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-- CHAPTER 1 -

GENERALL INTRODUCTION 

1.. Introduction 

Thee semi-arid Central Andes comprises environments, which range from arctic/alpine to 

desertt and Mediterranean. These environments are known to be fragile geo-ecosystems and 

consequentlyy are highly sensitive to environmental change and human impact (Vis, 1991; 

Hofstede,, 1995; Bergkamp, 1996; Miles et al., 2001). Therefore, the Central Andes offers a 

perfectt opportunity for studying landscape sensitivity to erosion in mountainous 

environments.. For this purpose, a study area in Tarija, south Bolivia, was chosen which 

includess three geo-ecosystems representative for the Central Andes. The Mediterranean type 

sub-Andeann valleys are characterized by extensive badlands and which have undergone severe 

changess in vegetation since the arrival of the Spaniards and the introduction of cattle (Beck et 

al.,, 2001). Grazing by sheep has altered the (semi) natural conditions on the arctic desert 

highlandd Andean plateaux (Altiplano) where vegetation types changed and vegetation density 

andd biodiversity decreased (Beck et al., 2001). Within the inter-Andean valleys, plant growth 

iss limited by the (semi) arid conditions and the presence of very poorly developed soils. An 

overvieww of the location of the three geo-ecosystems is given in Figure 1.1. 

1.1.Natural1.1.Natural and human induced environmental change 

Thee Central Andes has been subject to several environmental changes since the late 

Pleistocenee and early Holocene. Both climatic change (alternating wet and dry conditions) and 

humann development and population increase have caused a change in vegetation composition 

andd pattern (Baied and Wheeler, 1993; Lauer, 1993; Messerli et al., 1993). Given the tectonic 

activityy and the presence of easily eroded parent material, erosion processes and 

environmentall  degradation play an important role in the semi-arid geo-ecosystems of the 

Centrall  Andes. Gully erosion, badland development, debris and mud flows and flash floods 

aree common erosion features in the Andean part of southern Peru, Bolivia and northern 

Argentinaa and Chile acting as major disturbances to the fragile geo-ecosystems and 

threateningg agricultural production (Gerold, 1981; Gerold, 1983; Bastian, 1985; Gerold, 1985; 

Beckk et al., 1992; Salm, 1997; Warburton et al., 1998; Maas et al., 2000). To understand the 

impactt of these disturbances in different geo-ecosystems, it is useful to investigate how 

sensitivee these landscapes are to present day erosion processes. Improper management of 

naturall  resources forms another -man induced- source of disturbance. Evidence of overgrazing 
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Figuree 1.1: Overview of the study area. The X on the national map marks the location of the 

studyy area 

datess back 4000 yr B.P. and during the Inca empire (between A.D. 1430 and 1532) lama and 

alpacaa livestock levels reached a maximum (Baied and Wheeler, 1993; Lauer, 1993). By the 

beginningg of the Littl e Ice Age (A.D. 1300), land degradation already was a serious problem 

duee to an intensification of agricultural production (Lauer, 1993; Chepstow-Lusty et al, 

1998).. In Mexico, a similar situation existed where prior to the arrival of the Spaniards 

deforestationn and other disturbances already had altered vegetation types and patterns (Butzer 

andd Butzer, 1997). Nevertheless, the introduction of European livestock by the Spaniards, 

increasedd the stress on the mountain geo-ecosystems due to their more destructive grazing 

practicee (Baied and Wheeler, 1993; Trimble and Mendel, 1995). However, grazing intensity 

hass decreased since the land reforms in the 50's and 60's and therefore it is questionable 

whetherr it can be held responsible for the present high rates of erosion (Molinillo , 1993; 

6 6 



GeneralGeneral Introduction 

Prestonn et al., 1997). Moreover, Fairbairn et al. (2001) state that vegetation type and pattern 

havee changed very littl e during the last century, thereby raising doubts about the effects of 

grazingg on erosion. This is supported by Washington-Allen et al. (1998) who detected no 

changee in vegetation cover in a grazed Altiplano over a 15-year time span which included a 

severee drought. 

Althoughh interpretations of the paleoclimate records differ somewhat, depending on the 

techniquess used and the location of the sampling area, the changes can be summarised as 

followw (Clapperton et al., 1997; Thompson et al, 1998; Abbott et al., 2000; Argollo and 

Mourguiart,, 2000; Baker et al., 2001; Fornari et al., 2001; Wolfe et al., 2001; Rowe et al., 

2002):: From before 25,000 to 15,000 calibrated years before the present (cal yr B.P.) the 

Altiplanoo was characterized by a cold and wet climate. From 15,000 to 13,000 cal yr B.P. the 

climatee became warmer and drier, followed by a colder and wetter climate between 13,000 

andd 11,500 cal yr B.P. The Altiplano warmed up between 11,500 and 10,000 cal yr B.P. and 

fromm the onset of the Holocene the climate was characterized by alternating cycles of wetter 

andd drier periods that lasted until 4500 cal yr B.P. Since then, the Altiplano became wetter 

withh the most humid phase at 2000 cal yr B.P. At this point, the Tiwanaku civilization 

emergedd around the shores of the lake Titicaca at the border of Peru and Bolivia indicating a 

directt link between climatic conditions and human development, and its impact on the 

environmentt (Binford et al., 1997). An abrupt climate change leading to a prolonged drier 

periodd caused a decline in agricultural productions and consequently the collapse of the 

Tiwanakuu civilization (Binford et al., 1997). The last 500 cal yr B.P. have been wetter as well 

(Bakeretal.,, 2001). 

1.2.1.2. Landscape sensitivity 

Thee concept of landscape sensitivity was first introduced by Brunsden (1979) and recently 

elaboratedd by Miles (2001), Usher (2001), Brunsden (2001) and Thomas (2001) The term 

originatedd in the context of trying to understand alternations of erosion and sedimentation 

processess in the landscape and hence was mainly applicable to geomorphological and 

pedologicall  studies. However, within the scope of climatic and environmental change this 

notionn can be extended to a large spectrum of environmental studies and has the advantage of 

providingg a framework for interdisciplinary research. As environmental change comprises 

bothh natural changes and human induced changes, these do not need to be separated when 

studyingg landscape sensitivity (Usher, 2001). 
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Accordingg to Thomas (2001), landscape sensitivity may be interpreted as being the 

responsee of geo-ecosystems to perturbations at different temporal and spatial scales. The 

spatiall  scale of a study has implications for the differences in lithology or parent material that 

aree encountered in the research. The landscape must be considered at different hierarchical 

levelss to allow for its hierarchical organisation at various scale levels (O'Neill et al., 1986; 

Bergkamp,, 1996; Usher, 2001). 

Inn general, changes at the temporal scale are driven by climate or human activity as 

mentionedd above. The magnitude of the response of an ecosystem to change is directly related 

too the stability and resilience of the geo-ecosystem. There is a consensus that in semi-arid 

environments,, extreme rainfall events and the consequent flash floods are the main landscape 

formingg processes (Wolman and Miller, 1961; Harvey, 1984; Bull et al., 1999; Hooke and 

Mant,, 2000; Maas et al., 2000; Nogueras et al., 2000; Camarasa Belmonte and Segura Beltran, 

2001;; Coppus and Imeson, in press). However, the influence of tectonic uplift is an important 

complicatingg factor that greatly influences processes at different scales (van der Meer, 1995; 

Schoorl,, 2002). 

Whenn certain thresholds are crossed, instability can be propagated at both the spatial and 

temporall  scale by means of positive feedback mechanisms (Thomas, 2001). Gully-head 

recessionn or slumping can be regarded as such positive feedback mechanisms. Brunsden 

(2001)) describes this movement of unstable locations as waves of aggression in the landscape. 

Althoughh studying the sensitivity of a landscape to environmental change is very complex, 

aa fundamental starting point is the past (Thomas, 2001; Usher, 2001). For example, many 

studiess have shown that with respect to land use, former conditions were significantly more 

importantt factors for environmental change than present land use (Hofstede et al., 2000; 

Hofstedee et al., 2002; Coppus et al., in press). 

Bothh Thomas (2001) and Usher (2001) stress the possibilities that soils offer in studying 

landscapee sensitivity. According to Usher (2001), the soil is where the physical system 

overlapss the biological system and Thomas (2001) states that soils are the end result of 

weatheringg and erosion and hence must be regarded as markers of stability and incremental 

change. . 

2.. From theory to practice: the southern Bolivian case 

Thee sub-Andean valley of Tarija, South-Bolivia, is situated between the eastern range of 

thee Andes and the Chaco lowlands. Due to this geographic position, it was an area of trading 

andd cultural exchange between highland and lowland communities. The valley lay on the 

8 8 



GeneralGeneral Introduction 

peripheryy of the Inca and Spanish territory but the existence of pre-Inca settlements in the 

valleyy suggests a long history of human population in these valleys (Preston et al., 1997; Beck 

ett al., 2001). Similar to the sub-Andean valley, the high Andean plateau (the Altiplano) also 

hass a long record of human activity. During pre-Hispanic times, traditional livestock 

managementt with alpacas and llamas is believed to have been sustainable, as these native 

grazerss gradually adapted to this environment and grazing pressure was probably low 

(Libermannn Cruz and Qayum, 1994) although relatively large numbers of wild cameloids 

(vicunaa and guanaco) grazed the same area. The introduction of cattle, goats and sheep by the 

Spaniardss led to increased grazing pressure and changed these mountainous environments 

significantlyy (Beck et al., 1992; Baied and Wheeler, 1993; Libermann Cruz and Qayum, 1994; 

Prestonetal.,, 1997). 

Littl ee is known about the environment around Tarija before and during the Spanish 

colonization.. Chronicles describe the surroundings as densely vegetated with forests, but 

manyy of these references are of poor quality and their reliability is doubtful. Whether or not 

fullyy vegetated with shrubs and trees, the soil was fertile and after the discovery of silver in 

Potosi,, the central valleys of Tarija have provided food for this booming city under the smoke 

off  Cerro Rico for a long time. Both the clearing of natural vegetation for agricultural purposes 

andd the grazing by cattle, sheep and, most of all, goats might have triggered accelerated 

erosion.. At present, large parts of the valley are eroded and the original vegetation has almost 

disappearedd completely (Gerold, 1983; Bastian, 1985; Gerold, 1987; Beck et al., 1992; Libermann 

Cruz,, 1993). 

Evenn less is known about the natural environment of the Altiplano upon the arrival of the 

Spaniards.. It may be assumed that the replacement of alpacas and llamas by sheep and 

donkeys,, which are more destructive grazers, changed the vegetation type and cover. 

Nutritiouss grazing species with a denser vegetation cover have been replaced by low 

nutritiouss and less palatable species with sparse vegetation cover (Beck et al., 1999). The 

open,, low vegetation of small tussock grasses and dwarf shrubs, and the supply of loose sand 

facilitatee wind erosion and might have lead to the formation of large dune complexes. These 

duness are highly active and cover grazing lands. 

Too what extent grazing is responsible for present erosion processes is not fully understood. 

Variouss authors believe over-grazing is the main cause (Gerold, 1981; Gerold, 1983; 

GTZ/PERTT,, 1984; Gerold, 1985; Beck et al., 1992; Libermann Cruz, 1993; Libermann Cruz 

andd Qayum, 1994). Others suggest that grazing is decreasing and that land use is sustainable 

byy attributing soil erosion to natural causes like climatic change and the high erodibility of the 
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fluvial-lacustrinee sediments (Woodward, 1994; Cerda, 1995; Harmer, 1995; Preston et al., 

1997;; Warburton et al., 1998). Whether it is natural erosion, human induced erosion or both, 

alll  authors agree that environmental change has occurred. 

3.. Objectives and aims 

Onee general aim of this thesis is to elucidate the controversy mentioned above concerning 

thee relative importance of natural and human-induced erosion. This can be translated into the 

question:: "To what extent is land use change responsible for the high erosion rates inferred for 

Southh Bolivia specifically, and the Central Andes in general?". In order to answer this 

question,, the key processes of erosion have to be understood. To achieve this goal, the 

followingg sub-objectives were determined and are presented in a decreasing hierarchical level: 

i.. To characterize and explain the major physiographical units and to identify their 

sensitivityy to erosion on a landscape scale 

ii .. To study the landscape sensitivity to erosion in relation with grazing 

iii .. To identify indicators for landscape sensitivity to erosion in the Central Andes 

iv.. To understand the linkages between hill slopes and channels during normal and extreme 

precipitationn events 

v.. To study the erosion processes acting at hill slope scale within the most sensitive erosion 

units s 

4.. Approach 

Thee geo-ecosystems in the Central Andes are characterized by high spatial variability. 

Altitudee varies from 2000 m to almost 5000 m and lithology, climate, morphology and 

vegetationn change continuously along this gradient. This results in a mosaic of different geo-

ecosystemss with specific properties (Squeo et al, 1993). To understand the dynamics of geo-

ecosystemss and to get insight in their high spatial variability, a characterization of the 

geomorphology,, soils and vegetation, at the landscape, hillslope and patch scale as well as an 

integratedd approach of process related studies was required. The hierarchical organisation of 

thee geo-ecosystem had to be included to explain patterns and processes in different spatial and 

temporall  scales (O'Neill et al., 1986). 

Ass environmental change cannot be measured directly, indicators were used for 

characterizingg geo-ecosystems and quantifying stress factors (Mouat et al., 1992). It is evident 

thatt the erosional response of soils to environmental change is governed by stable 

aggregation.. This parameter is known to depend on other soil parameters, such as texture, 
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organicc matter, lime and gypsum contents, etc. It was beyond the scope of this study to assess 

thee role of all potentially relevant parameters regarding soil aggregation which are discussed 

byy several authors {e.g. Tisdall and Oades, 1982; Oades and Waters, 1991; Oades, 1993) and 

thereforee attention was focussed on those parameters which could be expected to play an 

importantt role and were relatively easy to assess. These included among others, texture, 

organicc matter and water soluble salts. 

Inn semi-arid geo-ecosystems, water is the limiting factor and forms a major constraint 

determiningg geomorphic-soil-vegetation patterns within geo-ecosystems (Cammeraat and 

Imeson,, 1999). Therefore, hydrological and morphological processes and soil properties that 

characterizee infiltration, the water storage capacity of the soil and water availability had to be 

included. . 

Too understand the soil-water-vegetation relationships and to identify physical system 

responsess to land use changes a combined top - down, bottom - up approach was applied. 

Thee top - down approach focused on a landscape analysis to identify patterns down to the 

levell  of physiographical units. The bottom - up approach analysed the dynamics of the finer 

scalee processes. As good basic data were missing a field campaign was started to collect these. 

Thee selection of the areas to investigate was based on their probable sensitivity to erosion. 

Therefore,, physiographical units were selected that could elucidate the main objectives of this 

thesis.. In other words, those units where soils are still present and which can improve 

knowledgee about erosion processes in space and time scales were chosen for further 

investigation.. This implicated that riverbeds and their adjacent, relatively, young flat river 

terracess were excluded from this study for not being relevant and beyond the scope of this 

study. . 

Hence,, within the physiographical units that were affected by erosion, representative and 

relativee homogenous (regarding soils, soil surface characteristics, vegetation type and cover, 

andd geomorphological features at a landscape unit scale) plots of 30 by 30m were chosen on 

thee basis of visual interpretation. Because of the extent (80 by 20 km) and the diversity 

betweenn and within the three geo-ecosystems of the study area a geostatistical approach was 

nott feasible given the time and money available. 

Withh the help of satellite imagery and aerial photographs the major physiographical units 

inn the three ecosystems were distinguished and those suitable for further research were 

selectedd for the reconnaissance survey. The first campaign resulted in a characterisation of the 

region,, the geo-ecosystems and the physiographical units. On the basis of this characterization 

twoo catchments were selected for detailed soil, erosion and infiltration studies. 
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5.. Outline of this thesis 

Logically,, the outline of this thesis follows more or less the proposed approach and 

inherentlyy the objectives. Chapter 2 focuses on the variability of soils properties and profiles 

andd their pedogenesis along climatic and topographical gradients within each of the three geo-

ecosystemss and the different implications these environmental conditions have on the study 

areaa as a whole. Chapter 3 elaborates this theme combining the chemical and physical soil 

properties,, vegetation characteristics and erosion features to identify and characterize the 

distributionn of Erosive Sensitive Areas within the three geo-ecosystems. On the basis of that 

study,, two particular areas were chosen for a more detailed study on erosion processes taking 

placee on patch and slope scale. Chapter 4 describes the hydrological and geomorphological 

responsee to natural and simulated rainfall in a badlands system in the sub-Andean valley and 

discussess erosion processes such as infiltration and runoff on both patch and hill slope scale. 

Chapterr 5 tells the story of an unforgettable experience in this badlands system on a 

seeminglyy innocent Sunday morning field visit which turned out to become a life-threatening 

situationn during an extreme rain and hail storm event. During the event the actual erosion 

processess were observed and were reconstructed afterwards to quantify the impact of such an 

event.. Chapter 6 hitches into Chapter 3 and describes the soil hydrological response to rainfall 

onn the Altiplano in relation with its environmental properties. The interactions between 

hydrologicall  characteristics and vegetation soil properties along a topographical gradient in 

suchh a high altitude geo-ecosystem are evaluated. A synthesis of the combined top - down, 

bottomm - up approach is given Chapter 7. The landscape sensitivity to erosion on patch, hill 

slopee and physiographic unit scale is presented. 
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