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-- CHAPTER 3 -

IDENTIFICATION,, DISTRIBUTION AND CHARACTERISTICS OF EROSION SENSITIVE AREAS IN 

THREEE DIFFERENT CENTRAL ANDEAN GEO-ECOSYSTEMS* 

Abstract t 

Thee interactions between erosion processes and soil and vegetation were studied in three 

differentt geo-ecosystems in the southern Bolivian Andes. The principle objective of this study 

wass to identify and characterise physiographical units in the landscape that are sensitive to 

erosion.. To accomplish this, soil and vegetation properties were studied in order to localize 

andd characterize what are termed Erosion Sensitive Areas (ESA). This helped provide insight 

intoo the relative importance of grazing as opposed to geology and climate in explaining the 

currentt extent of active erosion features. 

Inn the areas that are most sensitive for erosion, the biomass of palatable species, organic 

matterr content and available water are low and grazing density is low or moderate. The areas 

withh high grazing density have a high biomass of palatable species and the organic matter 

contentt and available water are high. The distribution of the ESAs coincides with a semi-arid 

climate,, low biomass of short grasses and highly erodible parent material. 

Currentt putative reductions in grazing intensity do not seem to have resulted in less 

erosion.. This suggests that past grazing history has altered the sensitivity to erosion, and the 

resiliencee of certain areas, to such an extent that erosion rates are high despite current low 

grazingg intensity. This also suggests that contemporary degradation processes are not driven 

byy current grazing densities but by climatic and geomorphological factors. 

1.. Introduction 

AA major factor behind the high rates of present day environmental change in the Central 

Andess is often claimed to be the intensification of land use that has taken place since Spanish 

colonisationn (i.e. the introduction of sheep, goats and cattle) and subsequent population 

increasee (Gerold, 1981; Libermann Cruz and Qayum, 1994). Exotic ungulates have grazing 

strategiess that differ from native cameloids and may have a bigger impact on the soil and 

vegetationn (Baied and Wheeler, 1993; Trimble and Mendel, 1995). Native cameloids are low 

impactt grazers because they lack hooves that compact the soil and they are highly efficient in 

utilizingg vegetation with low protein content (Baied and Wheeler, 1993). Numerous authors 

'acceptedd for publication in Catena, with J. Sevink and A.C. Imeson 
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havee studied the effects of grazing on soil properties, biomass or erosion in many ecosystems 

(Zöbisch,, 1993; Hofstede, 1995; Trimble and Mendel, 1995; Frank and Groffman, 1998; 

Carmell  and Kadmon, 1999). Despite this research, there is no general agreement on the 

impactt of grazing on soil properties and biomass production at plant, community or ecosystem 

levell  (Bauer et al., 1987; Belsky, 1987; Hobbs, 1996; Ritchie et al., 1998; Adler and Morales, 

1999)) and littl e is known about the semi-arid central Andes (Adler and Morales, 1999). 

Unansweredd questions regarding the significance of the introduction of ungulates need to be 

addressedd in order to provide a necessary context for sustainable ecosystem management. 

Additionally,, the influence of pre-Colombian civilizations cannot be neglected and several 

authorss report local environmental change and overgrazing by domesticated alpacas and 

llamass during Inca times (Baied and Wheeler, 1993; Lauer, 1993; Messerli et al., 1993). 

Tectonicc activity and climate change have also affected the region (Warburton et al., 1998). 

Studiess of river channel sediments, for example, have shown that recent flood events have 

beenn relatively low in magnitude compared to those that occurred during the Littl e Ice Age 

Maass et al. (2000). The Central Andes is, therefore, a relatively dynamic, complex and 

geomorphologicallyy active region where the causes of environmental change are difficult to 

unravel. . 

Besidess Denevan et al. (1986) and Eash and Sandor (1995), littl e has been published 

aboutt the geomorphology of the Central Andes due to its isolation and lack of infrastructure. 

Givenn the dynamic, complex and geomorphologically active situation, three main geo-

ecosystems;; a sub-Andean valley, a high Andean plateau (Altiplano) and an inter-Andean 

valley,, were selected. Each geo-ecosystem has a distinct physiography with distinct 

degradationn processes. Erosion features such as badlands, stripped bedrock and sand dunes are 

widespreadd throughout the study area. 

Thee objective of this study was to identify and describe physiographic units, based on their 

sensitivityy to erosion, and second to assess whether patterns in degradation conform to the 

observedd differences in sensitivity. Therefore, soil and vegetation properties were studied in 

orderr to characterize Erosion Sensitive Areas (ESAs). An erosion sensitive area can be 

thoughtt of as a specific type of environmentally sensitive area. The application of the 

environmentallyy sensitive area concept in land degradation studies has recently been 

demonstratedd by Kosmas et al. (1999). The notion of sensitivity is important in 

geomorphologyy because it explicitly introduces concepts of resilience and persistence. In 

otherr words, the sensitivity depends on the relative rates of weathering, the erodibility of the 

parentt material and the depth or volume of the soil available for erosion. The rate of erosion is 

50 0 



Identification,Identification, distribution and characteristics of Erosion Sensitive Areas 

influencedd by the ability of the vegetation to recover after disturbance or to resist the impact 

off  grazing. In analyzing ESAs, attention is given to relationships between soil properties, 

vegetationn cover, geomorphic processes and grazing pressure. This could provide insight into 

thee importance of grazing relative to geology and climate. 

2.. Methods and Methodology 

Thee research area is located in Bolivia near Tarija in the south of Bolivia (Figure 3.1) and 

consistss of three distinct geo-ecosystems representative of the central Andes. It includes the 

sub-Andeann valleys that lie at the fringe of the eastern ranges where the Andes are bounded 

byy the Amazon and Chaco basin, the extensive highland Andean plateaus (Altiplano) and the 

inter-Andeann valleys that cut through the Altiplano. 

Generall  characteristics of the study area were surveyed during a reconnaissance study and 

informationn about the geology, erosion features, soils, vegetation, grazing density and grazing 

typee was recorded. The first step in obtaining Erosion Sensitive Areas (ESAs) was to 

undertakee a detailed field investigation of physiographic units. These were distinguished using 

1:500 000 black and white aerial photographs taken 1987. Combining the aerial photograph 

interpretationn with field observations resulted in the selection of 36 representative plots, 

distributedd over 15 representative units in three geo-ecosystems. In general, the units follow a 

climaticc and altitudinal gradient. A description of the units is given in the section study area. 

Inn the field, each plot was sampled for biomass and chemical and physical soil properties. 

Generall  characteristics such as altitude, slope, erosion features and soil surface characteristics 

weree recorded for each plot and the soil profile was described and classified according to the 

FAOO systems (FAO, 1977; FAO-UNESCO, 1988). The units are more or less homogenous at 

thee landscape scale with respect to climate, geology, geomorphology, soils, vegetation and 

landd use. In most units, two or more plots were described. 

Inn the assessment of grazing pressure, it was necessary to make some assumptions and 

simplifications.. Current grazing density was estimated by visual observation in both the dry 

andd the wet season, interviews with farmers and livestock data kept by communities. 

Accordingg to Trimble and Mendel (1995), grazing densities were roughly defined as low (less 

thann 0.5 animal ha"1), moderate (between 0.5 and 1 animal ha"1) and high (more than 1 animal 

ha"1)) and can only be used for the study area. 

Forr determination of the above ground biomass of shrubs and trees in a plot, five plants 

weree selected and were clipped entirely or, in the case of big trees, partly. The volume was 

measured,, the plants were oven dried at 30°C for seven days and weighed. The volume ratio 
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betweenn the clipped part and the tree was determined to calculate the amount of biomass for 

thee tree. The volume of all plants within the 30 x 30 m" plot was calculated by measuring the 

threee dimensions of every plant separately. Since plant volume and biomass are strongly 

relatedd (Ludwig et al., 1975) total biomass of the shrubs and trees of the plot could be 

calculatedd from the volume/biomass ratio. Biomass of tussock grasses and herbaceous 

vegetationn was measured by clipping five 1 trf quadrats and biomass of short grasses was 

measuredd in eight 25 x 25 cm2 quadrats. Subsequently the samples were oven dried at 30°C 

forr seven days and weighed. 

Soill  samples for chemical and physical analysis were taken at 5 - 10 cm depth at the four 

cornerss and in the middle of a 30 x 30 m2 plot and subsequently the five samples were bulked. 

Soill  chemical analysis followed standard procedures. pH and EC were measured in a 1:1 

(w/v)) soil water (demineralised) suspension. Extractable sodium and potassium were analysed 

inn a 1 M NH4OAC extract. Organic Carbon (C) was determined with the Walkley-Black 

methodd (Walkley and Black, 1934) and multiplied by 1.72 to obtain organic matter (OM) 

content.. Available phosphorous was analysed using Olson's method (Olsen et al., 1954). Soil 

waterr content and bulk density were determined using 100 cm3 soil cores. Samples were oven 

driedd at 105°C for 24 hours and weighed. A pressure plate apparatus was used to establish soil 

waterr at field capacity and permanent wilting point. The sand, silt and clay fractions were 

determinedd by the sieving pipette method after the removal of organic matter and carbonates. 

Inn this study, both direct and indirect indicators for ESAs were recorded. Direct indicators 

aree erosion features such as sheet erosion, ril l erosion and gully erosion. The depth of the A 

horizon,, OM content of the A horizon and available water (difference between water content 

att wilting point and field capacity) serve as indirect indicators. 

3.. The Study Area 

Thee research area in Bolivia is located near Tarija in the south of Bolivia and includes the 

Vallee Alizos (area I) which is part of the sub-Andean valley, Pampa Taxara (area II) that is 

partt of the Altiplano and the Quebrada Carretas (area III ) which is a tributary of the Rio San 

Juann de Oro in the inter-Andean valley (Figure 3.1). 

Inn Table 3.1 the general characteristics of the three geo-ecosystems are summarized. 

Climatee in the sub-Andean valleys ranges from semi-arid (650-700 mm yr~') in the bed rock 

slopess and badlands to semi-humid (1000 mm yr"1) near the mountain front and most 

precipitationn falls during high intensity summer storms. The mountain front {i.e. the Eastern 
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Figuree 3.1: Location map of the study areas: I = sub-Andean valley, II = Altiplano and III = inter-

Andeann valley 

Boliviann Cordillera) and the sub-Andean valley are part of a horst/graben system with a north-

southh direction (Ahlfeld, 1972). In the sub-Andean valley, soils vary with geology and 

climate.. The original vegetation of Alnus acuminata, Podocarpus parlatorei and Tipuana tipu 

onlyy occurs in small, isolated, inaccessible patches and has been replaced by Acacia caven, a 

secondaryy thorny xeromorphic species of which the distribution is increasing (Preston et al., 

1997;; Beck et al, 1999) due to its higher resistance to grazing and its adaptability to extreme 

conditionss (Gerold, 1987; Libermann Cruz, 1993; Beck et al., 1999). 

Climaticc conditions on the highland plateau (Altiplano) are semi-arid (200-300 mm yr' ) 

andd precipitation falls in the four summer months. On the Altiplano, Holocene sediments of 

variouss origins occur. During the Last Glacial Maximum the mountains were glaciated and 

morainess were formed on the Altiplano, near the mountain foot slopes. The composition of 

thee vegetation on the Altiplano is typical for the high Andean Puna, with low shrubs and 

grasses.. Large areas have uniform vegetation types where dominating species have a low 

foragee quality (Villca and Genin, 1995). The best pastures are areas dominated by Festuca 
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hieronymihieronymi or Distichilis humilis and Muhlenbergia fastigiata. On the gentle sloping plains, the 

soilss have a Bt horizon and most of the soils have high carbonate contents and occasionally a 

petrocalcicc horizon is present at 30 cm depth. On the eastern slopes sparse open Polyiepis 

tomenteltatomentelta bushes reflect the original vegetation. 

Inn the inter-Andean valley, climate is semi-arid (200-300 mm yr"1) and the precipitation 

fallss in the summer season from October to March. The valley floor lies about 1000 m below 

thee level of the Altiplano and is surrounded by steep slopes. Tributaries that follow the 

gradientt from the Altiplano to the valley floor cut through sedimentary rocks. The soils on the 

steepp slopes are shallow and the regolith and overlying soil contain secondary carbonates, 

whichh may partly be reworked from older soils. Calcisols with a clear calcic or petrocalcic 

horizonn are common in the terraces (FAO-UNESCO, 1988). The valley is only sparsely 

populatedd and hence grazing pressure is low. 

4.. Results 

4.14.1 .Erosion features, grazing and biomass 

Tablee 3.2 shows that in the sub-Andean valley, the moderately grazed badlands and 

erodedd slopes have the severest erosion features such as gullies, rill s and sheet erosion. The 

biomasss of tall grasses and shrubs is high with 6500 kg ha"1 and 4150 kg ha"1, respectively, 

butt the biomass of soil-protecting short grasses is low in the badlands with 150 kg ha"1. On the 

bedrockk slopes the biomass of both short grasses and tall grasses/shrubs is low with 250 and 

3000 kg ha"1, respectively. Goats are restricted to these steep slopes. Cattle and sheep graze on 

thee gently sloping alluvial terraces and the moderately steep mountain front slopes where 

biomasss of short grasses (i.e. pasture) is more than 1550 kg ha"1. Erosion is negligible in these 

areass (Table 3.2). 

Apartt from the dunes there are few serious erosion features on the Altiplano. On the dunes 

thee biomass is negligible for short grasses and the biomass is 400 kg ha"1 for the tall grasses 

andd shrubs (Table 3.2). Despite the (moderately) steep slopes of both mountain slopes, there is 

littl ee erosion. The maximum biomass of short grasses is 1000 kg ha"1 on the lacustrine plains 

wheree grazing intensity is high, and the highest biomass of tall grasses and shrubs is found in 

thee mountain slopes (4300 kg ha"1) and fluvial valleys (7500 kg ha"1). The gently sloping 

plains,, the shallow fluvial valleys and the glacial valleys are moderately grazed by sheep and 

donkeyss and the biomass of short grasses is less than 250 kg ha"1 (Table 3.2). 
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Tablee 3.1: General characteristics of the three geo-ecosystems 

Unit t Altitudee Geology 

(m.a.s.l.) ) 

Soilss (FAO-

UNESCO,, 1988) 

Vegetation n 

I:: sub-Andean Valley 

Bedd rock slopes 2000-2400 Siltstones Lithicc Leptosols 

Badlandss 1900-2000 Fluvial-lacustrine Calcic Regosols 

sediments s 

Erodedd slopes 2100-2200 Shales Albic Luvisols 

Alluviall terraces 2000-2100 Alluvial sediments Haplic Solonetz 

Mountainn front slopes 2200-2400 Shales 

II:: Altiplano 

Mountainn east slopes 3900-4200 

Lacustrinee plains 3650 

AcaciaAcacia caven, Bacchahs 

dracunculifolie dracunculifolie 

AcaciaAcacia caven 

AcaciaAcacia caven, B. 

dracunculifolie dracunculifolie 

AcaciaAcacia caven 

Cambisols,, Regosols Bacchahs dracunculifolie 

Duness 3700 

Gentlyy sloping plains 3650-3800 

Shalloww fluvial valleys 3750-3800 

Sandstones s 

Lacustrine e 

sediments s 

Siliceouss sand 

Lacustrine e 

sediments s 

Glaciall sediments 

Lithicc Leptosols 

Gleyicc Luvisol 

Arenosols s 

Luvicc Calcisols 

PolylepisPolylepis tomentella 

D.D. humilis, Anthobryum 

triandrum triandrum 

ParastrephiaParastrephia spp. 

TetraglochinTetraglochin cristatum, A, 

triandrum,triandrum, F. dolicophylla 

Luvisols,, Arenosols Festuca orthophylla, B. 

boliviensis,boliviensis, T. cristatum 

Cambisols,, Arenosols B. boliviensis, Distichilis 

humilis,humilis, T. cristatum 

Lithicc Leptosols Bacchahs boliviensis, Stipa 

ichu ichu 

Glaciall valley 3800-4000 Glacial sediments 

Mountainn west slopes 3900-4500 Quartzites 

III:: inter-Andean 

valley y 

Lowerr valley bedrock 2600-2900 Shales 

hills s 

Alluviall terraces 2800-3100 Alluvial sediments Haplic Calcisol Acacia caven, Cersidium 

andicola andicola 

Upperr valley slopes 3000-3500 Sandstones Regosols, Calcisols Bacchahs boliviensis 

Lithicc Leptosol Bacchahs boliviensis, cactacea 
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Tablee 3.2: Slope, erosion features, grazing density and type and above ground biomass. N is number of 

plotss per unit, n.d. is not determined 

Unitt (N) Slopee ) Erosion features Grazing g 

Densityy Type 

Biomasss (kg ha"1) 

Shortt Tall 

grassess grasses-

shrubs s 

I:: sub-Andean valley 

Bedd rock slopes (2) 20-30 

Badlandss (3) 

Erodedd slopes (1) 

20-30 0 

15-20 0 

Alluviall terraces (2) 2-5 

Mountainn front slopes (2) 15-25 

II:: Altiplano 

Mountainn east slopes (1) 20-30 

Lacustrinee plains (3) 0 

Duness (2) 1-10 

Gentlyy sloping plains (5) 1-2 

Shalloww fluvial valleys (4) 1 -2 

Glaciall valley (3) 2-5 

Mountainn west slopes (2) 10-15 

III:: inter-Andean valley 

Lowerr valley bedrock hills 20-30 

(2) ) 

Alluviall terraces (2) 5-10 

Upperr valley slopes (2) 20-30 

Rills,, shallow soil, sheet 

erosion n 

Gullies,, rills, sheet 

erosion n 

Gullies,, rills, sheet 

erosion n 

None e 

Slumps,, rills 

Low w 

Moderate e 

Moderate e 

High h 

High h 

Goats s 

Goats s 

Goats s 

Cows, , 

Cows, , 

sheep p 

250 250 

150 0 

700 700 

1550 0 

2000 0 

300 300 

6500 0 

4150 0 

2350 0 

700 700 

horses,, sheep 

Noo erosion 

Sheett erosion 

Windd erosion 

Sheett erosion, wind 

erosion n 

Sheett erosion 

Sheett erosion 

Rockfall l 

Bedrock,, no soil 

None e 

Rills,, sheet erosion 

Low w 

High h 

Low w 

Moderate e 

Moderate e 

Moderate e 

Low w 

Low w 

Low w 

Moderate e 

Sheep p 

Sheep p 

Donkeys s 

Sheep, , 

donkeys s 

Sheep, , 

Sheep, , 

donkeys s 

Sheep p 

Goats Goats 

Goats Goats 

Goats Goats 

n.d. . 

1000 0 

4 4 

150 0 

250 0 

n.d. . 

50 0 

0 0 

0 0 

0 0 

n.d. . 

0 0 

400 0 

1550 0 

7500 0 

1900 0 

4300 0 

650 0 

5600 0 

1000 0 

Shortt grasses are more or less absent in the inter-Andean valley but the biomass of tall 

grassess and shrubs is 5600 kg ha"1 on the alluvial terraces where erosion features are absent 

(Tablee 3.2). Rills and sheet erosion occurs in the steep upper valley slopes which are 

moderatelyy grazed by goats. The bedrock hills and alluvial terraces have a low grazing 

density. . 
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4.2.4.2. Soil properties 

Thee soil surface characteristics are shown in Table 3.3. The Ah horizons in the sub-

Andeann valley are thinner than 14 cm and vegetation cover of short grasses on the alluvial 

terracess is higher than 77%. The vegetation cover of tall grasses and/or shrubs is less than 

20%% in the sub-Andean valley. Stones and outcrops comprise at least 66% of the soil surface 

inn the bed rock slopes, and the badlands and eroded slopes have a crust cover of more than 

20%.. The crust cover in the Altiplano is high and up to 80% on the gently sloping plains and 

lacustrinee plains (Table 3.3). The lacustrine plains, the fluvial valleys and the glacial valleys 

havee areas with a relatively high short grasses cover of more than 25%. In the lower valley 

bedrockk hills and the alluvial terraces in the inter-Andean valley the stoniness is 70% or more 

(Tablee 3.3). The Ah horizon is absent or very thin. The litter cover is low in the whole study 

area. . 

Thee results of the chemical analyses are shown in Table 3.4. In the sub-Andean valley the 

alluviall  terraces and mountain front slopes have averaged values higher than 4% and 0.3% for 

organicc matter (OM) and total nitrogen (N total), respectively. However, the range of OM and 

N-totall  content is large in the mountain front slopes. The OM and N total are low in the 

bedrockk slopes and the badlands, the driest area of the sub-Andean valley. Field observations 

showedd that the fluvio-lacustrine sediments in the badlands are dispersive. The pH of the 

Altiplanoo soils is high, suggesting that there are possibly locally alkaline conditions. The pH 

inn the west and east mountain slopes is slightly lower, probably due to wetter conditions. The 

lacustrinee plains on the Altiplano have an OM content of 4.4% or higher and the mountain 

slopess of more than 3% (Table 3.4). Phosphorous (P) is high in the Altiplano, especially in the 

lacustrinee plains where values of 75 ppm are found. The inter-Andean valley has less than 2% 

OMM in all units and Ca content is high. In the alluvial terraces and upper valley slopes the pH 

iss 8 or higher. 

Thee soil water retention characteristics and the sand, silt and clay fraction of the samples 

aree presented in Table 3.5. The water retention is everywhere relatively poor. The eroded 

slopes,, the alluvial terraces and mountain front slopes in the sub-Andean valley and the 

lacustrinee plains in the Altiplano have the highest available water (AW) of the complete 

researchh area with averages of 10 or 11%. These are also the units with the lowest sand 

fraction.. The rest of the Altiplano and the inter-Andean valley has sand fractions of more than 

65%% (Table 3.5). 
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Tablee 3.3: Soil surface characteristics. N is number of plots per unit 

Unit(N) ) 

1:: sub-Andean valley 

Bedd rock slopes (2) 

Badlandss (3) 

Erodedd slopes (1) 

Alluviall terraces (2) 

Mountainn front slopes (2) 

II:: Altiplano 

Mountainn east slopes (1) 

Lacustrinee plains (3) 

Duness (2) 

Gentlyy sloping plains (5) 

Fluviall valleys (4) 

Glaciall valleys (3) 

Mountainn west slopes (2) 

III:: inter-Andean valley 

Thicknesss Vegetat 

Ahh (cm) 

8-10 0 

0-8 8 

5 5 

6-7 7 

0-14 4 

38 8 

3-16 6 

0-21 1 

8-25 5 

2-14 4 

13 3 

6-11 1 

Lowerr valley bedrock hills (2) 0 

Alluviall terraces {2) 

Upperr valley slopes (2) 

4-6 6 

0-15 5 

Short t 

grasses s 

10 0 

5-8 8 

20 0 

77-85 5 

4-60 0 

0 0 

12-30 0 

0-1 1 

2-11 1 

3-25 5 

5-29 9 

0 0 

0 0 

0 0 

0-1 1 

ionn cover (%) 

Talll grasses 

shrubs s 

2-3 3 

15-18 8 

20 0 

7-8 8 

6-10 0 

14 4 

0-1 1 

4 4 

7-24 4 

15-33 3 

8-40 0 

24 4 

3-6 6 

8-18 8 

9-14 4 

Soill < x>verr (%) 

>-Litterr Stones 

1 1 

1-4 4 

1 1 

2-3 3 

0-1 1 

2 2 

0-10 0 

0-1 1 

4-20 0 

3-10 0 

4-15 5 

3-7 7 

0 0 

1 1 

1-2 2 

56-57 7 

40-60 0 

20 0 

0 0 

4-40 0 

45 5 

0-25 5 

7-20 0 

0-10 0 

0-14 4 

1-7 7 

25-40 0 

77-79 9 

70 0 

20-32 2 

Outcropss Bare 

10-15 5 

0 0 

2 2 

0 0 

0-15 5 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

5-10 0 

0 0 

0-8 8 

10-15 5 

0-8 8 

0 0 

5-10 0 

0-25 5 

0 0 

0-5 5 

20-67 7 

0-60 0 

5-67 7 

10-67 7 

2-15 5 

5 5 

3-8 8 

15-54 4 

Crust t 

0 0 

20-40 0 

37 7 

0-3 3 

0-35 5 

39 9 

58-79 9 

0-70 0 

10-81 1 

45-60 0 

9-43 3 

20-47 7 

5 5 

5-20 0 

10-35 5 

5.. Discussion 

5.1.5.1. The erosion sensitivity of the physiographic units based on erosion features, soils, 

vegetationvegetation and grazing. 

Thee sub-Andean valley is partly characterised by badland systems. Deep gullies intersect 

steepp slopes in fluvio-lacustrine sediments. These sediments contain dispersive clays and are 

thereforee easily eroded. Remnants of the slopes and terraces are constantly being eroded by 

slumpingg and subsequent headward retreat of the gullies. The slopes have truncated soil 

profiles,, i.e. the A horizon is absent or very thin. The organic matter content of the A horizons 

ass well as available water are low, despite the high clay content. Nowadays, most of the 

badlandss are moderately grazed by goats, while, according to local farmers, in small parts 

grazingg has been abandoned 10 years ago. The abandonment of grazing has not led to any 

improvementt in soil properties or less erosion. A similar observation was made by Gardner 

(1950),, Dahlgren et al. (1997), Koppel et al. (1997) and Abril and Bucher (1999), who found 
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Tablee 3.4: Chemical soil characteristics at 5-10 cm depth. N is number of plots per unit 

Unit(N)) pH OM N-total P(Olsen) K Na 

(1:5)) {%) (ppm) (mmolc100g~1) 

Ca a Mg g 

I:: sub-Andean valley 

Bedd rock slopes (2) 6.7-7.0 2.1-2.4 0.13-0.15 0.1-0.2 0.2-0.3 0.7-0.9 6 5-6 

Badlands(3)) 7.5-8.3 0.9-1.4 0.80-0.13 0.0-0.1 0.1-0.2 0.5-1.1 11-14 76-11 

Erodedd slopes (1) 7.0 3.0 0.18 1.4 0.3 1.0 10 10 

Alluviall terraces (2) 6.8-6.9 3.3-5.3 0.25-0.42 0.2-0.3 0.3-0.4 1.0 6-9 5-7 

Mountainn front slopes (2) 5.7-7.0 2.4-7.6 0.13-0.60 0.2-0.5 0.3-0.5 1.0-1.5 4-10 5-10 

II:: Altiplano 

Mountainn east slopes (1) 6.7 3.6 0.19 9.5 1.5 2.2 8 2 

Lacustrinee plains (3) 7.4-7.6 4.4-7.3 0.25-0.30 15.4-74.6 1.6-10.3 2.7-20.2 34-58 7-14 

Duness (2) 8.3-8.8 0.2-0.3 0.04-0.05 1.6-2.7 1.0-1.3 2.0 36-38 4 

Gentlyy sloping plains (5) 7.0-7.9 1.0-1.7 0.09-0.13 3.9-15.9 0.3-1.7 0.9-2.4 13-37 1-4 

Fluviall valleys (4) 7.0-9.0 0.9-2.3 0.08-0.17 5.2-22.7 0.2-1.8 0.8-2.5 4-20 3-8 

Glaciall valleys (3) 7.3-8.0 1.1-2.8 0.09-0.17 8.0-19.2 0.3-1.4 0.9-2.4 4-10 7-13 

Mountainn west slopes (2) 5.7-7.1 2.9-3.4 0.15-0.19 6.2-13.7 0.3-1.0 0.9-1.2 5-6 1-6 

III:: inter-Andean valley 

Lowerr valley bedrock hills4.7- 6.1 0.5-1.1 0.07-0.08 0.2-0.3 0.1-0.5 0.3-1.0 13-22 7-8 

(2) ) 

Alluviall terraces (2) 8.0-8.3 1.7-2 0.11-0.13 8.4-12.5 1.8-2.6 2.1-3.6 61-64 7-9 

Upperr valley slopes (2) 8.0 1.5-1.7 0.10-0.114-11.5 1.8-3.3 1.8-4.3 58-61 9-13 

veryy slow recovery after the exclusion of herbivores. This makes the badlands highly sensitive 

too erosion. 

Upslopee of the badland system in the bedrock slopes most of the soil has been eroded 

whichh has resulted in shallow soil profiles and many outcrops. In the bedrock hills in the 

inter-Andeann valley the slopes are covered with a thin layer of regolith and there is hardly any 

soill  present. These areas are low in biomass of palatable species and have a low grazing 

density.. Most weathered rock is directly removed by erosion and OM and available water 

contentt are low. The soil and water conservation function of the soils has disappeared which 

makess these areas highly sensitive to erosion. 

Physiographicc units such as the alluvial terraces and the slopes near the mountain front in 

thee sub-Andean valley and the lacustrine plains on the Altiplano have favourable soil 

conditions:: relatively deep A horizons, high OM content and available water which coincide 

withh high grazing densities. Here, the biomass of short grasses is relatively high and these 
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Tablee 3.5: Physical soil characteristics at 5 cm depth. FC is water content at Field Capacity, WP is 

waterr content at Wilting Point, AW is Available Water, Sa is Sand, Si is Silt and CI is Clay. N is 

numberr of plots per unit 

Unit(N) ) FCC {%) WP (%) AW (%) Sa {%) Si (%) CI (%) texture 

1:: sub-Andean valley 

Bedd rock slopes (2) 

Badlandss (3) 

Erodedd slopes (1) 

Alluviall terraces (2) 

144 7 

11-166 7-14 

200 10 

22-300 12-19 

6-7 7 

2-6 6 

10 0 

10-- 11 

Mountainn front slopes (2) 22-29 12-18 10-11 

II:: Altiplano 

Mountainn east slopes (1) 11 5 6 

Lacustrinee plains (3) 24-28 12-20 5-13 

Duness (2) 6-8 4-5 2-3 

Gentlyy sloping plains (5) 5-11 3-6 

Fluviall valleys (4) 7-11 4-6 

1-5 5 

3-5 5 

Glaciall valleys (3) 4-122 3-9 1-4 4 

Mountainn west slopes (2) 11-13 4-6 

III:: inter-Andean valley 

Lowerr valley bedrock hills 9-13 8-9 

(2) ) 

Alluviall terraces (2) 12 7-9 

Upperr valley slopes (2) 10-12 6-8 

70-711 19-21 9 sandy loam 

57-633 19-21 19-25 sandy (clay) loam 

588 29 13 sandy loam 

40-433 32-39 21-26 loam 

40-600 34-40 6-20 (sandy) loam 

700 21 9 sandy loam 

45-577 26-36 17-19 sandy loam 

85-933 3-8 5-7 sand 

80-877 6-12 7-9 loamy sand 

74-877 7-18 6-8 sandy loam/loamy 

sand d 

78-877 6-13 7-10 sandy loam/loamy 

sand d 

72-766 17-21 7 sandy loam 

1-4 4 

3-5 5 

3-4 4 

65-688 21 11-144 sandy loam 

75-777 15-18 7-8 sandy loam 

79-822 13 6-8 loamy sand 

ground-coveringg grasses comprise the most palatable species. Erosion features are absent in 

thee alluvial terraces and lacustrine plains and, despite the steep slopes, limited to small rill s or 

slumpss near the mountain front. This implies that these areas are not very sensitive to erosion. 

Nevertheless,, soil properties vary largely within the mountain front slopes. North-exposed 

slopess have a lower vegetation cover and OM content and show more erosion features than 

south-exposedd slopes. 

Thee eroded slopes have intermediate values for depth of the A horizons, OM and available 

waterr content. On these slopes, remnants of intact deep soils with A-E-B-C profiles are still 

presentt and gully erosion is not as advanced as in the badland system. These currently 

moderatelyy grazed areas have soils where the soil and water conservation function is still 
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performingg but is threatened by continuous erosion. The steep slopes and erodible parent 

materiall  make these areas very susceptible to erosion. 

Thee moderately grazed areas on the Altiplano are the gently sloping plains, the fluvial 

valleyss and the glacial valleys. The slopes are less than 5° and water erosion is a minor 

problem,, but strong winds and dust devils cause (some) wind erosion. The soil organic mater 

contentt is less than 2% and available water is 3-4 %. These areas comprise the largest part of 

thee Altiplano and are moderately sensitive to wind erosion. 

Althoughh moderately grazed areas have the highest total biomass, most of this biomass 

consistss of tall grasses and shrubs which are generally unpalatable, e.g. Acacia caven, 

BaccharisBaccharis spp., Stipa ichu, Tetraglochin cristatum and Parastrephia spp. (Villca and Genin, 

1995;; Adler and Morales, 1999). Palatable species such as Festuca orthophylla and Festuca 

dolichophylladolichophylla (Villca and Genin, 1995) contribute littl e to the biomass of tall grasses and 

shrubss because of their sparse cover. The biomass of short grasses is low in moderately grazed 

areas. . 

Thee most striking erosion feature on the Altiplano is the dunes. In the flat spaces between 

thee rolling dunes, the weakly developed A horizon has a depth varying between 0 and 21, and 

thee organic matter content and available water are very low. The dunes are active and 

vegetationn growth is limited. Even on the steep slopes of the two bordering mountain ranges, 

waterr erosion is minimal and rockfall is the main erosion feature. On the east slopes, some of 

thee original vegetation is still present, and organic matter content as well as available water is 

high. . 

Thee inter-Andean valley is a mountainous desert environment. Rill and sheet erosion only 

occurr on the upper steep slopes near the Altiplano where the grazing density is the highest, 

thoughh still moderate. There is some soil but its development is very limited. The alluvial 

terracess are old, stable surfaces with littl e profile development and shallow soils. The geo-

ecosystemm is sensitive to erosion but this erosion is not human induced. 

Throughoutt the study area, biomass is low if compared to geo-ecosystems similar in 

climatee and vegetation type (Liang et al., 1989; Archibold, 1995; Zhang and Skarpe, 1996). 

5.2.5.2. Eros ion in time, magnitude and space 

Inn the study area, various types of erosion phenomena were observed; Badlands and 

strippedd bedrock slopes versus sheet, rill and gully erosion in the sub-Andean valley, dunes on 

thee Altiplano and stripped bedrock hills in the inter-Andean valley. These features represent 

differentt scales of erosion in time, magnitude and space. An example are the stripped bedrock 
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slopess and hills which, because of the magnitude of the erosion, must have been eroded over 

periodss of many of thousands years under different climatological conditions. A lowering of 

thee erosion level in the second half of the last millennium as indicated by Maas et al (2000) 

mayy have triggered the development of the badlands but unfortunately there is no information 

whichh enables the commencement of this erosion to be dated. However, the remnants of intact 

soill  profiles suggest that the development of the badlands must be more recent and it is 

believedd to be partly associated with the introduction of goats and cattle by the Spaniards five 

hundredd years ago. The original slopes in the badland systems are steep and once the 

vegetationn is removed, the parent material is very susceptible to erosion. Where vegetation 

stilll  is present, intact soil profiles are found which indicate a long period of slope stability, 

priorr to the badland development. 

6.. Conclusions 

Thee areas that are highly sensitive to erosion are the badlands, the bedrock slopes and 

thee eroded slopes in the sub-Andean valley, the dunes on the Altiplano and the bedrock hills 

inn the inter-Andean valley. Reliable quantitative information about past grazing intensities is 

scarce.. Current putative reductions in grazing intensity do not seem to have resulted in less 

erosion.. This suggests that past grazing history has altered the sensitivity to erosion and the 

resiliencee of certain areas to such an extent, that erosion rates are high despite current low 

grazingg intensity. This also suggests that the degradation processes observed nowadays are 

nott driven by current grazing densities but by climatic and geomorphological factors. 
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