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Abstract 

The rift valleys of the East African Rift Systems form two branches (Eastern and Western 

rift). Within the Eastern rift, there is a southward propagation in the onset of volcanism, 

and hence rifting that has led to the formation of a narrow graben commonly referred to 

as the Gregory rift (in Tanzania). The endorheic basin at its southern end where the pre-

sent saline Lake Manyara was formed. The lakes largest tributary is the Makuyuni River 

that is providing fresh water from northwest volcanic highlands. Along the Makuyuni 

River, where first and second tributaries cut deep into the sediments, the landscape is 

dominated by erosion features. These sediments reveal exposed and outcropping arte-

facts and fossils, which have been found starting in the 1930s in archaeological and pale-

ontological expeditions. In the close vicinity of Makuyuni town, two hominin bearing 

sites were discovered in 2008. As few is known about the landscape itself, this study has 

set its focus on the surrounding landscapes of Makuyuni and its geomorphic implica-

tions. 

Key drivers of landscape development in Northern Tanzania are the tectonics and tec-

tonically induced processes. The thus disrupt drainage networks and analyses thereof 

can reveal the effects on the morphology of stream longitudinal profiles. These transfor-

mations in turn, have an impact on driving river incision, in general on linear erosion 

phenomena. The triggered rill and gully erosion features will eventually lead to soil loss. 

Gully erosion is a major threat concerning landscape degradation in semiarid ecosys-

tems, as they remove fertile topsoil and as such prevent agricultural use. The study 

showed, that most of the gully systems are there for decades and in stable conditions. 

There are, however, areas of exposed risk for erosion. A detailed examination of soil loss 

areas, innovative automatic surface runoff detector (SRD) devices have been installed. 

They measure runoff height and duration. This data contribute to a better understanding 

of the water cycle as well as to soil functions in semiarid environments. 

The specific research questions have been considered in five different publications that 

describe the applied methodologies and results in detail. In order to understand the dif-

ferent geomorphic processes, different methods and scales have been used. Field sur-
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veying was an important factor and surface runoff, soil characteristics and erosion phe-

nomena have been sampled and measured. Specifically, this study examined rill and 

gully erosion features and underwent a detailed mapping around Makuyuni in order to 

describe and understand the occurring landscape systems. Laboratory procedures in-

volved soil parameter analysing and digital data analysis involved digital elevation 

model analysis, remote sensing imagery, sophisticated statistical models and in the end 

a detailed geomorphic map compiling of the greater area.  

Many studies have focused on partial aspects of geomorphic processes. The framework 

of this doctoral thesis seeks to answer a holistic approach, in order to understand, inter-

pret and discuss related geomorphic processes, their spatial extents and locations. This 

work contributes to the knowledge of present geomorphic processes and features and 

the landscape evolution within the Lake Manyara area in Northern Tanzania. The above 

mentioned methods and analyses may be applicable to similar areas in the African rift. 
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Zusammenfassung 

Der große Ostafrikanische Grabenbruch teilt sich im südlichen Äthiopien in zwei Haupt-

systeme, den östlichen und den westlichen Graben. Im östlichen Graben nehmen die vul-

kanischen Aktivitäten und daher auch die aktive Grabenbildung nach Süden zu, was zu 

der heutigen Bildung einer engen Grabenschlucht geführt hat, das sogenannte Gregory 

Rift in Tansania. An dessen südlichem Ende hat sich ein endorheisches Becken gebildet, 

wo sich heute der flache Salzsee Manyara befindet. Sein größter Zubringer ist der Fluss 

Makuyuni, welcher Frischwasser aus den vulkanischen Hochlanden nordwestlich des 

Beckens mit sich führt. Entlang diesen Flusses haben sich weitere Verzweigungen tief in 

die Sedimente gegraben; die Landschaft wird von Erosionsformen dominiert. In diesen 

Sedimenten zeigen sich nun freigelegte Artefakte und Fossilien, welche seit den 1930er 

Jahren bei archäologischen wie paläontologischen Expeditionen entdeckt wurden. In 

der Nähe der Siedlung Makuyuni wurden 2008 zwei Knochenreste von frühen Homini-

den gefunden. Wenig Forschung gibt es über die Landschaft selber, die vorliegende Ar-

beit beschäftigt sich daher mit der Umgebung Makuyunis und seinen geomorphologi-

schen Eigenschaften. 

Wesentlich für die Formung der Landschaft Nordtansanias sind die tektonischen und 

tektonisch-getriebenen Prozesse. Die dadurch gestörten Abflussnetzwerke und deren 

Analysen können die Auswirkungen auf die Morphologie der Abflusslängsprofile aufzei-

gen. Diese Veränderungen wiederum wirken sich auf die Einschneidungsdynamiken der 

Flüsse und Bäche aus, generell also auf lineare Abflussprozesse. Die so entstehenden Ril-

len- und Gullyerosionsformen führen zu Bodenverlusten. Die Gullyerosion ist eine der 

größten Naturgefahren in semiariden Ökosystemen, da sie große Teile des Oberbodens 

abtragen und so die Landschaft einer agrarischen Nutzung entziehen. Die Arbeit konnte 

aufzeigen, dass viele der Gullysysteme seit mehreren Jahrzehnten bestehen und stabil 

sind. E gibt jedoch Bereiche, die von potentiellen Abtragungsrisiken betroffen sind. Um 

diese Bodenabtragungen genauer zu untersuchen, wurde mit innovativen Oberflächen-

abflussdetektoren gearbeitet. Diese messen den Oberflächenabfluss in seiner Höhe und 

Dauer. Diese Daten tragen zu einem besseren Verständnis des Wasserkreislaufes sowie 

allgemein zu Bodenfunktionen semiarider Ökosysteme bei. 
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Die jeweiligen Forschungsfragen wurden in fünf Artikeln abgehandelt, diese beschrei-

ben die angewandten Methoden und Resultate im Detail. Um die verschiedenen geomor-

phologischen Prozesse zu untersuchen, wurde mit verschiedenen Methoden und ver-

schiedenen Skalen gearbeitet. Die Feldarbeit nahm einen wichtigen Teil ein und es wur-

den u.a. Oberflächenabfluss, Bodenwerte und Erosionsformen beprobt und vermessen. 

Im Speziellen wurden auf die Rillen- und Gullyerosion eingegangen sowie auf eine de-

taillierte Kartierung der Umgebung Makuyunis um die verschiedenen Landschaftssys-

teme zu beschreiben und zu verstehen. Im Labor wurden die Bodenproben analysiert 

und mit den digitalen Geländemodellen, den Fernerkundungsdaten und statistischen 

Methoden wurden einzelne Studien durchgeführt und am Ende eine geomorphologische 

Karte des Gebiets erarbeitet.  

Viele Studien untersuchten Teilbereiche geomorphologischer Prozesse. Im Rahmen die-

ser Doktorarbeit wurde daher ein ganzheitlicher Ansatz verfolgt, um die geomorpholo-

gischen Prozesse, ihre räumliche Ausdehnung und Verortung zu verstehen, zu interpre-

tieren und die wissenschaftlichen Erkenntnisse als Ganzes zu diskutieren. Diese Arbeit 

trägt daher zu neuem Wissen aktueller geomorphologischer Prozesse und Formen so-

wie der Landschaftsentwicklung als solche in der Umgebung des Manyarasees in Nord-

tansania bei. Die dabei verwandten Methoden und Analysen sind in ähnlichen Ökosys-

temen entlang des Ostafrikanischen Grabens anwendbar.  
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1 Introduction 

This chapter provides an introduction to the background of this work, the state of the 

art in relation to the individual research questions and it presents the structure of this 

thesis. 

 

1.1 Background and Motivation 

The main objective of this dissertation work is to study geomorphic processes, forms 

and features on different scales in order to gain a deeper understanding of landscape 

related processes and the landscape evolution itself. The focus area lies within the Lake 

Manyara basin in Northern Tanzania that is part of the East African rift system (Figure 

1).  

 

Figure 1. Study area located in Northern Tanzania. a) Tanzania with district bound-

aries, red box shows extend of b. b) SENTINEL-2 scene (2016-02-04) of the greater Lake 

Manyara area, volcano Essimingor in the North. Rec box shows extend of c. c) 

WorldView2- scene (2011-02-21). Close up of the Makuyuni area, Makuyuni River with 

blue line, Makuyuni town in light red. 

Since 2007, the area of Makuyuni town has been studied archaeologically by the Univer-

sity of Dar es Salaam in cooperation with the University of Tübingen, among others (Kai-

ser et al. 2010). Work was done on the geology and stratigraphy of the area (e.g. Frost et 

al. 2012; Schwartz et al. 2012), but there was a lack of information on the surrounding 

landscape and its geomorphology. In 2010, geographic, geomorphic and remote sensing 
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fieldwork of the Heidelberg Academy of Sciences’ Research Center ROCEEH (Haidle et 

al. 2010), under the supervision of Michael Maerker, started to work on this research 

gap. This thesis is written within this framework.  

Beginning in the 1860s, many discovery expeditions in northern Tanzania reported 

about the rift valley and their volcanoes (cf. Chorowicz 2005; Dawson 2008). During the 

times of the “German East Africa” colony, there had been an increasing number of Ger-

man expeditions for detailed local geological and geographical studies (Baumann 1894; 

Meyer 1909; Jäger 1911). In the early 20th Century, German and later British research-

ers investigated East Africa in search for human origin: At Olduvai, first expedition 

1931–32 lead by Louis Leakey (Reck 1933; Leakey, Reck 1951; Leakey 1979); at Mumba 

Cave Kohl-Larsen expedition 1934–36 (Kohl-Larsen 1943); at Laetoli, first investigation 

1935 by Louis Leakey (Leakey 1987). 

Richard Leaky suggested in 1973 that the East African Rift System is the “Origin of Mans” 

(Leakey 1973: 450), because most early hominid fossils have been found in those rift 

sediments. Ring (2014: 142) stated that rifting processes drive dynamic topography that 

“may have been the most important cause for climate change in equatorial Africa, 

thereby influencing the development and evolution of mankind”. Rift basins with their 

rivers and lakes are ideal sites for faunal and floral development. Widespread lake for-

mation let to more diversified environments that have potentially influenced the evolu-

tion of hominids by altering their habitat. 

En route to Olduvai on the 1934–35 expedition, Kent recognized and later described a 

section of lacustrine deposits  near Makuyuni town and suggested a Middle Pleistocene 

age for them (Kent 1942). These fossiliferous deposits were re-investigated in 1969–70 

(Keller et al. 1975), in 1994–95 by the Hominid Corridor Project (Kaiser et al. 1995; Kai-

ser et al. 2005; Ring et al. 2005) and in 2007–11 (Frost et al. 2010; Frost et al. 2012; 

Schwartz et al. 2012; Märker et al. 2013; Giemsch et al. 2018).  

At the Makuyuni location, greyish lacustrine, fossil-rich deposits are overlaid by brown-

ish-red terrestrial sediments. These 30 m-thick sections were named Manyara Beds by 

Ring et al. (2005). The field season in 2008 revealed two hominin-bearing sites, namely 

MK2 and MK4, described by Kaiser et al. (Kaiser et al. 2010). Both fragments – from a 

parietal bone and a tooth – have been collected from the lacustrine, Lower Manyara Bed 

deposits (Kaiser et al. 2010). These two different sites demonstrate that hominins were 
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more or less frequent visitors at the shoreline of the paleolake Manyara. Within her doc-

toral thesis, Liane Giemsch (2015) conducted additional archaeological surveys from 

2007–2009 around Makuyuni and added 52 new find localities to the fieldwork of Kaiser 

(1997). On a comparative study on Palaeolithic artefacts on test excavations, she could 

identify the majority of the artefacts to be Acheulean, mainly from 630–400 thousand 

years (ka) (Giemsch et al. 2018). She postulates that during the early Middle Pleistocene, 

hominins have used the lacustrine fresh water environment of the paleolake Manyara. 

The paleolake and paleolandscape analyses were conducted as well by the ROCEEH ge-

ography group from 2009–2014; see the dissertation work of Felix Bachofer (Bachofer 

2015). The focus of this thesis is laid on the surrounding landscapes of Makuyuni and its 

geomorphic implications. 

 “Geomorphology is a highly complex science that involves elements of geography and 

geology,” and studies landforms at different temporal and spatial scales (García-Ruiz 

2015: 87). Understanding the geomorphic evolution of the landscape as it is present 

nowadays, means to understand a combination of landforms, vegetation, climate, bed-

rock as well as human activities reacting on the landscape. This holistic perspective en-

ables the analysis of geomorphic processes to explain dynamic aspects of the present 

landscape. Many studies have focused on partial aspects of geomorphic processes; the 

interrelation of this information providing a holistic view on the landscape can provide 

deeper insights into landscape functions.  

This doctoral work combines analyses of geomorphic forms and features, morphotec-

tonics, geomorphic and erosional processes (esp. gully, rill and sheetwash processes), as 

well as soil characteristics in the semiarid environment of Northern Tanzania. The aim 

is to understand the influence of tectonics, climate and geology on current geomorphic 

forms such as erosion phenomena, surface transport conditions and the distribution of 

landscape features.  

 

1.2 State of the Art and Research Questions 

The present publication-based doctoral thesis is composed of a framework body and five 

publications. This section provides a brief introduction into the state of the art of the 
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relevant methodologies and analyses presented in each publication and states research 

question as well as the main objective of the present thesis. 

The East African rift system (EARS) is an intra-continental ridge system with a series of 

several thousand kilometres long successions of rift valleys generally bordered by up-

lifted shoulders (Chorowicz 2005). The rift valley forms two main lines, the eastern 

branch runs over a distance of 2200 km from the Afar triangle in the north to the North-

ern Tanzania Divergence Zone in the south. The western branch runs over a distance of 

2100 km from Lake Albert in the north to Lake Malawi in the south. Cenozoic volcanoes 

in the EARS occurred first in the Lake Tana region, Ethiopia, during the Oligocene and 

migrated southwards up to the Northern Tanzania Divergence Zone where volcanic ac-

tivities are still ongoing (Chorowicz 2005). The EARS is structurally controlled creating 

topographically complex relief and drainage conditions (Baker et al. 1972). 

Tectonic geomorphology studies, that have their origin in earthquake studies, reveal 

complexities of tectonic landscapes associated with active faulting (Bailey et al. 2011). 

Morphotectonic is considered synonymous with tectonic geomorphology and extracts 

information of active deformation directly from landscape topography (Kirby, Whipple 

2001; Scheidegger 2004). In tectonically active regions, drainage network analysis re-

veals relationships between relief, elevation, and denudation rates (Howard 1994; 

Kirby, Whipple 2001). Tectonic activity disrupts drainage networks; studying the nature 

of these disruptions can give clues about the ongoing tectonic activity (Howard 1994). 

Identifiable geomorphic features, so called geomorphic markers or morphometric fea-

tures, measure the amount of deformation (Burbank, Anderson 2001). 

Morphotectonic analyses using digital elevation models (DEMs) for active tectonic re-

gions show their possibilities for tectonic interpretations (Shahzad, Gloaguen 2011a, 

2011b; Rahnama, Gloaguen 2014). In the catchment of the Makuyuni River, not only 

stream lines but also linear erosion features are characteristic landscape elements. 

Therefore, both were the focus of the morphotectonic analysis and validation. Out of the 

research deficits, following research question (RGQ) has been developed: 

RQ1 How strong is the influence of active tectonics within the Makuyuni River basin 

and which geomorphic markers are suitable for their delineation? 
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The spatial distribution of soils and lithologies provide additional information for differ-

ent landscape studies, including digital soil mapping (McBratney et al. 2003; Sanchez et 

al. 2009; Viscarra Rossel et al. 2010), soil production (Minasny, McBratney 1999; Mi-

nasny et al. 2008), and landscape reconstruction (Berking et al. 2011). The definition of 

topsoil varies in different soil taxonomies (Soil Survey Staff 1999; FAO 2014) but is re-

garded as the most relevant part of the 3-dimensional soil column considering food pro-

duction, degradation and soil management (Broll et al. 2006; FAO 1998).  

In geostastistical approaches for spatial soil distributions, various parameters are incor-

porated: (i) topographic features providing information on soil formation processes 

(Conacher, Dalrymple 1977), (ii) remotely sensed data and derivatives (Mulder et al. 

2011) and (iii) geologic, soil and climatic parameters (Viscarra Rossel, Chen 2011). 

Remote sensing imagery, especially suitable in sparsely vegetated areas, support the 

spatial interpolation of sampled soil property data. Remote sensing data can be analysed 

using physically-based methods to derive soil properties and to segment the landscape 

in homogeneous soil-landscape units (Mulder et al. 2011). The lack of existing infor-

mation on soil types and distribution leaded to two campaigns focussing on soil survey 

and sampling regarding following research question:  

RQ2 What soil types are available and how are the soils distributed over the study 

area? 

 

The rate at which water enters the soil is called infiltration rate or infiltration capacity, 

typically measured in mm/h. When rainfall exceeds the rate at which water can infiltrate 

the ground, surface runoff will be produced (see 2, p. 6), called Hortonian overland flow 

(Bull, Kirkby 1997). Overland flow in semiarid areas, that are only sparsely and patchy 

vegetated, occurs on stretched slopes as laminar sheet flow. The term is somewhat mis-

leading since the water flow is never of uniform depth because of the microtopography 

of hillslope surfaces (Summerfield 1991).  
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Figure 2. Soil infiltration and surface runoff processes . When rainfall exceeds the 

rate at which water can infiltrate the ground or when sediment detachment leads to a 

sealing of the soil surface, surface runoff will be produced. 

Lauenroth & Bradford (2006) stated, that the runoff part of the water balance in semi-

arid regions is close to zero, and hence often ignored. In general, runoff after small pre-

cipitation events can only be short distance runoff. On the other hand, Jensen et al. 

(1990) reported that runoff depends on the characteristics of precipitation and can only 

be neglected for a particular type of soils, i.e. coarse textured (sand and loamy sand) and 

moderately coarse textured soils (sandy loams). However, at the event scale there can 

occur remarkable amounts of surface runoff on top of all kinds of soil texture types 

(Zema et al. 2012), especially after dry periods.  

To look in detail into infiltration and runoff processes at the hillslope scale, it is neces-

sary to gain knowledge about soil types, especially soil texture distributions and infiltra-

tion, as well as (pedo-)hydrological parameters such as rainfall and surface runoff data. 

To measure latter, we used an innovative automatic surface runoff detector (SRD) de-

vice, measuring runoff height (from soil surface) and duration. Following research ques-

tions have arisen out of this research gap: 

RQ3 How can surface runoff  be quantified in semiarid savannah type environments? 
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When surface runoff concentrates further down the slope it becomes turbulent and pro-

motes sediment detachment that leads to linear depressions. Rills and gullies are differ-

ent morphological stages of incised channels. Gully erosion is a major threat concerning 

landscape degradation in large areas along the Northern Tanzanian Rift valley. It is the 

dominant erosion process producing large parts of the sediments that are effectively 

conducted into the river network. The “off-site damages” of gully erosion processes are 

related to the transported sediments that are mainly affecting water quality and are 

causing reservoir sedimentation (Sidorchuk et al. 2003). 

Gully morphometric attributes (such as gully length, depth, catchment area and volume), 

are coupled to different gully evolution phases (according to Kosov et al. 1978; compare 

with Figure 3). The authors divided the gully’s lifetime in a dynamic phase covering just 

the first 5% and a static phase covering the remaining 95% of the gully’s lifetime. The 

dynamic phase is characterized by i) gully length up to 90% of the entire length devel-

opment, ii) gully depth that reaches up to 80% of its final depth, iii) gully catchment or 

contributing area of less than 60% of the entire contributing area and iv) less than 45% 

of the final gully volume. 

 

Figure 3. Gully evolution phases. Gully evolution phases according to morphometric 

characteristics (from Sidorchuk 1999, after Kosov et al. 1978).  
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Figure 4. Gully morphology and processes. a) Gully headcut (Photo: 06/2013). b) Ephem-

eral gully with headcut (09/2010). c) Gully (background) and piping (fore-ground) 

(03/2014). d) Permanent gully with mass failure (08/2011). e) Badland formation 

(08/2011). Photos: G. Quénéhervé. 

Gullies are typically more than 0.3 m wide and range from 0.5 to 30 m in depth (Poesen 

et al. 2002). They differ from stable river channels in having steep sides, step/pool pro-

files, characteristically with a headcut (Figure 4a) at the upslope end (Knighton 1998). 

Two main processes initiate permanent gully formation: surface flow and piping. Piping 

(Figure 4c) is an erosional process caused by subsurface flow within the bulk soil. 

Poesen et al. (2002) distinguish gullies on a physically based classification in ephemeral 

(Figure 4b) and permanent systems. Permanent gullies (Figure 4d) are larger systems 

that typically develop on abandoned fields or rangeland. When gullies grow into each 

other, they result in badland formation. Badlands are intensively dissected high relief 

areas unusable for agriculture (Figure 4e). 
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A detailed assessment of gullying processes yield valuable information on the landscape 

and landscape functions such as sediment load, water quality, landscape stability, soil- 

and groundwater storage as well as soil fertility and soil depth (Hancock, Evans 2010). 

In sub-Saharan Africa, a proper assessment of gully erosion is difficult as most of the 

affected areas are not accessible for comprehensive fieldwork (missing permits; danger-

ous areas because of conflicts, diseases, etc.). Enhancing existing elevation data with ad-

ditional topographic information was already successfully deployed to assess soil ero-

sion processes (Costanzo et al. 2012; Conoscenti et al. 2013; Frankl et al. 2013). Conse-

quently, to understand the local gully erosion processes and features, detailed field 

measurements have been combined with digital data to answer following research ques-

tions: 

RQ3 Are the local gullies in stable or in dynamic conditions? How can these analyses 

contribute to a better understanding of landscape developments? 

 

Geomorphic studies in Eastern Africa, after the discovery expeditions beginning in the 

1860s, had a renewal period from the 1960s to the 1980s. Langlands (1964) offers a 

short review of geomorphic studies and maps for eastern Africa, mostly Uganda and 

Kenya. Grove (Grove 1986) provided a description of the geomorphology of the EARS. 

Toya and colleagues conducted geomorphic field studies in southeaster Kenya from 

1969–1971 (Toya et al. 1973). Tricart (1972) and Morgan (1972) worked on landscape 

descriptions. 

Geomorphic maps are fundamental components of geographic investigations (Rădoane 

et al. 2011). Geomorphic mapping plays an essential role in understanding surface pro-

cesses, spatial distribution of landforms, geo-chronology, natural resources, natural haz-

ards and landscape evolution (Blaszczynski 1997; Bishop, Shroder 2004; Finkl et al. 

2008). Modern comprehensive geomorphic map construction started in the early 20th 

century, while detailed geomorphic maps have been published from the late 1950s up 

to the 1970s (Klimaszeski 1990). In the late 1980s, the use of Geographic Information 

Systems (GIS) became widespread in geomorphology and GIS technologies have become 

important tools for landform analysis, data management and construction of geo-

morphic databases (Gustavsson et al. 2006; Demek et al. 2011).  
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Nevertheless, geomorphic mapping approaches in East Africa are few, detailed maps 

(<1:50,000) are scarce. The only available geomorphic mapping work near the focus 

area was done at the eastern shorelines of Lake Manyara (Vaidyanadhan et al. 1993). 

Doornkamp (1971) emphasizes that the potential value of geomorphic studies in East 

Africa “has not yet been fully realized and geomorphology has not yet developed beyond 

its most elementary stage” in East Africa. Nowadays, more than 40 years later, there is 

no significant change in that statement. To overcome this lack of information, an exten-

sive mapping in the focus area was undertaken. 

Out of this research deficits and the research questions stated, the main objective (MO) 

of this thesis is therefore to better understand the landscape processes, forms and fea-

tures of the Makuyuni River system around Makuyuni town: 

MO Understanding geomorphic processes, their spatial extent and location. 
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1.3 Structure of this Doctoral Thesis 

The present framework of my doctoral thesis unites the five different research ap-

proaches to answer the main objective of this thesis as well as to provide background 

information on the study area. 

Chapter 1 provides the state of the art of the thematic topics tackled within this thesis. 

It also states the research questions of singular thematic topics (represented by the in-

dividual publications) and the main objective. 

The study area is presented in Chapter 2. An introduction in the geology and tectonics 

of the East African Rift Valley constitutes the basis for understanding the formation of 

the landscape and its influences on the present-day forms and features. The present ge-

omorphology and soils are outlined as well as a brief overview of the climatic and hy-

drologic conditions as well as the dominant vegetation is provided.  

Chapter 3 presents an overview of important methods used throughout the study; an 

emphasize was set on the conducted fieldwork and exploited devices as well as on field 

data collections and modelling thereof. 

The important findings and outcomes in regard to the research questions are presented 

and discussed in Chapter 4. 

Chapter 5 is dedicated to the main objective of this thesis on understanding geomorphic 

processes, their spatial extent and location. The section highlights a synthesis of the 

landscape processes, forms and features. 

Finally, Chapter 6 draws the conclusions of the study and states recommendations for 

future research. 

 

Appendices: All four peer-reviewed publications as well as the submitted manuscript, 

that are related to this PhD cumulative thesis, are attached (I – V).  

A supplemental geomorphic map completes the thesis.
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2 Study Area 

This chapter provide a brief introduction into the geologic situation, the active tectonics, 

main geomorphic features, soil type occurrences and distribution as well as the climatic 

and hydrologic conditions. 

 

2.1 Geology and Tectonics 

The Precambrian basement of East Africa consists of the Archean Tanzania craton (4–

2.5 billion years) that is a stable part of the continental lithosphere. The Archaean Tan-

zania craton extends from central Tanzania to western Kenya and southeast Uganda 

(~350,000 km²) and to a depth of 140–170 km (Chesley et al. 1999; Weeraratne et al. 

2003; Manya et al. 2006) and is composed of greenstone belts and granitoids (We-

eraratne et al. 2003). 

There is profound evidence that the asthenospheric mantle beneath the Archaean Tan-

zanian craton has isotopic characteristics of a mantle plume (Weeraratne et al. 2003; 

Chesley et al. 1999). Although this region has been well studied, there has been no con-

sensus on the number of plumes and associated mantle flow beneath East Africa and 

Arabia (Chang, Van der Lee 2011). While Cenozoic rifting at the craton fringe has eroded 

the edge of the original craton boundary, the Archean lithosphere behave stable in the 

presence of the proposed upwelling plume activity (Weeraratne et al. 2003; Chesley et 

al. 1999). 

The northward drift of Africa causes extensive volcanism and distinct evolution from 

initial rifting stages in Tanzania via mature stages in northern Kenya to a continental 

break-up in the Ethiopian/Afar section (Ring et al. 2005; Ring 2014). The EARS (Figure 

5, p. 14) and its structurally and magmatically controlled processes have created com-

plex relief and drainage conditions, beginning in the Eocene at about 45 million years 

(Ma) and continuing into the present (Trauth et al. 2005).  

The Cenozoic rift valleys of the EARS form two branches (Eastern and Western rift), 

within the Eastern rift, there is an obvious southward propagation in the onset of vol-

canism, and hence rifting. In the Ethiopian Rift, volcanism started between 45–33 Ma. I 

in northern Kenya it started at about 33 Ma and continued to about 25 Ma, the magmatic 

activity of the central and southern segments of the rifts in Kenya started around 15 Ma, 
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and in northern Tanzania at about 8 Ma (Ebinger et al. 2000; Trauth et al. 2005; Nyblade, 

Brazier 2002). Extension within the Eastern rift starting in Kenya has led to the for-

mation of a narrow graben commonly referred to as the Kenya rift (in Kenya) or Gregory 

rift (in Tanzania) (Weeraratne et al. 2003). 

Figure 5. Tectonic map of Eastern Africa. East African Rift System (black line seg-

ments); plate boundaries (thick grey line) (Bird 2003); Afar mantle plume (dotted cir-

cle) (Chang, Van der Lee 2011); Archaean Tanzania craton (dashed dark grey outline); 

volcanoes (solid triangles) (Venzke 2013); close up of the North Tanzania Divergence 

Zone (black rectangular). 

 

The southward progression of the Gregory rift stopped at about 13–10 Ma when it en-

countered the strong cratonic lithosphere of the Archaean Tanzania craton (Weeraratne 

et al. 2003; Nyblade, Brazier 2002). Nyblade and Blazier (2002) suggested that some of 
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the east-west extensional stress was transmitted across the cratonic lithosphere to 

cause rift faulting in the weaker mobile-belt lithosphere on the west side of the craton. 

A pronounced splay, the Northern Tanzania Divergence Zone (NTD), structurally and 

morphologically expresses this termination at the Archaean Tanzania craton. The NTD 

is ~300–400 km-wide and consists of three separate branches, which are from W to E 

the Eyasi, the Manyara and the Pangani rifts (Ebinger et al. 1997; Chorowicz 2005). 

These rift basins are typically some 40–50 km-wide and 60–120 km-long and open at 

rates of ~3 mm/yr (Ring 2014). 

 

Figure 6. Northern Tanzania volcanic province. Tectonic faults and volcano names: 

Mollel et al. 2008; Dawson 1992; Mollel et al. 2008. Volcanoes and cities digitized after 

ESRI Basemap. Lakes, rivers and roads from the ‘Digital Chart of the World’ product 

from ESRI. 

 

Volcanic activity began at ~8–4 Ma in the centre of the NTD and continues to the present 

(Le Gall et al. 2008). Cenozoic volcanism in the eastern branch of the EARS migrates from 
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north to south and is consistent with the thin lithosphere with a large N–S trending grav-

imetric negative Bouguer anomaly (Chorowicz 2005). There is a 200 × 50 km transverse 

volcanic belt (northern Tanzania volcanic province; Figure 6, p.15) from the Ngorongoro 

crater to the volcano Kilimanjaro. 

The Ngorongoro Volcanic Highland (NVH) is part of the volcanic province measuring 

about 45 × 60 km and is situated on the southern part of the Gregory rift, between the 

Eyasi and the Manyara rift on the EARS platform (Mollel, Swisher III, Carl C. 2012). The 

NVH comprises the volcanic uplands adjacent to and east of the Olduvai and Laetoli pale-

oanthropological sites. The chemistry of the volcanoes is alkaline and silica-undersatu-

rated, the composition of the lavas indicated small volumes of melt beneath a ~140 km-

thick lithosphere (Ring 2014). 

The earliest volcanic activity in the NTD occurred during the Late Miocene with the erup-

tion of the phonolithic lava at the Essimingor volcano and is associated with the defor-

mation of the mid-Tertiary land surface (Bagdasaryan et al. 1973; Dawson 1992). This 

first activity produced mainly alkali basalt-trachyte-phonolite lavas, associated with the 

volcanoes Ol Doinyo Lengai, Olmoti, Loolmalasin, Ngorongoro, Lemagrut, Oldeani, 

Tarosero, Ketumbeine, Gelai, Kilimanjaro (Shira and Mawenzi centres) (Dawson 1992; 

Mollel et al. 2008). A second phase of volcanic activity occurred after the 1.2 Ma faulting. 

This phase was highly explosive with an ultra-basic to ultra-alkaline magma and rocks 

mainly phonolites and feldspathoidal syenites at the pyroclastic volcanic cones of Meru, 

Monduli, Ol Doinyo Lengai and Kerimasi. Carbonatite lavas, pyroclasts, nephelinites and 

phonolites occurred at Ol Doinyo Lengai and Kerimasi (Mollel 2007; Dawson 1992). 

Essimingor, which is closest to the study area, is mainly formed of pyroclastic deposits 

namely nephelinitic and phonolitic tuffs as well as agglomerates (Dawson 1992, 2008). 

It is the oldest volcano in northern Tanzania with K-Ar ages of 8.1 Ma on a mela-nephe-

linite and 4.68 and 3.22 Ma on two nephelinites (Dawson 2008). However, Mana et al. 

(2009) report a maximum age approximately 2 Ma earlier then the previously consid-

ered. They present a new 40Ar/39Ar laser-incremental heating and geochemical anal-

yses of twelve lava samples and yielding ages of 5.81±0.01 Ma to 6.20±0.03 Ma. These 

ages restrict the duration of the volcanism of Essimingor to ~370 ka. 

The Manyara rift is underlain by the Archaean Tanzania craton (W) and Precambrian 

basement rocks of the Mozambique Belt (E). Three major half-graben basins (Natron 
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basin, Engaruka basin and Manyara basin, from N to S) are bounded by a faulted rift 

escarpment on one side and a flexural warp on the other (Le Gall et al. 2008). Since its 

initiation at ~8 Ma the Manyara rift has recorded several episodes of faulting; the earli-

est evidence of extensional faulting is on the western flank of the Natron basin where 3 

Ma-old basalts are located, there is evidence for multi-stage extensional faulting in the 

Engaruka basin, the Manyara basin has its major activity at 1.2 Ma (Le Gall et al. 2008). 

A series of small lakes that are presently partly alkaline has developed in the eastern 

branch since the Pliocene (Trauth et al. 2005). A general overview of the geologic base-

ment is illustrated in Figure 7. 

 

Figure 7. Geological overview of the study area. Interpretation based on field surveys 

and additional information from Vaidyanadhan et al. 1993 and Schlüter 2008. 
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The Manyara basin (20 × 50 km half-graben, ~3 km-thick fill material) initiated at ~4.9 

Ma in shallow lacustrine environments with little extensional faulting (Foster et al. 

1997). The present Lake Manyara is the residual of a larger paleolake that was much 

deeper (Bachofer et al. 2014). There are two drilling cores from Lake Manyara (Holdship 

1976; Barker 1990). The rocks laid down in the lake basin include carbonate rocks, tuffs 

and reworked volcanic detritus, ashy clays and marls with horizons of chert nodules and 

calcareous algal concretions known as stromatolites. The ridges on the E of the lake are 

formed by carbonate rocks and stromatolites (Bachofer et al. 2014). The footwall block 

of the Manyara basin is primarily composed of Late Proterozoic basement rocks overlain 

to the N by basaltic lava flows ranging in age from ~4.9 Ma to ~1.3 Ma (Le Gall et al. 

2008; Foster et al. 1997). The basement rocks are primarily metasediments (horn-

blende-garnet gneiss, biotite gneiss, quartzo-feldspathic gneiss, quartzites etc.) along 

the W margin of Lake Manyara, Neogene volcanic extrusive rocks in the N of the Manyara 

basin are basaltic (Vaidyanadhan et al. 1993).  

 

2.2 Geomorphology and Soils 

The broader area (see Figure 7, p. 17), from west to east, can be divided into the volcanic 

plateau area on top of the graben with the volcanic hills of the Ngorongoro area and the 

Archaean craton. The escarpment hills are made of Proterozoic metamorphic rock for-

mations, they are sloping towards NNE (Vaidyanadhan et al. 1993). The Proterozoic 

gneisses are overlie by Neogene lavas that form high mountains (Ngorongoro Volcanic 

Highland). Undulating and incised plains form the landscape east of the Makuyuni River.   

As the geomorphology is the main topic of this dissertation, the synthesis (Chapter 5) 

provides a comprehensive interpretation of the geomorphology. Please see additionally 

the inlay map in the inner back cover for reference as well as Manuscript V. 
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Figure 8. Soil transects and lithologies. Location of the soil profiles and derivated li-

thologies. 

 

The main stratigraphy is explained in Schwartz et al. (2012), the lacustrine deposits (Fig-

ure 8) are the so-called Lower Manyara beds. They are separated by a tuff layer overlaid 

by soils of the Upper Manyara beds. Soil changes reflect variations in lithology, drainage 

and erosional history. Figure 8 provide an overview about the soil types along transects; 

see also Appendix II.  
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On ridges, most often Haplic or Leptic Calcisols or, more rare, Rendzic Leptosols occur. 

On the interfluvial crests, on mid-slopes, deep, highly weathered, brown and reddish 

sandy clay loam or sandy clay soils occur (Andic and Rhodic Cambisols, Rhodic Luvisols). 

Cambisols (Colluvic) occur close to the Makuyuni River bed and slope toes. On plane ar-

eas, least affected by erosion, deep cracked Grumic and Haplic Vertisols, on some parts 

Andosols, are prevalent. For typical profiles, see Figure 9. 

 

Figure 9. Soil Profiles. Pictures of typical soil profiles in the Makuyuni area. Photos: 

Quénéhervé 2012, 2013. 

 

2.3 Climate, Hydrology and Vegetation 

The East African climate has been and continues to be dynamic. Late Miocene (~8–10 

Ma) climate in East Africa was humid and supported a variety of savannah and forest 

habitats, including rain forests (Trauth et al. 2010). Following this humid period, from 

~7–5 Ma, the ice volume of the Antarctic ice sheet expanded and global temperatures 

fell. This time period is also associated with an aridification across East Africa, as well as 

the uplift of the Himalayas and the resulting intensification of the Indian Monsoon, which 
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may also have contributed to increased aridity. The early Pliocene (5–3 Ma) is charac-

terized by warmer and wetter conditions across Africa (deMenocal 1995). The interval 

beginning at ~2.8 Ma represents the onset of the glacial-interglacial cycles that charac-

terizes the Pleistocene as the Northern Hemisphere Glaciation expanded (deMenocal 

2004; Trauth et al. 2005). 

Simultaneous with this onset of bipolar glaciation and glacial-interglacial cyclicity, a cy-

clic trend in aridity across Africa occurs. In particular during the last 500 ka, the climate 

in East Africa has been extremely variable, transitioning between wet and dry intervals 

that have caused significant fluctuations in the East African lake levels (Hillaire-Marcel 

et al. 1986; Gasse 2006; Trauth et al. 2003; Garcin et al. 2009). During the Last Glacial 

Maximum (LGM, ~20–15 ka), Africa again experienced an increase in aridity (Gasse 

2000). The Holocene represents an interval of a moderately fluctuating climate during 

which there have been modest fluctuations in the lake levels of the African Great Lakes 

(Cohen et al. 1997; Bergner et al. 2009).  

During March 2010 and December 2013, with measurement gaps, meteorological data 

have been recorded on a climate station close to the town of Makuyuni. The recent pre-

vailing tropical savannah climate (Aw after Köppen-Geiger climate system; Geiger 1961) 

is characterized by bi-modal rainy seasons (October-December and March-May) with 

annual rainfall of less than 500 mm. The climate is influenced by the south eastern trade 

wind in mid-year and the north eastern trade wind during the turn of the year but rain-

fall pattern is very erratic. Air temperatures vary little; the mean annual temperature is 

about 22° C. 

The broader area is drained by the endorheic basin of the Lake Manyara. The saline lake 

is located at the NE margin of the Manyara basin and varies from 410 to 480 km² in area 

and has dried up completely at certain times (Yanda, Madulu 2005). Deus et al. (2013) 

reported a maximum water depth of 1.18 m with an average depth of 0.81 m was meas-

ured in 2010. The lake is enclosed by the rift escarpment on the west, on the flanks, 

freshwater runs in cascades and rapids down to the lake. There are few waterfalls along 

the E margin of the W ranges. Some hot springs (maji moto) are located close to the W 

shores of the lake that are an indication of recent tectonic activity (Vaidyanadhan et al. 

1993). Broad lake flats are stretching along its eastern shoreline, on the W of the lake 

they are narrow and are flanked by the alluvial fans of the escarpment drainages.  
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Figure 10. Typical vegetation communities in the Makuyuni area. a) Sparsely vege-

tated savannah bushland with grasslands and bushes. b) In the foreground on the red-

dish Upper Manyara beds agricultural fields, on the slopes mostly whistling thorn aca-

cia (Vachellia drepanolobium), in the greyish Lower Manyara beds open substrates with 

few bushes. In the background on Upper Manyara beds and quartzite substrates bushy 

vegetation with baobabs (Adansonia digitata) on hill crests. c) Along the Makuyuni 

River banks dense, bushy vegetation with trees. Photos: Quénéhervé 2011, 2014. 

The lakes largest tributary is the Makuyuni River with a catchment area of ~3080 km² 

that is flowing from the volcanic highlands to the northeast westwards up to its outlet 

point in the Lake Manyara. East of the lake flats, within the Makuyuni River catchment, 

the landscape is gently undulating. Some faults in the E trigger the secondary streams of 

the Makuyuni River to follow their lines. On the southernmost part of the Makuyuni, 

there is distinct evidence of a former discharge valley running southwards towards the 

Tarangire River system. Due to uplifting, the river is running now westward up to its 

outlet point into the Lake Manyara. Along the Makuyuni River, where first and second 

tributaries cut deep into the sediments, the landscape is dominated by erosion features.  

Vegetation cover follows substrates as well as the water regime and is parted into small-

scale mosaics with homogeneous grass vegetation, woodlands and bushlands. The fol-

lowing description of relevant communities on typical landscape units follows Loth and 

Prins (1986) and van Breugel et al. (2015); for typical plant communities see Figure 10.  
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The riverine vegetation on alluvial terraces along ephemeral streams, the ‘African caper 

(Capparis tomentosa) – paperbark thorn (Acacia sieberiana)’ community occurs. On la-

custrine terraces the ‘umbrella thorn (Acacia tortilis) – feather fingergrass (Chloris vir-

gata)’ community is found. In moderately steep slopes, the latter is replaced by the As-

bos-vernonia shrub (Vernonia cinerascens). On plains ‘Acacia-Commiphora deciduous 

wooded grasslands’ intermixed with ‘Combretum wooded grasslands’ and ‘Somalia-Ma-

sai Acacia-Commiphora deciduous bushland and thicket’ are prevailing. The first per-

sists of bushy plants, mainly Acacia and Commiphora, and by the relative abundance of 

grasses (especially perennial grass species). The latter is intermediate between bush-

land and shrubland. On volcanic soils, edaphic grasslands occur; with an estimated tree 

cover >10%, they are classified as edaphic woody grasslands. 

The valley bottom west of Makuyuni town, around Mto wa Mbu is used mainly for irri-

gated banana and rice plantations. Maize and beans are also important crops; many Cro-

ton trees (Croton macrostachys) have been cleared to generate those fields (Loth, Prins 

1986). Around Makuyuni town, the Cambisols and Vertisols are mainly used for Maize 

fields. Most of the area is used as feeding grounds for goats, however.
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3 Materials and Methods 

This study was accompanied by extensive fieldwork; six campaigns have been held from 

2010 to 2014. We measured different kind of field parameters that are presented in the 

following part of this chapter. 

A brief look into spatial data analysis as well as geostatistical modelling approaches are 

shown in the first subchapter. This is followed by the presentation of morphotectonic 

digital analyses. Soils, gullies and pedo-hydrologic characteristics have been measured 

in the field as well as analysed – in the laboratory and/or digitally. The present mapping 

of geomorphic forms and features finalizes this chapter. 

 

3.1 Digital Data Analyses 

Geographic Information Systems (GIS) are a necessity working with spatial datasets; to 

not only synthesize and visualize the data and results, but also to perform quantitative 

– more precisely geomorphometric – analyses of the landscape. Different kind of terrain 

indices, based on derivatives of digital elevation models (DEM), have been used through-

out the presented publications. Most relevant for this thesis are works of following au-

thors: Beven, Kirkby 1979; Moore et al. 1991; Wilson, Gallant 2000; Jenness 2006; 

Gruber, Peckham 2009; Olaya, Conrad 2009; Jasiewicz, Stepinski 2013.  

For the identification and mapping on aerial and satellite data, a certain familiarity of 

the environment is a necessity. Reference and ground truth data have been recorded to 

support satellite classifications (see e.g. Bachofer et al. 2015a and Bachofer et al. 2015b). 

Especially for mapping approaches, these are useful additional data that support the on-

screen interpretation. 

Geostatistics and the depending regionalization are an important part working with spa-

tial datasets. In order to generate spatially continuous data sets from single point infor-

mation, an appropriate method is necessary. Various methods have been explored 

within the last decades, especially from the 1990s onwards in research publications 

(Journel 1993) and tool developments (Deutsch, Journel 1998). Relevant for this synop-

sis is the boosted regression tree approach (BRT), a stochastic gradient boosting model 

(Elith et al. 2006). BRTs combine classification and regression trees with the gradient 
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boosting algorithm (Friedman 2002). It identifies the best relationship between a fea-

ture set and the target classes (Bachofer et al. 2016).  

 

3.2 Morphotectonic Analyses 

Morphotectonic analyses, lineament extraction and base level map production are meth-

ods that identify landscape elements of recent tectonic activities associated with drain-

age networks (Kirby, Whipple 2001). 

Morphometric variables in basins can be determined by hypsometric analysis of a DEM. 

DEMs and remote sensing images are used to analyse regional tectonic features from 

topography (Wobus et al. 2006). Basin hypsometry identifies the stage of drainage evo-

lution. The hypsometric integral (HI) values provide a simple index of the depth distri-

bution within the area under consideration and represent different evolution stages: HI 

> 0.6 youthful phase, HI 0.35–0.6 equilibrium phase, HI < 0.35 monadnock phase (Strah-

ler 1952; Shahzad, Gloaguen 2011b). When the basins represent similar HI values but 

have different shapes, hypsometric curves and their statistical moments (skewness and 

kurtosis) can be calculated (Pérez-Peña et al. 2009). Skewness represents the amount of 

headward erosion in the upper reach of the basin; kurtosis represents the erosion on the 

upper and lower reaches of a basin. The calculation is automated within the TecDEM 

software (Shahzad, Gloaguen 2011a, 2011b). The TecDEM extracts automatically the 

drainage network based on Strahler (1957) order. 

Lineaments are manually and automatically extracted and compared to the neotecton-

ic map of Dawson (2008). This was done to classify them into four types of linear tec-

tonic structures: faults, inferred faults, escarpments and lithological contacts. 

The concept of base level is defined as a level “below which the dry lands cannot be 

eroded”, the ultimate base level is therefore the local sea level (Grohmann et al. 2011). 

Base level maps express a relationship between valley order and topography. They are 

related to similar erosional stages and are a product of erosional tectonic events (Golts, 

Rosenthal 1993). The method attempts to identify areas with possible tectonic influence 

within lithological uniform domains (Grohmann et al. 2011). These approaches allow to 

assess further the influence of tectonics on current gully erosion processes. 
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3.3 Soil Analyses 

The categorization of soils and their mapping is a complex process. During the field cam-

paigns, we digged in total 24 profiles and collected 69 profile samples. In the field, x-y-

location coordinates using a handheld GPS and pictures of each profile were taken. For 

each 10 cm, a profile sample was taken and data recorded in situ (Table 1, p. 33): 

(i) Sample depth [cm]; 

(ii) Landuse around the soil profile; 

(iii) Soil skeleton in vol.-% after sieving with a 2 mm sieve; 

(iv) Finger testing of the soil matrix, according to USDA Guide to texture by feel 

(USDA n.y.).  

(v) Soil colour in dry and wet conditions following the Munsell Soil Colour Charts 

(Munsell Color (Firm) 2010), 

(vi) CaCO3 with the 10%-conc. HCl soluble, after AG Boden (2005); 

(vii) Roots distribution (for thick and thin roots), following AG Boden (2005). 

 

After the samples have been air-dried and sieved in the laboratory (<2 mm), they have 

been physically and chemically analysed (Table 2, p. 34Fehler! Textmarke nicht 

definiert.): 

(viii) Soil texture according to USDA classification (USDA 2014);  

(ix) soil pH; 

(x) Carbonate content (CaCO3); 

(xi) cation exchange capacity (CEC); 

(xii) exchangeable bases (Ca2+, Mg2+, Na+ and K+); 

(xiii) Carbon (C) and Nitrogen (N) content to analyse the soil degradation and fer-

tility; 

(xiv) Phosphate (P) content which is controlled by soil organic matter levels, soil 

pH and soil aluminium and iron contents. 

(xv) Iron (Fe) and Aluminium (Al) content [mg/kg]. 

 

Note that due to the change of laboratories, we have a change of methods and sometimes 

not available data for some of the characteristics. 
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3.4 Pedo-hydrological Measurements 

In the study area, notable surface runoff is produced when the soil is very dry on the 

moment precipitations starts, especially in homogeneous soils with low activity clays. 

When rainfall exceeds the rate at which water can infiltrate the ground, surface runoff 

will be produced, called Hortonian overland flow (Bracken, Croke 2007). Overland flow 

in semiarid areas – that are only sparsely and patchy vegetated – occurs on stretched 

slopes as laminar sheetflow. Lauenroth & Bradford (2006) stated, that the runoff part of 

the water balance in semiarid regions is close to zero, and hence often ignored.  

We measured soil infiltration and texture of the top soils as well as surface runoff for 

individual rainfall events between October 10, 2010 and December 6, 2010 using a sim-

ple experimental setting. With a tension infiltrometer, water infiltrability is determined 

on the soil surface (Schwärzel, Punzel 2007). In this study, the hood infiltrometer (Um-

welt-Geräte-Technik 2005) was used. Rainfall was obtained by a multi-sensor climate 

station (Meteo, EcoTech Germany) in a 10 min interval. Soil texture was obtained by 

finger testing (according to USDA Guide to texture by feel, USDA (n.y.).  

Overland flow was measured with the innovative, experimental automatic surface run-

off detectors (SRD) that measure surface runoff height and duration. The SRD devices 

are placed on the surface whilst the logger unit is buried in the soil (Figure 11).  

Figure 11. Surface runoff detector. a) Close up of the sensor head. b) Installed device 

on the test slope; drainage line is shown in blue. Photos: G. Quénéhervé. 

When runoff height grows, the electric contacts are closed sequentially transmitting a 

signal that is then reported to the logger storage unit. In this experimental setup, we 

placed logger units according to Figure 11b with equal spacing of contacts. The distances 
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between the electric contacts are 5 mm, reaching up to 3 cm above ground. Hence, the 

device is able to measure a water column of 3 cm and has a sensitivity of 5 mm. 

Terrain indices are based on a very high-resolution DEM. With a ProMark-3 differential 

GPS, a DEM was obtained, visible drainage lines with a minimum depth of 5 cm were 

mapped separately with a kinematic survey and function as stream lines for the building 

of the DEM. The applied interpolation method is based on the ANUDEM algorithm, which 

allows the consideration of drainage enforcement to create a hydrological correct DEM 

(Hutchinson 1989). Following indices have been delineated: (i) topographic wetness in-

dex (TWI) (after Beven, Kirkby 1979), (ii) vertical distance to channel network, (iii) 

channel network base level (both after Olaya, Conrad 2009), and (iv) transport capacity 

(TCI) (Moore et al. 1991). 

To get a spatially continuous data set of infiltration values and soil texture, a stochastic 

gradient boosting model, in this case, a boosted regression tree (BRT) approach was 

used (Friedman 2002). 

 

3.5 Linear Erosion Feature Analyses 

We collected field reference samples and coordinates to be able to distinguish different 

linear erosion forms and features of remote sensing data. Particular attention was given 

to the identification and mapping of gully erosion forms and features. Gully erosion is 

one of the most severe soil erosion processes leading to the loss of fertile topsoil and 

intensive sediment transport towards the drainage system. 

For eight gullies, we conducted a close-up analysis that included detail field measure-

ments. Using handheld GPS devices we measured x- and y-coordinates, moving along the 

gully thalwegs from upstream (gully head) to downstream (gully mouth, reaching the 

Makuyuni River channel). For each x-,y-location we also performed a classical cross sec-

tion measurement, registering the gully depth and width using a measuring tape and 

stick.  

This data, especially the depth values were utilized in the DEM interpolation. We also 

took geo-tagged photos of gully profiles at the recorded GPS points to document general 
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features such as soil skeleton, structure and colour of the substrates. Moreover, we per-

formed a finger test to estimate the soil texture. This information is important for the 

interpretation of gully dynamics after the GIS analyses were conducted. 

The formula used for the classification of dynamic and static gully phases is: 

𝑟𝑎𝑡𝑖𝑜 % =
𝐴𝐻 − 𝑇𝐶𝐴

𝑇𝐶𝐴
 

where 𝐴𝐻 is the contributing area at gully head [m2], 𝑇𝐶𝐴 is the total contributing area 

at the downstream situated gully mouth [m2] (Sidorchuk 1999). 

In this study, we utilized the gully area to divide between dynamic and stable gully evo-

lution phases. A ratio greater than 60% indicate static gully systems, ratios below 60% 

reveal dynamic systems. 

 

3.6 Geomorphic Mapping 

Important for the compilation of geomorphic maps is the field mapping as well as the 

scale issues (Smith, Pain 2011). Doornkamp (1971) suggests to begin the data collection 

in the field with a reconnaissance survey that includes no actual mapping but only an 

examination and definition of the features. This was undertaken in the first campaigns 

2010 and 2011.  

The field mapping has been performed following the guidelines proposed by Knight et 

al. (2011). The structure of the mapped features, and hence the structure of the database, 

was established prior to field surveying. We carried out several campaigns of geo-

morphic field mapping between March 2012 and February 2014 in which we recorded 

an abundant number of information at x-y-location coordinates using handheld GPS (Ge-

ographic Position System). Those include e.g. lithologies, landuse, landforms, erosion 

features, rock outcrops, water bodies, paths, soil surface types, drainage lines, and land-

fills. 

We followed a multiscale approach with (i) extensive field mapping, (ii) interpretation 

of multi-spectral and microwave remote sensing images and (iii) the delineation of topo-

graphic derivatives (based on DEM). Geomorphic features of the final product were com-

piled using GIS software. All mapped features are stored as single layers for flexible data 

management. 
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4 Results and Discussion 

This section summarizes the main goals of the introduced papers according to the re-

search questions stated in this thesis. The questions are addressed by research objec-

tives, in order to perform a scientific analysis and to answer the raised hypotheses.  

Tectonic processes in the basin of Lake Manyara have significantly contributed to the 

formation of the current drainage systems and landforms. Paper I focuses on the 

morphotectonics of the Makuyuni catchment with an analysis of topography, drainage 

networks, stream longitudinal profiles and lineaments. Following research question and 

its deliveries (RD) are stated: 

RQ1 How strong is the influence of active tectonics within the Makuyuni River basin 

and which geomorphic markers are suitable for their delineation? 

RD1 Examination of the morphotectonics of the Makuyuni River basin subcatchments: 

 Tilting and asymmetric development of the river network. 

 Hypsometric curve analyses. 

 Stream longitudinal profile delineation and knickpoints analyses. 

 Role of tectonics as a triggering mechanism of gully erosion. 

 

This analysis points to a morphostructural control with an N–S trend for the uplifted 

Masai Block, as well as tectonic deformation in the Makuyuni catchment area (NE of Lake 

Manyara). The data on the basin tilting, basin hypsometry and the morphology of the 

stream longitudinal profiles suggests that tectonic activity is an important factor gov-

erning Quaternary geomorphic processes, such as river incision and soil erosion, and 

hence, the landscape evolution of this region. 

Hypsometry curves reveal that subcatchments on the right side of the Makuyuni River 

are in a mature equilibrium phase, whereas those at the left side are in a younger stage 

of maturity. An investigation of base level and statistical moments of the hypsometric 

curves provides evidences for the spatial distribution of gully erosion phenomena. Such 

erosion processes are due to tectonic deformation in the northern parts of the Makuyuni 

catchment. 
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Though the soil must be considered as a three dimensional medium, a wide range of 

remote sensing sensors provide useful information in assessing various details of the 

mineral composition and other physical and/or chemical properties of the uppermost 

parts of the soils, as well as for spatially contiguous areas (Anderson, Croft 2009). The 

topsoils have complex genetic origins related to different substrates, resulting in a high 

spatial heterogeneity. Paper II pursues the mapping of the distribution of topsoils and 

surface substrates. Nine soil and lithological target classes were selected through field-

work and laboratory analysis of soil samples.  

Additionally, 24 soil profiles and collected 69 profile samples have been conducted and 

analyses in the laboratory. Following work was done, to answer the research question:  

 

RQ2 What soil types are available and how are the soils distributed over the study 

area? 

RD2 Describing soil characteristics and regionalizing them:  

 Laboratory analysis of surface samples in order to categorize and character-

ize the topsoils (Table 1, p. 31; and 2, p.32). 

 Compare and discuss the final mapping results with (laboratory-derived) soil 

catenae covering characteristic transects of the study area. 

 Regionalizing the distribution of topsoil and surface substrates using topo-

graphic derivatives based on DEMs and additional remote sensing infor-

mation.  

 

The classification of the nine soil and lithological classes was conducted applying a non-

linear support vector machine approach. With the recursive feature elimination ap-

proach, the most input-relevant features for separating the target classes were selected. 

Despite multiple target classes, an overall accuracy of 71.9% was achieved. Inaccuracies 

occurred between classes with high CaCO3 content and between classes of silica-rich 

substrates. The incorporation of different input feature datasets improved the classifi-

cation accuracy. An in-depth interpretation of the classification result was conducted 

with three soil profile transects introducing 24 soil profiles. 
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Table 1. Soil properties of the field documentation. 

n/a: not available.  

1 10 grazing 15 scL 7.5YR 4/3 brown 7.5YR 2.5/2 very dark brown c0 Wg0 Wf6

2 20 grazing 13 scL 7.5YR 2.5/3 very dark brown 7.5YR 2.5/2 very dark brown c0 Wg0 Wf6

3 40 grazing 15 scL 2.5YR 2.5/2 very dusky red 2.5YR 3/2 dusky red c0 Wg0 Wf4

4 10 grazing 25 cL 5YR 3/1 very dark gray 2.5YR 2.5/1 reddish black c0 Wg0 Wf4

5 20 grazing 60 CL 5YR 2.5/1 black 7.5YR 2.5/1 black c0 Wg0 Wf2

6 30 grazing 50 CL 7.5YR 2.5/1 black 7.5YR 2.5/2 very dark brown c0 Wg0 Wf2

7 40 grazing 40 sicL 5YR 2.5/1 black 7.5YR 2.5/1 black c2 Wg0 Wf2

8 50 grazing 40 siL 2.5YR 2.5/1 reddish black 7.5YR 2.5/1 black c2 Wg0 Wf3

9 60 grazing 40 siL 7.5YR 2.5/1 black 10YR 2/1 black c2 Wg0 Wf1

10 10 n/a 25 SL 10YR 3/4 dark yellowish brown 7.5YR 2.5/3 very dark brown c0 Wg1 Wf4

11 20 n/a 45 SL 7.5YR 4/6 strong brown 7.5YR 2.5/3 very dark brown c0 Wg1 Wf3

12 30 n/a 55 scL 5YR 4/4 reddish brown 5YR 3/4 dark reddish brown c0 Wg0 Wf3

13 40 n/a 60 cL 5YR 4/6 yellowish red 2.5YR 2.5/3 dark reddish brown c0 Wg1 Wf4

14 50 n/a 55 sL 5YR 4/6 yellowish red 5YR 3/3 dark reddish brown c0 Wg0 Wf3

15 60 n/a 55 scL 7.5YR 4/6 strong brown 5YR 3/3 dark reddish brown c0 Wg1 Wf3

16 10 grazing 80 sicL 5YR .5/2 reddish gray 7.5YR 2.5/2 very dark brown c5 Wg0 Wf4

17 20 grazing 75 sicL 7.5YR 4/3 brown 7.5YR 2.5/2 very dark brown c5 Wg0 Wf3

18 30 grazing 60 L 7.5YR 5/4 brown 7.5YR 3/4 dark brown c5 Wg0 Wf3

19 40 grazing 50 lS 7.5YR 5/4 brown 7.5YR 4/3 brown c5 Wg0 Wf3

20 50 grazing 60 siL 7.5YR 5/4 brown 7.5YR 3/3 dark brown c5 Wg0 Wf0

21 60 grazing 40 sicL 7.5YR 4/4 brown 7.5YR 3/4 dark brown c5 Wg0 Wf0

22 10 grazing 10 scL 7.5YR 3/3 dark brown 10YR 3/2 very dark grayish brown c5 Wg0 Wf4

23 40 grazing 60 cL 5YR 4/4 reddish brown 5YR 3/4 dark reddish brown c5 Wg0 Wf3

24 80 grazing 55 cL 7.5YR 4/4 brown 7.5YR 2.5/3 very dark brown c5 Wg0 Wf1

25 110 grazing 0 scL 2.5Y 5/2 weak red 2.5Y 3/3 dark reddish brown c5 Wg0 Wf0

26 10 n/a 0 n/a 7.5YR 4/3 brown n/a n/a c0 Wg0 Wf3

27 15 n/a 5 SL 7.5YR 2.5/2 very dark brown n/a n/a c0 Wg2 Wf3

28 15 farming 1 L 5YR 3/4 dark reddish brown 2.5YR 2.5/2 very dusky red c0 Wg0 Wf4

29 30 farming 1 siC 2.5YR 3/4 dark reddish brown 2.5YR 3/2 dusky red c0 Wg0 Wf5

30 50 farming 2 C 2.5YR 3/6 dark red 2.5YR 2.5/3 dark reddish brown c0 Wg0 Wf3

31 5 grazing 2 sC 5YR 2.5/1 black 7.5YR 2.5/1 black c0 Wg4 Wf3

32 30 grazing 0 sC 5YR 2.5/1 black 7.5YR 2.5/1 black c2 Wg1 Wf4

33 50 grazing 0 C 5YR 2.5/1 black 7.5YR 2.5/1 black c2 Wg1 Wf3

34 10 grazing 1 sC 7.5YR 2.5/1 black 10YR 2/1 black c0 Wg1 Wf5

35 30 grazing 1 sC 10YR 2/1 black 10YR 2/1 black c0 Wg0 Wf4

36 60 grazing 1 sC 7.5YR 2.5/1 black 10YR 2/1 black c1 Wg0 Wf2

37 20 grazing 55 SL 7.5YR 4/6 strong brown 7.5YR 2.5/3 very dark brown c0 Wg1 Wf6

38 60 grazing 65 SL 5YR 5/8 yellowish red 5YR 3/4 dark reddish brown c0 Wg1 Wf2

39 15 grazing 5 cL 7.5YR 4/3 brown 10Yr 3/3 dark brown c5 Wg1 Wf5

40 40 grazing 60 SL 2.5YR 2.5/1 reddish black 5YR 2.5/2 dark reddish brown c5 Wg0 Wf3

41 50 grazing 1 scL 7.5YR 3/2 dark brown 7.5 3/2 dark brown c5 Wg0 Wf0

42 15 farming 5 siC 7.5YR 2.5/1 black 7.5YR 2.5/2 very dark brown c4 Wg1 Wf5

43 40 farming 1 siC 7.5YR 2.5/1 black 10YR 2/1 black c4 Wg0 Wf2

44 75 farming 45 scL 2.5YR 4/1 dark reddish gray 2.5YR 3/2 dusky red c5 Wg0 Wf0

45 5 village 30 scL 7.5YR 3/2 dark brown 7.5YR 2.5/2 very dark brown c5 Wg0 Wf4

46 15 village 80 scL 7.5YR 3/2 dark brown 7.5YR 3/3 dark brown c5 Wg1 Wf3

47 10 farming 0 SiCL 7.5YR 3/3 dark brown 7.5YR 2.5/2 very dark brown c0 Wg1 Wf4

48 40 farming 0 cL 7.5YR 3/3 dark brown 7.5YR 2.5/2 very dark brown c0 Wg1 Wf0

49 10 - 15 bush 0 sicL 7.5 YR 4/4 brown 7.5 YR 2.5/2 very dark brown c0 Wg1 Wf6

50 30 bush 0 sicL 7.5 YR 3/4 dark brown 7.5 YR 2.5/3 very dark brown c0 Wg0 Wf6

51 50 bush 0 scL 7.5 YR 3/4 dark brown 7.5 YR 2.5/2 very dark brown c0 Wg0 Wf5

52 10 bush 50 n/a 7.5 YR 3/4 dark brown 7.5 YR 2.5/3 very dark brown c0 Wg2 Wf6

53 40 bush 60 n/a 7.5 YR 4/6 strong brown 7.5 YR 2.5/3 very dark brown c0 n/a n/a

54 15 grazing 1 n/a 10 YR 3/1 very dark grey 10 YR 3/1 very dark grey c2 Wg0 Wf6

55 50 grazing < 1 n/a 10 YR 3/1 very dark grey 10 YR 3/1 very dark grey c2 Wg0 Wf4

56 15 bush 60 n/a 10 YR 3/2 very dark greyish brown 10 YR 2/2 very dark brown c5 Wg2 Wf5

57 40 bush 60 n/a 10 YR 3/2 very dark greyish brown 10 YR 2/2 very dark brown c5 Wg2 Wf5

58 15 farming 1 n/a 7.5 YR 3/4 dark brown 7.5 YR 2.5/2 very dark brown c0  Wg0 Wf3

59 40 farming 0 n/a 7.5 YR 3/3 dark brown 7.5 YR 2.5/2 very dark brown c0 Wg1 Wf2 

60 15 bush 0 SC 10 YR 3/2 very dark greyish brown 10 YR 2/1 black c0  Wg3 Wf5

61 40 bush 1 SCL 10 YR 3/2 very dark greyish brown 10 YR 2/1 black c0 Wg0 Wf2

62 15 farming 0 SCL 10 YR 4/3 brown 10 YR 2/2 very dark brown c0 Wg0 Wf5

63 40 farming 1 SCL 10 YR 3/4 dark yellowish brown 10 YR 2/2 very dark brown c4 Wg0 Wf5

64 15 bush 40 sicL 10 YR 4/3 brown 10 YR 2/2 very dark brown c3 Wg1 Wf6

65 30 bush 20 CL 10 YR 4/4 dark yellowish brown 10 YR 3/2 very dark greyish brown c3  Wg0 Wf5

66 15 grazing 0 C 7.5 YR 3/3 dark brown 7.5 YR 2.5/2 very dark brown c0 Wg1 Wf4 

67 40 grazing 0 C 7.5 YR 3/2 dark brown 10 YR 2/2 very dark brown c0 Wg1 Wf3

68 15 bush 0 sicL 10 YR 3/1 very dark grey 10 YR 2/1 black c0 Wg0 Wf4

69 40 bush 0 sicL 10 YR 2/1 black 10 YR 2/1 black c0 Wg0 Wf0
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Table 2. Soil properties of laboratory analyses. 

n/a: not available; —: not detectable. 
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1 28 7 6 41 19 20 39 20 L 7 6 — n/a 22 n/a 14 5 0 2 1 n/a n/a 0 33 1 1

2 29 6 4 39 18 12 30 31 CL 7 6 — n/a 23 n/a 15 6 0 2 1 n/a n/a 0 6 1 1

3 28 5 4 38 14 12 26 36 CL 6 6 — n/a 24 n/a 16 6 0 1 1 n/a n/a 0 7 1 2

4 33 5 4 42 15 22 37 21 L 8 7 — n/a 28 n/a 19 5 3 1 1 n/a n/a 0 2 1 1

5 28 4 3 35 12 17 29 36 CL 9 7 — n/a 35 n/a 25 5 4 1 1 n/a n/a 0 1 1 2

6 29 3 3 35 14 12 25 40 CL 9 7 — n/a 37 n/a 27 5 4 1 1 n/a n/a 0 2 1 2

7 29 3 3 35 15 10 24 41 C 9 7 — n/a 34 n/a 24 4 5 1 1 n/a n/a 0 2 1 1

8 25 3 3 31 14 13 27 41 C 9 7 — n/a 36 n/a 25 4 5 1 1 n/a n/a 0 2 1 1

9 25 3 3 31 14 10 24 44 C 9 7 — n/a 36 n/a 26 4 5 1 1 n/a n/a 0 4 1 1

10 35 10 8 54 16 18 34 12 SL 7 6 — n/a 16 n/a 12 3 0 1 1 n/a n/a 0 7 1 1

11 36 9 8 53 18 18 35 11 SL 7 6 — n/a 15 n/a 11 3 0 1 1 n/a n/a 0 <1 1 2

12 33 9 9 51 21 15 36 12 L 7 6 — n/a 17 n/a 12 3 0 1 1 n/a n/a 0 <1 1 3

13 34 8 9 52 22 15 37 11 L 7 6 — n/a 16 n/a 12 3 0 1 1 n/a n/a 0 <1 n/a n/a

14 29 9 9 47 19 18 37 16 L 7 6 — n/a 16 n/a 12 3 0 1 1 n/a n/a 0 <1 n/a n/a

15 30 8 8 46 20 17 37 17 L 7 6 — n/a 16 n/a 12 3 0 1 1 n/a n/a 0 <1 n/a n/a

16 37 11 10 58 18 15 33 9 SL 8 8 23 n/a 22 n/a n/a 2 0 1 3 n/a n/a 0 2 n/a n/a

17 32 11 9 52 18 18 36 12 L 8 8 26 n/a 32 n/a n/a 1 0 1 2 n/a n/a 0 1 n/a n/a

18 n/a n/a n/a n/a n/a n/a n/a n/a n/a 8 8 50 n/a n/a n/a n/a n/a n/a n/a 1 n/a n/a 0 n/a n/a n/a

19 37 9 7 53 16 19 35 12 SL 8 7 33 n/a 17 n/a n/a 2 0 0 1 n/a n/a 0 <1 n/a n/a

20 39 8 6 54 17 17 34 12 SL 8 7 27 n/a 19 n/a n/a 3 0 0 1 n/a n/a 0 <1 n/a n/a

21 40 8 6 54 15 18 33 12 SL 8 7 28 n/a 17 n/a n/a 3 0 0 1 n/a n/a 0 <1 n/a n/a

22 31 11 7 48 20 22 42 10 L 8 7 — n/a 21 n/a n/a 6 0 2 2 n/a n/a 0 <1 n/a n/a

23 33 10 6 49 15 18 32 19 L 8 7 3 n/a 17 n/a n/a 5 0 1 1 n/a n/a 0 <1 n/a n/a

24 29 13 7 49 16 15 31 20 L 8 8 9 n/a 19 n/a n/a 9 0 1 1 n/a n/a 0 <1 n/a n/a

25 29 12 8 49 23 19 43 8 L 9 8 17 n/a 8 n/a n/a 9 0 0 0 n/a n/a 0 <1 n/a n/a

26 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

27 25 12 12 50 24 19 43 7 SL 8 7 2 n/a 22 n/a 3 0 1 2 n/a n/a 0 <1 n/a n/a

28 20 5 5 30 21 29 49 20 L 7 6 — n/a 22 n/a 12 6 0 4 2 n/a n/a 0 4 n/a n/a

29 19 4 4 27 21 21 41 32 CL 7 6 — n/a 18 n/a 11 6 0 2 1 n/a n/a 0 <1 n/a n/a

30 18 4 3 25 17 17 34 42 C 7 6 — n/a 19 n/a 11 6 0 2 1 n/a n/a 0 <1 n/a n/a

31 24 2 2 29 15 18 34 38 CL 8 7 — n/a 44 n/a 35 8 1 1 1 n/a n/a 0 <1 n/a n/a

32 33 2 2 36 10 11 21 43 C 9 7 — n/a 41 n/a 31 8 1 1 2 n/a n/a 0 <1 n/a n/a

33 23 2 2 27 12 12 24 49 C 9 7 — n/a 44 n/a 31 9 3 1 1 n/a n/a 0 <1 n/a n/a

34 25 4 3 31 19 16 35 33 CL 9 7 — n/a 40 n/a 32 5 1 1 1 n/a n/a 0 <1 n/a n/a

35 30 4 3 36 14 12 27 37 CL 9 7 — n/a 36 n/a 27 5 3 1 1 n/a n/a 0 <1 n/a n/a

36 23 3 3 29 16 11 27 44 C 9 7 — n/a 37 n/a 26 5 4 1 1 n/a n/a 0 <1 n/a n/a

37 43 8 6 58 14 18 32 11 SL 8 6 — n/a 15 n/a 10 3 0 1 1 n/a n/a 0 <1 n/a n/a

38 51 6 4 61 13 18 31 8 SL 8 7 — n/a 12 n/a 7 3 0 1 0 n/a n/a 0 <1 n/a n/a

39 29 19 13 62 19 11 30 9 SL 9 8 11 n/a 12 n/a n/a 5 2 1 1 n/a n/a 0 2 n/a n/a

40 63 9 3 74 7 8 16 10 SL 9 8 13 n/a 16 n/a n/a 4 1 0 0 n/a n/a 0 <1 n/a n/a

41 27 8 5 40 14 12 26 33 CL 10 8 12 n/a 21 n/a n/a 8 8 1 1 n/a n/a 0 <1 n/a n/a

42 6 7 7 21 28 12 40 39 CL 9 7 3 n/a 42 n/a n/a 6 1 2 1 n/a n/a 0 <1 n/a n/a

43 3 3 4 10 19 17 35 55 C 9 7 3 n/a 48 n/a n/a 7 5 2 1 n/a n/a 0 <1 n/a n/a

44 23 3 2 28 14 19 32 39 CL 9 7 25 n/a 31 n/a n/a 6 4 2 0 n/a n/a 0 1 n/a n/a

45 24 11 11 46 21 23 44 9 L 8 8 32 n/a 23 n/a n/a 4 0 2 2 n/a n/a 0 5 n/a n/a

46 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 41 n/a n/a n/a n/a n/a n/a n/a 3 n/a n/a 0 n/a n/a n/a

47 3 5 7 16 23 33 56 28 SiCL 8 6 — n/a 36 n/a 20 12 0 4 2 n/a n/a 0 2 n/a n/a

48 3 4 5 12 21 31 52 36 SiCL 8 7 — n/a 38 n/a 21 12 0 4 1 n/a n/a 0 <1 n/a n/a

49 1 2 28 31 n/a n/a 48 21 L n/a 7 n/a 20 n/a 35 n/a n/a n/a n/a n/a 14 1 n/a n/a 6 0

50 1 2 22 24 n/a n/a 42 34 CL n/a 6 n/a 32 n/a 33 n/a n/a n/a n/a n/a 13 1 n/a n/a 8 1

51 1 1 12 15 n/a n/a 32 53 C n/a 6 n/a 22 n/a 34 n/a n/a n/a n/a n/a 12 1 n/a n/a 9 0

52 25 13 30 68 n/a n/a 21 12 SL n/a 6 n/a 14 n/a 18 n/a n/a n/a n/a n/a 21 2 n/a n/a 9 0

53 27 8 23 58 n/a n/a 24 18 SL n/a 6 n/a 11 n/a 19 n/a n/a n/a n/a n/a 12 1 n/a n/a 4 1

54 12 7 24 43 n/a n/a 38 19 L n/a 7 n/a 141 n/a 33 n/a n/a n/a n/a n/a 36 4 n/a n/a 6 1

55 10 8 22 40 n/a n/a 37 24 L n/a 7 n/a 241 n/a 29 n/a n/a n/a n/a n/a 28 2 n/a n/a 6 1

56 2 2 16 20 n/a n/a 45 35 CL n/a 6 n/a 19 n/a 34 n/a n/a n/a n/a n/a 17 1 n/a n/a 8 0

57 3 2 14 18 n/a n/a 32 50 C n/a 6 n/a 19 n/a 35 n/a n/a n/a n/a n/a 15 1 n/a n/a 7 0

58 11 10 34 56 n/a n/a 31 12 SL n/a 7 n/a 22 n/a 24 n/a n/a n/a n/a n/a 18 2 n/a n/a 4 1

59 9 10 35 54 n/a n/a 26 20 SCL n/a 6 n/a 22 n/a 27 n/a n/a n/a n/a n/a 14 1 n/a n/a 14 0

60 9 8 19 35 n/a n/a 27 38 CL n/a 7 n/a 18 n/a 32 n/a n/a n/a n/a n/a 13 1 n/a n/a 5 1

61 6 7 20 34 n/a n/a 30 37 CL n/a 7 n/a 60 n/a 31 n/a n/a n/a n/a n/a 15 1 n/a n/a 5 1

62 11 17 27 55 n/a n/a 23 22 SCL n/a 8 n/a 94 n/a 20 n/a n/a n/a n/a n/a 13 1 n/a n/a 4 1

63 16 15 20 51 n/a n/a 24 26 SCL n/a 8 n/a 166 n/a 18 n/a n/a n/a n/a n/a 10 1 n/a n/a 4 1

64 2 1 13 16 n/a n/a 24 60 C n/a 6 n/a 30 n/a 40 n/a n/a n/a n/a n/a 17 1 n/a n/a 14 0

65 1 1 10 12 n/a n/a 22 65 C n/a 6 n/a 18 n/a 40 n/a n/a n/a n/a n/a 14 1 n/a n/a 11 0

66 5 2 7 14 n/a n/a 23 63 C n/a 7 n/a 60 n/a 17 n/a n/a n/a n/a n/a 14 1 n/a n/a 10 1

67 5 2 12 18 n/a n/a 18 64 C n/a 7 n/a 65 n/a 18 n/a n/a n/a n/a n/a 13 1 n/a n/a 12 0

68 7 3 13 23 n/a n/a 36 41 C n/a 7 n/a 33 n/a 39 n/a n/a n/a n/a n/a 12 1 n/a n/a 4 0

69 5 2 12 19 n/a n/a 38 43 C n/a 7 n/a 57 n/a 39 n/a n/a n/a n/a n/a 11 1 n/a n/a 4 0
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The applied methodological approach seems suitable for multiscale and multisensoral 

datasets of large areas. The study showed that the topsoil classification can be associated 

with soil profiles obtained by fieldwork and certain terrain positions derived from DEM, 

thus allowing a distinct spatial attribution of soil types. 

 

The main objective of Paper III is to propose a simple approach to assess surface infil-

tration and runoff generation processes under semiarid climate conditions on hillslope 

scale. The infiltration rates and potential surface runoff at the end of the dry seasons are 

interesting, as these are the periods of potentially high soil loss. The hypothesis is that 

soils – especially after the dry seasons – have high water tensions and hence, the isolated 

rainfall events produce high amounts of surface runoff especially on fine-grained soils. 

Thus, water conduction is lower than in saturated conditions and consequently the over-

all infiltration rates are quite low.  

 

RQ3 How can surface runoff  be quantified in semiarid savannah type environments? 

RD3 Modelling of soil hydrological characteristics using following setup: 

 Testing an experimental setup of several SRDs within a slope system 

 Using a stochastic gradient boosting modelling approach with soil texture 

and infiltrabilities as response variables and terrain indices as environmen-

tal variables. 

The author observed that in the study area, notable surface runoff is produced when the 

soil is very dry on the moment precipitations starts, especially in homogeneous soils 

with low activity clays. Infiltration characteristics in particular are highly variable, both 

spatially and temporally. Here, the Horton overland flow is strongly related to soil prop-

erties. The automatic SRDs proved to be a helpful instrument in quantification of over-

land flow dynamics over time. The example demonstrates the importance of integrated 

fieldwork measurements and computer-based simulation in pedo-hydrological re-

search. 
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During fieldwork, eight gully systems close to Makuyuni town were thoroughly meas-

ured. The focus of Paper IV is to assess gully erosion dynamics using improved DEMs 

with resolutions of 30 m and 20 m, respectively. To improve the DEMs, we integrated 

information deduced from satellite images as well as from acquired GPS field data. We 

assessed terrain characteristics to extract information on environmental drivers. To 

evaluate gully evolution we assessed also the measured longitudinal slope profiles. Fi-

nally, the gully evolution phases of each gully were classified according to the concept 

proposed by Kosov et al.  (1978).  

 

RQ4 Are the local gullies in stable or in dynamic conditions? How can these analyses 

contribute to a better understanding of landscape developments? 

RD4 Modelling gully erosion and evolution:  

 Field measurements and GPS tracking of the gully drainage networks and 

profiles. 

 Pre-processing and interpolation of different DEM sources. 

 Analysis of linear erosion processes. 

 Analysis of gully morphometric characteristics. 

 Classifying of dynamic and static gullies. 

 Assessment of gully development phases and their implications for the land-

scape development. 

 

Best results for the interpolation of the DEMs were obtained by applying the hydrologi-

cal forcing option of the ANUDEM algorithm ‘Topo to Raster’. This algorithm guarantees 

a hydrological correct DEM without sinks. The derived DEMs show a good performance 

in terms of the hydrological and geomorphic process dynamics, which were assessed by 

terrain analysis.The calculation of topographic indices showed that specific gully fea-

tures such as head cuts, catchment areas and erosion/deposition zones can be assessed.  

The investigated gully systems seem to be very old and belonging to the static gully 

phase (according to Kosov et al. 1978). Additionally, areas identified as having a greater 

risk of gully erosion have been confirmed by observations and survey carried out in the 

field. 
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The aim of Manuscript V is to understand the morphology and morphogenesis of the 

landforms in the proximity of Makuyuni town in Northern Tanzania. Particular attention 

was given to the identification and mapping of gully erosion forms and features. For the 

geomorphic assessment, we combine information on morphology and morphogenesis 

with secondary information on sampling and laboratory data. We use GIS for the map-

ping procedure. The data are stored in a geomorphic database.  

The main objective and its result as the thesis’ synthesis (see below):  

 

MO Understanding geomorphic processes, their spatial extent and location. 

Syn Geomorphic data collection and interpretation: 

 Extensive field mapping of landforms and related processes, genesis and ages 

 Spatial extent and location of geomorphic forms and features. 

 A synthesis of landscape processes, forms and features is provided below. 

 

The geomorphic map product, due to its detail, provides a reliable base document, which 

yield valuable information on features of interests for geomorphologists and related dis-

ciplines, e.g. soil scientists, geologists. In particular, the map supports the planning of 

detailed fieldwork. In semiarid regions, where irrigation farming is necessary, a 

knowledge of land and drainage conditions contributes to water conservation and land 

use planning processes, especially in agricultural areas. Field mapping and ground truth-

ing must remain an important part to calibrate and validate remote sensing and GIS tech-

niques. 
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5 Synthesis 

The highly complex landscapes and its processes, forms and features of the undulating 

plains of the half graben in the East African Rift valley in Northern Tanzania are ex-

plained here; according to the geomorphic map compiled for Manuscript V.  

On the very southern part of the Makuyuni River, one can detect the (proposed) former 

flow of the river in a southern direction (entering the Tarangire River). Nowadays, there 

is a major bend (close to 160°) and the river follows the tectonic fault in a northwestern 

direction. The river flows in a rather narrow bed in the southern part of the mapping 

extent, then while eroding a broader riverbed, there are broad alluvial deposits and the 

river is actively meandering within the alluvial material. The tectonic fault lines, forming 

a “V” within the mapping extent, and according lithologies dominate the landscape. Fol-

lowing Schwartz et al. (2012), surface materials are distinguished in  

 Lithologies: volcanic deposits (nephelinite, volcanic agglomerate/conglomerate; 

basalt dyke) and basement (Proterozoic quartzite and gneiss). 

 Consolidated surface formations: terrestrial deposits (Upper Manyara beds) and 

lacustrine deposits (Lower Manyara Beds).  

 Unconsolidated surface formations : recent alluvial/colluvial deposits.  

 

On Makuyuni Rivers’ western banks, the ridge formed by quartzite and basalt material 

has only allowed some erosion and is separating the erosional front line with a distinct 

scarp edge of often more than 5 m in height. The following fluvial and slope landforms 

formed due to surface runoff:  

 Gully thalwegs, 

 Gully head cut areas,  

 Areas affected by rill erosion, 

 Scarp edges. 

On its eastern banks, there are major gully formation up to ephemeral stream conflu-

ences. A dominant gully was eroding a rather big area and exposing lacustrine deposits 

and quartzic materials.  On the southeastern part of Makuyuni town, another major gully 
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is still cutting deep into Holocene soil formations, but was clearing and exposing lacus-

trine material only in the confluencing part. Within those major gully systems, archaeo-

logical and palaeontological artefacts and fossils are outcropping. This is also the area, 

where the hominin-bearing site MK4 is located. 

The Makuyuni River shows three different kind of channel types (compare Figure 12, 

p.41): 

 Type A can be identified as a relatively new channel incision into the well-devel-

oped floodplain. The river bed is characterized by pools and point bars, sorted 

sands and cobbles that are deposited especially after intense rainfalls in the up-

per catchment.  

 Type B developed its bed running through sedimentary rocks of the Lower Man-

yara Bed section. The steeper gradient is expressed by step/pool formation along 

its course and a narrow river channel.  

 Type C is dominant where the Manyara River is running over cemented tephra 

outcrops. This rather horizontal layer is relatively strong compared to the sur-

rounding lithology and therefore its incision is very slow. The channel is showing 

an anastomosing stream system bedded into the lower substrates within former 

alluvial river terraces. On the sidewalls of the terraces, recent material is accu-

mulated on the toes of the terrace. 

 

Actively, erosion processes dominate the areas left and right of the Makuyuni River. 

Here, gullies are cutting through alluvial deposits of the Makuyuni River terraces and, 

more upslope, event through the soft tuff layers of the Upper Manyara beds. In between 

Upper and Lower Manyara beds – in stable positions –fossils and artefacts are outcrop-

ping.  

One flat parts within the mapping extent, there are mostly lacustrine members of the 

Lower Manyara Beds where erosion features have cleared the top material. Vertisols are 

in the northern and eastern part of the mapping extent flat areas prevalent. On top of the 

Upper Manyara beds, especially on sloping areas, Cambisols as well as Andosols and 

Leptosols have been formed. On the volcanic tuff deposits in plain areas, reddish soils 

(mainly Cambisols) have been developed. 
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Figure 12. Makuyuni River channel types. Type A is a relatively new channel incision 

into the well-developed floodplain. Type B developed its bed running through sedimen-

tary rocks and follows a narrow river channel of the Lower Manyara Bed section. Type 

C is running over tephra outcrops as anastomosing stream. Satellite imagery: 

WorldView-2 scene from 2011-02-21. 

The geomorphological synthesis yield valuable information to identify areas that are re-

cently exposed for archaeologists and palaeontologists and for the recognition of fea-

tures of interests for physical geographers and related disciplines, e.g. soil scientists, ge-

ologists.  
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6 Conclusion 

This dissertation work shows an integrated approach of scale, methods, devices, models 

and input/measured data, and therefore, an in-depth analysis of geomorphological re-

search. The author was able to tackle specific questions with the proposed methods and 

input information (weather measured in the field, in the laboratory or obtained digitally 

from various sources). This contributes to the knowledge of present geomorphic pro-

cesses and features and the landscape evolution around Makuyuni town in Northern 

Tanzania. 

In summary, drainage network, stream longitudinal profiles, basin analysis and linea-

ment extraction can be used as tools for identifying tectonic activity and related features 

in rift areas. This morphotectonic interpretations may be applicable to similar areas in 

the African rift, where landscapes are governed by extensional, tectonic, volcanic and 

erosional processes. 

Combining surface characteristics and terrain features, a spatial distribution of topsoils 

and related soil types was achieved. Topsoils have a complex genetic origin related to 

different substrates, resulting in a high spatial heterogeneity. The applied methodologi-

cal approach seems suitable for multiscale and multisensoral datasets of larger areas. 

The topsoil classification is associated with soil profiles obtained by fieldwork and cer-

tain terrain positions derived from DEM, thus allowing a distinct spatial attribution of 

soil types. 

The example from a hillslope scale water balance model demonstrates the importance 

of integrated fieldwork measurements (especially the incorporation of surface runoff 

detectors) and computer-based simulations in hydrological research. The automatic sur-

face runoff detectors offer a helpful insight into actual overland flow dynamics and, es-

pecially, for the quantification of those. This approach is providing useful additional in-

formation on water balance modelling and are recommended for usage especially in 

semiarid conditions. 

Gully assessment can be derived with a certain combination of terrain indices from dig-

ital elevation models. To a certain degree, even specific gully features such as head cuts, 

catchment areas and erosion/deposition zones can be assessed. Additional topographic 



CONCLUSION 
 

 44  

information to improve the DEMs are collected by fieldwork (GPS points and gully cross 

sections) and the mapping of thalwegs on optical imagery.  

The results of the geomorphological surveys carried out in the Lake Manyara basin from 

2012 to 2014 led to a composed geomorphological map. Underlying data layers from 

various satellite data sources proved to be very helpful and should be considered to be 

included in any mapping work.  

The above mentioned methods and analyses may be applicable to similar areas in the 

African rift, where landscapes are governed by extensional, tectonic, volcanic and ero-

sional processes. At the same time, new questions have emerged, which shall be solved 

in future research. E.g. the quantification of soil erosion is of importance, regarding fu-

ture soil loss and badland development in this water-scare area.  

In general, the understanding of highly complex landscapes – such as in Northern Tan-

zania – their relevant forms and features as well as the related processes is sophisticated 

and time-consuming work. Field mapping and ground truthing must remain an im-

portant part to calibrate and validate remote sensing and GIS techniques. The geo-

morphic interpretation, especially the map product, provides, due to its detail, a reliable 

base document, which yield valuable information to e.g. identify areas that are recently 

exposed for archaeologists and palaeontologists or for the recognition of features of in-

terests for physical geographers and related disciplines, e.g. soil scientists, geologists.  
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Abstract 

In this paper, we present a geomorphologic map of the area around the village of Makuyuni, 

Monduli district, in Northern Tanzania. This area is known for early hominid occupation da-

ting back 630 ka BP. We applied process detection techniques for semiarid environments with 

an emphasis on water induced erosion features. The processes and related forms and features 

were assessed with remote sensing techniques and validated with extensive field surveying. 

For the geomorphological assessment, we combine information on morphology and morpho-

genesis with secondary information on sampling and laboratory data. We use Geographic In-

formation Systems (GIS) for the mapping procedure. The GIS is linked with a geomorpho-

logic database. The reference scale allows the in-depth analysis of landforms and geomorphic 

processes providing important information for related disciplines such as paleoecology, ar-

chaeology or palaeontology. 
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1. Introduction 

Geomorphological mapping plays an essential role in understanding surface processes, geo-

chronology, natural resources, natural hazards and landscape evolution (Bishop & Shroder, 

2004; Blaszczynski, 1997). A geomorphological map identifies, interprets and represents the 

morphology (form) and morphogenesis (process) of the landforms. The complexity of map-

ping comprises information about the composition and structure, chronology (relative and ab-

solute age), environmental system characteristics (land cover, soils, ecology), as well as spa-

tial topological relationships of surface features (landforms) (Bishop, James, Shroder, & 

Walsh, 2012; Smith & Pain, 2011). The accurate interpretation of specific landforms also de-

pends on complementary data, including topography, geology and sedimentology (Knight, 

Mitchell, & Rose, 2011). Smith and Pain (2011) state that it is not necessary to combine all 

elements into a single cartographic document, but to have a clear principal focus that deter-

mines the selection of elements.  

Modern comprehensive geomorphological map compilation started in the early 20th century. 

However, until now there is no uniformity among geomorphological legends, as different 

mapping ‘schools’ independently developed systems for use at different scales in a variety of 

landscapes (see Seijmonsbergen, 2013). Gustavsson, Kolstrup, and Seijmonsbergen (2006) 

published a GIS-based legend for geomorphological mapping that is used widespread through 

the scientific community (Anders, Seijmonsbergen, & Bouten, 2009; May, 2008; Poppe et al., 

2013). Data collection in the field is important for the compilation of geomorphological maps 

and the issue of scale is substantial (Smith & Pain, 2011); the mapping of a particular area for 

a specific purpose is usually undertaken at a scale between 1:5000 and 1:50 000 (Doornkamp, 

1971). Detailed geomorphological mapping is time consuming (Gustavsson et al., 2006) there-

fore, in the last decades, many scientists have focused on the elaboration of thematic maps 

that are immediately applicable and they neglected complex maping with a holistic approaches 

(Rădoane, Cristea, & Rădoane, 2011). 

In the late 1980s, the use of Geographic Information Systems (GIS) became widespread in 

geomorphology and GIS technologies have become important tools for landform analysis, 

data management and construction of geomorphological databases (Demek, Kirchner, Macko-

včin, & Slavík, 2011; Gustavsson et al., 2006). Digital Elevation Models (DEMs), in particular 

the increasing availability of high-resolution DEMs with 1 to 20 m spatial resolution within 

the last decade, have led to quantitative landscape approaches based on terrain analysis (Hengl 

& Reuter, 2009; Wilson & Gallant, 2000). GIS have become a quantitative technology to 
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analyse, manage and visualize landforms (Drăguţ & Eisank, 2011; Hengl & MacMillan, 2009; 

Jasiewicz, Netzel, & Stepinski, 2014; Jasiewicz & Stepinski, 2013; Vannametee et al., 2014) 

as well as geomorphic processes (Di Crescenzo & Santo, 2007; Maerker, Quénéhervé, Bacho-

fer, & Mori, 2015; Richards, Brasington, & Hughes, 2002). Chronological aspects of land-

scape dynamics can also be assessed using GIS and quantitative models for the reconstructions 

of paleo-features (Bachofer, Quénéhervé, & Märker, 2014; Bisson & Bini, 2011; Braun & 

Sambridge, 1997; Brouwer Burg, 2013; Vogel & Märker, 2010) or with landscape evolution 

models (see review by Chen, Darbon, & Morel, 2014). 

Remotely sensed optical data with a high spatial and spectral resolution like WorldView-2 

with a ground resolution of 0.5 m (panchromatic) allow base mapping at scales between 1:25 

000 and 1:2500 (Siart, Bubenzer, & Eitel, 2009). Optical satellite imagery and DEMs provide 

information on surface structure and enables a spectral differentiation and thus, a consistent 

interpretation. These techniques have been applied to detect geomorphological units and var-

ious relief features like glacial landforms (Clark, Knight, & T. Gray, 2000; Jansson, 2005), 

aeolian landforms (Ewing, McDonald, & Hayes, 2015; Hugenholtz, Levin, Barchyn, & Bad-

dock, 2012), coastal landforms (Devoto et al., 2012; Senthilnathan, Nobi, Thangaradjou, & 

Kannan, 2012) or for karstic landscapes (Annys et al., 2014; Siart et al., 2009). Radar imagery 

can assist in the identification of morphological structures (Bachofer, Quénéhervé, Zwiener, 

Maerker, & Hochschild, 2016; Smith, Rose, & Booth, 2006; Souza, Pedro, & Paradella, 2014). 

This study is located in the Lake Manyara rift basin that is part of the East African Rift System 

(EARS). The area is known for its early hominin remains and artefact during Early and Middle 

Pleistocene (the majority of the artefacts are dated between 630 000 and 400 000 BP; see 

Giemsch et al., in press) and are therefore in the interest of (paleo-) environmental studies. 

Doornkamp (1971) stated in the 1970s that the potential value of geomorphological studies in 

East Africa ‘has not yet been fully realized and geomorphology has not yet developed beyond 

its most elementary stage’, nowadays, more than 40 years later, there is no significant change 

in this statement. Grove (1986) provided a description of the geomorphology of the EARS. A 

comprehensive geomorphological mapping was carried out at the eastern shorelines of Lake 

Manyara (Vaidyanadhan, Dixit, & Schlüter, 1993) but does not cover the mapping area of this 

study. 

The aim of this study is to map the morphology and morphogenesis of the landforms in the 

proximity of Makuyuni village, Monduli district. We follow a multiscale approach with (i) 

extensive field mapping, (ii) interpretation of multispectral and microwave remote sensing 
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images (WorldView-2 and TerraSAR-X data) and (iii) the delineation of topographic deriva-

tives (based on SRTM-X). Particular attention was given to the identification and mapping of 

gully erosion forms and features. Gully erosion is one of the most severe soil erosion processes 

leading to the loss of fertile topsoil and intensive sediment transport towards the drainage 

systems. Hence, gully erosion is threading agriculture and pasture as well as the drainage 

system and related water resources (e.g. Märker, Hochschild, Maca & Vilímek, 2016). In 

terms of archaeological and paleontological research, linear erosion processes exposing arte-

facts and/or fossils on the one hand allow to easily assess find locations. On the other hand, 

downwearing might be also a possible threat in terms of losing finds. The geomorphological 

map carried out in this study yield valuable information for related disciplines such as paleo-

ecology and geoarchaeology or palaeontology. In particular, the map supports the planning of 

detailed fieldwork. 

 

2. Regional Setting 

The mapped area is located in northern Tanzania and is part of the EARS. The study area 

consists of approximately 460 km² and is located between S 3° 30’ and S 3° 39’ north-south 

latitudes and E 36° and E 36° 15’ west-east longitudes. The entire study area is drained by the 

Makuyuni River with a catchment area of 3084 km², which is running westward into Lake 

Manyara. Altitudes reach 1358 m a.s.l. in the north-western fault zone located in grid B10 (see 

Figure 1 for grid reference) whereas the Makuyuni River outlet point, located in grid F1, is 

the lowest part of the study area with a height of 1002 m a.s.l. 

The eastern branch of the EARS runs through Ethiopia and Kenya up to Northern Tanzania, 

following a N‒S trend. As the eastern branch, the so-called Gregory Rift, enters Tanzania, it 

becomes a half graben system and splays into a 300 km wide zone of block faulting (Dawson, 

2008). Many volcanoes are located in this active zone, the closest to the study area, north-

west of it, is called Volcano Essimingor. Within the Makuyuni catchment, there are several 

en échelon micro faults, which were active during the late Pleistocene (Dawson, 2008; Ring, 

Schwartz, Bromage, & Sanaane, 2005). Flores-Prieto, Quénéhervé, Bachofer, Shahzad, and 

Maerker (2015) stated that gully erosion processes in the Makuyuni catchment might be trig-

gered by local active tectonics. The main lithologies within the study area are proterozoic 

quartzite and gneiss basements, volcanic and lacustrine deposits as well as recent river bed 

deposits along commonly with long periods of rare precipitation and short but heavy rains. 
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The mean annual temperature is 27° C. The main land cover type is shrub and grassland that 

is used for extensive grazing of goats, cows and sheep, apart from that the main agricultural 

products in the region are maize and beans.  

 

 

Figure 1: Study Area. a) Overview of Tanzania and bordering countries with extend indi-

cator of b) shown in black. b) Close up of the environmental setting, extend indicator of c) 

in pink. c) Gridding system for the geomorphologic mapping. Actual mapping was done 

for grids C to I and 3 to 6. Satellite imagery Sentinel-2, 2016-02-04. 

 

 

3. Materials and Methods 

The GIS mapping is based on extensive fieldwork as well as DEM and remotely sensed infor-

mation presented in the following chapters. 

The geomorphological map is planned to be a guide for fieldwork for other disciplines (e.g. 

archaeology, palaeontology), therefore, a gridding was generated first for an easy orientation. 

One grid cell fits into an A4 landscape format with a scale of 1:10 000; the gridding is shown 

in Figure 1. For this study, the mapped area is shown in a single map with according legend 

at a scale of 1:25 000 (see Supplemental material). 
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3.1 Field Mapping 

We carried out several campaigns of geomorphological field mapping between March 2012 

and February 2014. The field mapping has been performed following the guidelines proposed 

by Knight et al. (2011). The structure of the mapped features, and hence also the structure of 

the database, was established prior to field surveying and combines information on morphol-

ogy and morphogenesis with secondary information on sampling and laboratory data for soil 

type analysis. 

 

3.2 Remotely Sensed Imagery and GIS Analyses 

Multisensoral remote sensing images serve as base data for the geomorphological mapping. 

The multispectral WorldView-2 sensor was launched in 2009 and provides eight spectral 

bands (0.40–1.04 μm) with a ground resolution of 1.85 m at nadir and a panchromatic band 

with 0.46 m ground resolution at nadir (Digital Globe, 2015). The available cloud free scene 

was acquired on February 21, 2011. The multispectral image gives information on vegetation 

features as well as on the spectral characteristics such as mineralogical composition of sur-

faces devoid of vegetation (Bachofer et al., 2015).  

the Makuyuni River (Dawson, 2008; Schwartz et al., 2012). Dominating soil types include 

Cambisols, Vertisols, Calcisols and Luvisols (Bachofer, Quénéhervé, Hochschild, & 

Maerker, 2015).  

The prevailing savannah climate (Aw after Köppen climate system) is characterized by 

bi-modal rainy seasons (November-January and March-May) with annual rainfall of 651 

mm (Bachofer et al., 2015). Nevertheless, the rainfall regime is very irregular and patchy,  

In addition, the backscattered signal of Synthetic Aperture Radar (SAR) images is sensitive 

for the dielectric properties (e.g. moisture), the surface roughness and the orientation of topo-

graphic features (Mather & Koch, 2011). To include this supplementary information in the 

mapping approach, a TerraSAR-X (~9.65 GHz; X-band) StripMap scene was acquired on 

August 28, 2011 during dry season. The scene was calibrated, radiometrically and geometri-

cally corrected, as well as speckle noise reduced by filtering.  

A Shuttle Radar Topographic Mission (SRTM) X-band DEM with a ground resolution of 30 

m was used for the topographic analysis. The SRTM provides a high-resolution DEM acquired 

in the year 2000 (DLR, 2012). The X-band DEM possesses a relative high vertical accuracy 
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(Hoffmann & Walter, 2006), but results due to its’ short wavelength in a noisy surface. There-

fore, the DEM was filtered using a multidirectional Lee filter, to preserve the topographic 

features (Lee, 1980). 

The contour lines were derived from the SRTM-X DEM and are plotted in a 5 m elevation 

interval. After their creation, a smoothing was applied to eliminate pixel artefacts of the 

SRTM-X raster. Small circle contours were deleted manually to reduce image noise. 

Geomorphometry allows for a quantitative analysis of the relief to determine a precise char-

acterisation and to eliminate the researcher’s subjectivism (see Hengl & Reuter, 2009). Jen-

ness‘ (2006) GIS-based script calculates the topographic position index (TPI) based on a 

DEM. The TPI’s 10-class landform classification (a combination of small and large neighbor-

hood TPI) was used in this study to provide additional information in areas, where mapping 

was not supported by fieldwork. Geomorphons were analysed based on Jasiewicz and Stepin-

ski (2013) in order to derive additional information for validation through a semi-automated 

manner. Surface classification was done by the authors based on multispectral information, 

for details see (Bachofer et al., 2015). Further explanations for the classification and according 

mapping procedures are explained in chapter 4.3. 

 

3.3 Mapped Features and Database Structure 

Geomorphological features were mapped in the field and the final product was compiled using 

GIS software. All mapped features are stored as single layers for flexible data management. 

Geomorphological features were drawn as polygons, lines or as point symbols within the GIS 

environment.  

Following Schwartz et al. (2012) surface materials are distinguished in (i) lithology: volcanic 

deposits (nephelinite, volcanic agglomerate/conglomerate; basalt dyke) and basement (Prote-

rozoic quartzite and gneiss). (ii) Consolidated surface formations (terrestrial deposits (Upper 

Manyara Beds); lacustrine deposits (Lower Manyara Beds)). (iii) Unconsolidated surface for-

mations (recent alluvial/colluvial deposits). According to Bachofer et al. (2015), soils can be 

differentiated into soils with > 30 cm of soil development, mainly Cambisols on Upper Man-

yara Beds and Vertisols in (former) plain areas. We distinguish the following fluvial and slope 

landforms due to surface runoff: (i) gully thalwegs and (ii) head cut areas, (iii) areas affected 

by rill erosion and (iv) scarp edges. Deposits resulting from gravitational and erosive pro-

cesses. Hydromorphological data include ephemeral streams and cut off meanders as well as 
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periodically waterlogged areas. Topographic data are provided as pint elevations for tops and 

contour lines in a 5 m elevation interval. Anthropogenic landforms include roads (concrete 

and rough roads), bridges, artificial steps, quarried areas and settlements. 

 

4. Geomorphological Features 

4.1 River Channel Morphology 

Water is one of the most important agents in forming and shaping of landforms. A channel is 

defined as a linear feature that shows evidence of erosion and/or deposition by a concentrated 

water flow (Bull & Kirkby, 1997).  

 

Figure 2: Makuvuni River bed features. a) Tuff incision and pebble point bar, grid C3 (Photo: 

03/2012). b) Rapids composed of granite blocks, located ~6 km E of G6 (02/2014). c) Channel 

incision into the alluvial floodplain, D4 (08/2011). All photos: G. Quénéhervé.  
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River erosion is split into bottom and lateral erosion, causing transport of sediment along the 

beds (Scheidegger, 1973). Miller and Doyle (2014) stated that rivers are not only affected by 

resource use within the river channel or in the riparian zone, but instead are affected by activ-

ities that take place throughout their catchments. The transition of land to agricultural use is 

associated with increases in flood magnitudes and therefore increases in erosivity of stream 

flows that cause channel incision, especially in areas with fine, erodible soils (Fu, 1989). 

The Makuyuni River, an ephemeral drainage system, is the major discharge with small tribu-

taries running along its course. For the main channel of the Makuyuni River, the underlying 

bedrock alternates from granite to cemented tephra deposits. Accumulated alluvial material is 

dominant over the main distance within the mapped area (Fig. 2). 

 

 

Figure 3: Evolution of the Makuyuni River stream bed over 29 years, located ~4 km W of 

D3. a) Makuyuni River shown by aerial imagery, 1982-12-14. b) Makuyuni River shown 

by WorldView-2, 2011-02-21. 

 

In many parts of the Makuyuni River changes in channel morphology over time are docu-

mented that are related due to changes in stream-flow magnitudes and/or timing, sediment 

supply and/or size, direct disturbance and vegetation changes (Rosgen, 1994). Such changes 

can be clearly illustrated during even a short period of 29 years, comparing the aerial photog-

raphy (1982-12-14) and the WorldView-2 scene (2011-02-21), see Fig. 3. 
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Figure 4: Makuyuni River channel types. Type A is a relatively new channel incision into the well-

developed floodplain. Type B developed its bed running through sedimentary rocks and follows a 

narrow river channel of the Lower Manyara Bed section. Type C is running over tephra outcrops as 

anastomising stream. Satellite imagery: WorldView-2 scene from 2011-02-21  

 

The main tributary shows within the focus area three different kind of channel types (Fig. 4). 

Type A can be identified as a relatively new channel incision into the well-developed flood-

plain. The river bed is characterized by pools and point bars, sorted sands and cobbles that are 

deposited especially after intense rainfalls in the upper catchment. Type B developed its bed 

running through sedimentary rocks of the Lower Manyara Bed section. The steeper gradient 

is expressed by step/pool formation along its course and a narrow river channel. Type C is 



MANUSCRIPT V 
 

 145 

dominant where the Manyara River is running over cemented tephra outcrops. This rather 

horizontal layer is relatively strong compared to the surrounding lithology and therefore its 

incision is very slow. The channel itself is in the slope range of 0 to 1% and therefore is 

showing an anastomising stream system bedded into the lower substrates within former allu-

vial river terraces. On the sidewalls of the terraces, recent material is accumulated on the toes 

of the terrace. 

 

4.2 Linear Erosion Features 

When rainfall exceeds the rate at which water can infiltrate the ground, surface runoff, so-

called Hortonian overland flow is produced (Bull & Kirkby, 1997). Overland flow occurs in 

sparsely vegetated and low inclined surface of this semiarid areas often as laminar sheetflow. 

In the study area, notable surface runoff is produced when the soil is very dry at the moment 

precipitations starts (hydrophobicity), especially in homogeneous soils with low activity clays 

(Quénéhervé, Bachofer, & Maerker, 2015). Rills and gullies may be regarded as different 

morphological stages of a continuum of incised channels, including microrills, rills, megarills, 

ephemeral gullies, permanent gullies and arroyos (Poesen, Nachtergaele, Verstraeten, & Val-

entin, 2003). However, the transition from one stage to another is gradual and no quantitative 

equation exits to discriminate these classes. When gullies grow into each other, they result in 

badland formation. Badlands are intensively dissected high relief areas unusable for agricul-

ture (Fig. 5e). 

When runoff concentrates and becomes turbulent, sediment detachment is increasing that 

leads to linear depressions called rills. Rills are ephemeral microchannels on hillslopes that 

vary in lateral position from year to year (Bull & Kirkby, 1997). A rill is less likely to form in 

the same position again since drainage is improved and there is a higher resistance to occour 

than in the neighbouring slope profiles. Rills have a seasonal cycle of development and de-

struction according to rainfall patterns and are typically 50–300 mm wide and up to 300 mm 

deep (Knighton, 1998).  

Gullies are linear channels (either continuous or discontinuous) formed by removing upland 

soil and parent materials, they commonly occur in areas with increased concentrated runoff 

like in swales and at the valley bottom. Discontinuous gullies are isolated from the rest of the 

draining network. Continuous gullies discharge into streams at the bottom of the slope and 

hence form part of a drainage network (Poesen et al., 2002).  
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Figure 5: Gully Morphology and Processes. a) Gully Headcut, E3 (Photo: 06/2013). b) Ephem-

eral Gully with headcut, F4 (09/2010). c) Gully (background) and Piping (foreground), F4 

(03/2014). d) Permanent Gully with mass failure, F5 (08/2011). e) Badland formation, F5 

(08/2011). All photos: G. Quénéhervé. 

 

They differ from stable river channels in having steep sides, step/pool profiles, characteristi-

cally with a headcut at the upslope end (Knighton, 1998). They are typically more than 0.3 m 

wide and range from 0.5 to 30 m in depth (Poesen et al., 2002). Gullies retreat upslope by 

seepage (Fig. 5a) and tunnel/pipe erosion at the face of the headcut. Piping (Fig. 5c) is an 
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erosional process caused by subsurface flow within the bulk soil and has often a preparative 

function for gully processes. Gullies show very high erosion rates in the first part of their 

lifetime (Kosov, Nikol’skaya, & Zorina, 1978) and are characterized by a high sediment sup-

ply, resulting in high bedloads and suspended sediment transport rates. Channel degradation 

and sideslope rejuvenation processes are typical. Two main processes initiate permanent gully 

formation in the study area: surface flow and piping.  

Poesen et al. (2002) distinguish gullies on a physically-based classification in ephemeral and 

permanent systems. Ephemeral gullies (Fig. 5b) have small, linear channels formed during 

one rainfall event but may be filled in subsequent events or artificially. They are impermanent 

channels but small enough to be obliterated by farming operations (e.g deep tillage or land-

levelling practices) (Grissinger, 1995). Their infilling generally leaves depressions, new gul-

lies develop subsequently as they tend to return to the same position.  

Permanent gullies (Fig. 5d) are larger systems that typically develop on abandoned fields or 

rangeland, they occur as (i) valley-floor, or as (ii) valley-head and valley-side gullies (Higgins, 

Hill, & Lehre, 1990). Valley-side gullies have a distinctive steep head from which they be-

come shallower downslope until they end in a small fan. Valley-head gullies differ from val-

leyside gullies only in their location and orientation in respect to the valley axis (Higgins et 

al., 1990). If gullies occur on valley floors or river banks, a section of a discontinuous gully is 

characterized by a vertical headcut, a channel immediately below the headcut with depth 

greater than its width, a bed gradient slightly bigger than that of the original valley floor, and 

a decreasing depth of the channel downstream. Where the gully floor intersects the valley 

floor, the gully depth becomes zero and a small gully fan occurs (Bocco, 1991). The distinc-

tion between valley-floor gullies and stream channels is subjective, typically, valley-floor gul-

lies are strongly modified by mass failure processes (Grissinger, 1995). 

 

4.3 Surface Cover  

Surface characteristics of the study area was conducted by a description of field reference 

points, laboratory analyses from 27 locations and remote sensing image classification (Bacho-

fer et al., 2015). This resulted in seven topsoil classes, two lithological classes and a class for 

surface water. In order to validate and interpret the results of the classification process, three 

soil catenae were analyzed, consisting of 24 soil profiles with detailed profile descriptions 
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(Bachofer et al., 2015) according to the World Reference Base for Soil Resources (FAO, 

2014). This classification supported the geomorphological mapping processes. 

In this work, we distinguish ten non-artificial surface classes: a water surface classes: ‘peri-

odically water logged areas’; three unconsolidated surface classes: ‘surface wash of upslope 

material’, ‘alluvial deposits’ as well as ‘recent river bed deposits’; one consolidated surface 

class: ‘lacustrine deposits’; two soil cover types: ‘soils on Upper Manyara Beds’ and ‘Vertisol 

in (former) plain areas’; and three lithology classes: ‘Nephelinite, volcanic agglomerate/con-

glomerate’, ‘basalt dyke’ and ‘ Proterozoic quartzite and gneiss’. 

 

5. Conclusions 

The results of the geomorphological surveys carried out in the Lake Manyara basin from 2012 

to 2014 led to a composed geomorphological map. The mapping based on GIS procedures 

was supported by remotely sensed image classification and high-resolution panchromatic as 

well as true color imagery. The multispectral WorldView-2 image and the TerraSAR-X scene 

contributed to the delineation of lithological units and surface substrates, as well as geomor-

phological features. Those underlying data layers proved to be very helpful and should be 

considered to be included in any mapping work. Field mapping and ground truthing must 

remain an important part to calibrate and validate RS and GIS techniques. 

The geomorphological map product, due to its detail, provides a reliable base document, 

which yield valuable information to identify areas that are recently exposed for archaeologists 

and palaeontologists and for the recognition of features of interests for physical geographers 

and related disciplines, e.g. soil scientists, geologists. In semiarid regions, where irrigation 

farming is necessary, a knowledge of land and drainage conditions contributes to water con-

servation and land use planning processes, especially in agricultural areas. 
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Interpretation of the geology based on field surveys and 
additional information from Dawson (1992), Dawson (2008),
Vaidyanadhan et al. (1993) and Schlüter (2008).

Location of the mapped area. a) Overview of Africa, Tanzania in darker shade of grey. 
b) Tanzania with district boundaries, black box shows extent of c. c) SENTINEL-2 scene 
(2016-02-04) of the greater Makuyuni area, Lake Manyara and the East African Rift shoulder 
in the west, Kilimanjaro in the northeast.White box shows extent of the geology overview d. 
d) Geology of the greater Makyuni area, black box shows extent of the mapped area.
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Contour lines derived from SRTM-X DEM (see Bachofer et al. (2014).
Geology based on Schwartz et al. (2012).
Tectonics based on Dawson (2008).
Mapping based on field work and WorldView-2 satellite iamge (2011-02-21).
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