum against which different life-form spectra are compared was
earlier constructed by Raunkiaer according to Smith (1912). Proportions of life-forms for
tropical rainforests respond to the Phanero-Therophytic phyto-climate where the normal
biological spectrum estimates are Phanerophytes (46%), Chamaephytes (9%),
Hemicryptophytes (26%), Cryptophytes (6%) and Therophytes (13%) (Smith, 1912; Raju et
al., 2014; Thakur, 2015). This proposed normal spectrum serves as baseline to understand

features in the study sites that are deduced by spectra comparison.

3.4.6 Chorological spectrum of phytogeographical districts (PDs)

With reference of publications of Brenan (1978), White (1983) & Adomou et al.(2006), the
chorotype of each species were determined with the following main phytotochoria: GC:
Guineo-Congolian regional center of endemism, Z: Zambesian regional center of endemism,
S: Sudanian regional center of endemism, SZ: Sudano-Zambesian region, SG: Guineo-
Congolian/Sudanian transition region i.e linking elements between the Guineo-Congolian and
Sudanian Regions, and Wd: species with wide distribution like cosmopolitan, Pantropical and
Paleotropical. Cosmopolitan (Cos) refers to species that occur in tropical and temperate region,
Pantropical (Pan) region includes tropical Africa, America and Asia, while Paleotropical (Pal)
refers to species distributed in tropical Africa, Asia with Madagascar and Australia. The
proportions of various phytotochoria are calculated using the checklists of species obtained for

each phytogeographical district defined with the help of the “Digital Flora of Central Africa™

3 https://www.floredafriquecentrale.be/#/en/species/S561636
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and Kew Plant of World Database* to evaluate the distribution of species in PDs. The observed
phytogeographical patterns are described as a result of numerous ecological (geology,
landform, soil and climate) and the historical processes such as climatic changes and

anthropogenic activities as proven in a previous studies done by Adomou et al.(2006).

3.4.7 Spatial data analysis

3.4.7.1 Study sample mapping and analysis
The geographical coordinates of the study area have been plotted using Arc GIS.

3.4.7.2 Vegetation mapping

A satellite-derived vegetation index, the normalized difference vegetation index (NDVI) has
been found to be useful as a predictor of the ground vegetation biomass (Borowik et al., 2013).
This index is based on the observation of distinct color’s wavelengths of visible and near-
infrared reflected by plants. The vegetation is dense containing some forest types in much more
reflected radiations in near-infrared wavelengths than in visible and the vegetation is sparse
consisting of grassland, tundra or desert with small difference between visible and near-infrared
wavelengths reflected and according to the Nasa Earth Observatory (2000), the NDVI is

calculated as follows:

NDVI = (NIR — VIS)/ (NIR + VIS)

Borowik et al. (2013) studying the relationship between NVDI and the ground vegetation
biomass and have confirmed the seasonal shapes of the relationship. The NDVI were also found
to be a good instrument for the identification of areas that experienced the vegetation loss due
to human activities in Somalia by a statistical modeling method which eliminated the
relationship between rainfall and vegetation (Omuto et al., 2010). This remote sensing
modeling approach allows NDVI calculations which result in a number ranging from -1 to +1.
No green color results in a value close to zero ( no vegetation) and the highest possible density
of green leaves corresponds to a value of close to +1 (0.8 - 0.9) (Nasa Earth Observatory, 2000).
The vegetation maps of the Cyamudongo and the study area of Nyungwe were obtained from
NDVI satellite images. The vegetation of Cyamudongo and the studied area of Gasumo were
classified using NDVI values according table 6 as presented below as proposed by Zaitunah et

al. (2018).

4 http://www.plantsoftheworldonline.org/
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Table 6: NDVI vegetation classes

Classes NDVI Values Vegetation classes

1 0-0,15 Lowest dense
II 0,15-0,3 lower dense
I 0,3-0,45 Dense

v 0,45-0,6 Higher dense

A\ > 0,6 Highest dense



CHAPTER 4. RESULTS

4.1 Evolution of the Vegetation state of Cyamudongo and Nyungwe at Gasumo study
area
4.1.1 NDVI classes and corresponding and surface area

The Normalized Difference Vegetation Index (NDVI) values remotely sensed from satellites
for 2016, 2018, 2019 and 2020 are respectively described in five vegetation classes presented
at table 7, 8, 9 and 10.

Table 7: NDVI values and corresponding surface area in Sqm of 2016

Classes NDVI Values area in Sqm

I 0.134-0.24 427639,357
II 0.24-0.29 1381989,516
11 0.29-0.33 2183999,506
v 0.33-0.37 2501309,261
\Y 0.37 -0.47 1405543,785

Table 8: NDVI values and corresponding surface area in Sqm of 2018

Classes NDVI Values area in Sqm
I 0.09- 0.23 309188,9483
I 0.23-0.31 1208621,177
I 0.31- 0.36 2039720,476
v 0.36- 0.41 2721423018
A% 0.41-0.52 1621240,672

Table 9: NDVI values and corresponding surface area in Sqm of 2019

Classes NDVI Values area in Sqm
I 0.15-0.22 294793,4355
I 0.22-0.27 1171825,019
111 0.27-0.30 2059759,449
v 0.30-0.33 2708840,645
A% 0.33-0.40 1663458,685
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Table 10: NDVI values and corresponding surface area in Sqm of 2020

Classes NDVI Values area in Sqm

I 0.10-0.22 312120,8114
I 0.22-0.28 1194404,33
11 0.28-0.33 2172046,552
v 0.33-0.37 2633022,185
\% 0.37-0.51 1745572,297

The NDVI values in four periods of data collection changed as exposed in table 7, 8, 9 and 10
for both the low and upper limits of NDVI values and the corresponding area of vegetation
classes. NDVI values decreased from 2016 to 2018 for the lower limits of the first two classes
with sparse vegetation while the corresponding surface areas decreased with the vegetation
classes I, 1. In addition, the NDVI values increased in moderate dense vegetation and higher
dense vegetation in classes, III, IV and V with an increase in in the surface area covered
accordingly. These values symbolize a reduced level of disturbance between 2016 and 2018
and, an increase of the vegetation cover. Meanwhile, the situation reversed in 2019 where
NDVI values decreased for the low and upper values compared to the year 2018. This decrease
implies a decrease in vegetation cover. More interestingly in 2020, the NDVI values for the
higher dense vegetation increased as well as the surface covered by the vegetation. Figure 12
presents NDVI classes mean values for the study periods and shows that for 2018, the NDVI
values were higher than those of 2016, 2019 and 2020 for the four vegetation classes except

for the first one.

NDVI

Figure 12: Dynamic of NDVI in 2016, 2018, 2019, 2020
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In general, the NDVI in Cyamudongo and Nyungwe, the study of Gasumo ranging between
0.1 and 0.5 allow qualifying the vegetation as dense with different levels of disturbance with

five classes.

4.1.2 Trends of forest cover changes and landscape dynamics before and during the

study period

The land cover classification results of the study area varied among study periods as presented

at figure 13.

- Lowest dense = Higher dense
Lower cesnse Highest dense

0
F =
5
2 s
10
s

Figure 13: Spatial distribution of land cover classes in 2016, 2018, 2019, 2019

Figure 10 showed almost similar trends in forest cover between 2018 and 2019 dominated by
lower dense vegetation class while 2016 and 2020 were dominated by higher dense vegetation.
During the study period, the vegetation maps are presented from Fig 14 to 17 respectively for
the period before the study (2016) and the following years 2018, 2019, 2020. The lowest
vegetation density was found in areas surrounding the park in buffer zones, mostly at Mataba
(South-West) and the center directed to the north of Cyamudongo. The patches and the north
east of the studied area of Gasumo are mostly dominated by the lowest dense vegetation. In
terms of increase of the surface areas for different vegetation classes, patterns are presented in

table 11.
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Table 11: Increase and decrease of land cover period 2016-2020

area in sqm areain sgm area in sgm areain sgm areain sqm

Vegetation Rate
class 2016 2018 increase  Decrease 2019 increase  Decrease 2020 increase  Decrease  (sgm/vr)
Lowest denze 427639357 309189 118450:4_ 204793 44 -14396 3121208 173274 34635
Lower dense 138198952 1208621 1733683 1171823 -316796 1194404,3 223703 45159
Denze 218399951 2039720 1442790 205397594 20039 272046,6 1122871 24574
Higher dense 250130026 2721423 2201138 27088406 -12582 26330222 -738185 151637
Highest dense 1403343,78 1621241 2136969 16634387 42218 1743372,3 821136 164227

NDVI range of land cover types (Table 7, 8, 9, 10) as well as their corresponding surface area

from 2016 to 2020 indicated changes. The degradation reduced in lower land cover where the

initial surface covered decreased until 2019 and higher dense land cover increased with

increase in greenness in 2020. From figure 14-17, the extent of the variation of vegetation

cover and changes are exposed on maps.

2°320's

2732730

2°330°S

2°3330°S

2°340°S

28°580'E 28°5830°E

28°590°E

28°5930°E 29°00°E

29°030°E

Legend
[ soundary

NDVI

Value

o
N o023
oz
B 033
I o7

Cyamudongo Vegetation Indices in 2016

023
029
033
037
047

10,000 Meters
—

r2°3230°s

F2°3330"S

[2°340°s

28°580°E 28°5830°E

28°590°E

28°5930°F 29°00°E

29°030°E

Vegetation indices:
Sample site in Nyungwe at 8km from Cyamudongo forest

Legend
L oounaay
NOVI
Value
oo
o -0
0:-0m
Elos -0

v 0w

Figure 14: Map showing the vegetation density in 2016
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Figure 15: Map showing the vegetation density in 2018
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Figure 16: Map showing the vegetation density in 2019
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Figure 17: Map showing the vegetation density in 2020

The study showed that the forest coverage and the forest density increased from 2016-2020.
Furthermore, areas surrounding Cyamudongo and closest to local communities and mostly
made of buffer zones and secondary forest patches are likely to be disturbed by human activities
and the existence of infrastructure (roads) crossing the forest. The inner part of the forest with
primary forest patches show the highest forest coverage with NDVI higher than other land
cover indicated by the highest crown density. Gasumo couldn’t escape the high level of
disturbance given the lower levels of land cover with lower NDVI dominating in the stud