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-CHAPTERR 6-

SOILL HYDROLOGICAL RESPONSE TO SIMULATED RAINFALL AND ITS RELATION WITH 

ENVIRONMENTALL CONDITIONS ON THE BOLIVIA N ALTIPLANO* 

Abstract t 

Thee Altiplano of the Central Andes is unknown territory for hydrologists. Despite wetter 

conditionss over the past 500 years, the climate is still semi-arid and the ecosystem is sensitive 

too environmental change. Wind erosion is a serious problem and grazing and the extraction of 

fuell  wood have changed the vegetation cover and type, thereby altering infiltration 

characteristicss of the soil. In this paper, the relation between vegetation type, soil (surface) 

propertiess and the soil hydrological response to (simulated) rainfall is discussed. The aim of 

thiss study was to understand how much water infiltrates after rainfall and hence how much 

waterr would be available for the vegetation and runoff under natural conditions. Although the 

hydrologicall  response to simulated rainfall was complex, in general the cumulative infiltration 

wass high. Ponding took place and saturated overland flow did occur at many sites and in some 

sitess even after few mm of applied rainfall but the water travelled very short distances and 

mostt of it infiltrated within the plot. The resilience of the geo-ecosystem under present 

climaticc conditions is high. However, saturation overland flow will occur more frequently in 

areass with relatively poor infiltration under wetter conditions resulting in soil erosion thereby 

reducingg the water availability for vegetation. 

1.. Introduction 

Thee high plateau of the Central Andes stretches from southern Peru to northern Argentina 

overr a distance of 1800 km and varies between 350 and 400 km in width. The plateau lies at 

altitudess between 3600 and 4100 masl (Allmendinger et al., 1997). In Bolivia, this high 

plateauu is known as the Altiplano, wedged between the Eastern and Western Cordillera of the 

Centrall  Andes. The Altiplano is highly sensitive to climatic induced hydrological changes 

suchh as glacier advances and retreat and the progression and regression of lakes (Clapperton et 

al.,, 1997; Abbott et al., 2000), causing major changes in runoff and availability of soil water. 

Itt is a paradox that more seems to be known about the paleo-hydrology and climatology of 

thiss region than about present-day hydrological conditions. For example, recently a wide 

rangee of studies describing the climate and hydrology of the Altiplano during the past 25,000 
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yearss was published (Clapperton et al., 1997; Thompson et al., 1998; Abbott et al., 2000; 

Argolloo and Mourguiart, 2000; Baker et al., 2001; Fornari et al., 2001; Wolfe et al., 2001; 

RoweRowe et al., 2002). Paleoclimatic and paleohydrological reconstructions showed that major 

hydrologicall  changes occurred during the late Pleistocene and Holocene (Abbott et al., 2000). 

Sincee the second half of the Holocene, the Altiplano became wetter with the most humid 

phasee at 2,000 cal yr B.P and a second wetter phase starting at about 500 cal yr B.P. and 

lastingg til l today (Baker et al., 2001). 

Despitee the wetter conditions on the Altiplano over the last 500 years, its climate is still 

semi-aridd with a high inter-annual variability. This high inter-annual variability is particularly 

duee to the El Nino - Southern Oscillation phenomenon (ENSO) and during El Nino years 

precipitationn is deficient (Vuille, 1999). The climatic conditions, the high altitude and the land 

usee changes since the colonisation by the Incas and Spaniards render the Altiplano a fragile 

geo-ecosystemm that is sensitive to environmental change and concurrent degradation. Wind 

erosionn is a serious problem and extensive parts are covered with dunes (Libermann Cruz and 

Qayum,, 1994). Grazing and the extraction of fuel wood have changed the vegetation cover 

andd type. Dense grasslands composed of graminea have become open grasslands composed of 

tussockk grasses and shrubs and littl e is left of the original Polylepis forest (Beck et al., 2001). 

Althoughh the paleohydrology of the Altiplano is well known, few studies have been 

undertakenn to understand the present hydrology (Braud et al., 2001; Caballero et al., 2002). 

Vegetationn type and properties of the soil surface are known to be important factors 

controllingg runoff and infiltration in semi-arid environments (Yair et al., 1980; Abrahams et 

al.,, 1995; Bromley et al., 1997; Solé-Benet et al., 1997; Bochet et al, 1998; López-Bermüdez 

ett al, 1998; Canton et al., 2001; Wainwright et al., 2001). Therefore, this paper deals with the 

relationn between vegetation type, soil (surface) properties and the soil hydrological response 

too (simulated) rainfall. 

Thee aim of the study was to understand how much water infiltrates upon (simulated) 

rainfalll  and hence how much water would be available for the vegetation and for runoff. In 

thiss way, it was hoped that insight would be gained into the relations between hydrological 

soill  properties and the vegetation. Rainfall simulation experiments were carried out on the 

Altiplanoo of Tarija, southern Bolivia, along an altitudinal transect starting at 4040 masl, being 

thee highest ever recorded, and ending at 3670 masl at the lowest point of the catchment. 
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2.. The study area 

Climaticc conditions on the Tarijeno Altiplano are semi arid; the yearly average 

precipitationn being 298 mm. Precipitation falls in the four summer months (DJFM) with daily 

maximaa ranging from 8 mm to 25 mm. The largest part of the area is situated between 3680 

andd 3900 masl, except for the mountain peaks that reach altitudes of 4700 masl. The highland 

Andeann plateau is bordered by two mountain ranges (one of which is the Eastern Cordillera) 

andd largely consists of gentle slopes that drain into two lakes. In the Eastern Cordillera, the 

dominantt geological formations are Cambrian quartzites and sandstones. On the Altiplano, 

Pleistocenee and Holocene sediments from various origins occur: Boulders, gravels and clays 

weree deposited during the Last Glacial Maximum; siliceous sands in dune complexes; fluvio-

lacustrinee gravels, sands, silts and clays around the lakes and fluvial gravels, sands, silts and 

clayss in the western part (GEOBOL and SUECIA, 1991). During the Last Glacial Maximum, 

thee mountains were glaciated and moraines were deposited on the Altiplano, near the 

mountainn footslopes. The end moraines have been removed by erosion but some side 

morainess are still present. In the mountains, typical U shaped valleys and cirques were 

formed.. Active dunes cover part of the Altiplano. 

Figuree 6.1: location of the rainfall simulation experiments 
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Mostt soils have high lime contents and occasionally a petrocalcic horizon is present at 30 

cmm depth. Compact layers such as glacial til l or buried Bt horizons are common. Sand and silt 

transportedd by wind erosion is entrapped by vegetation and over large areas an eolian cover 

occurs.. Arenosols are common on the gently sloping plains and Leptosols on the steep 

mountainn slopes, while near the lakes Solonchaks occur. More developed soils, generally on 

relativelyy stable surfaces, have a more or less prominent argic horizon and can be classified as 

Luvisolss (FAO-UNESCO, 1988). 

Grazingg by sheep and donkeys is the main land use on the Altiplano. Precipitation is too 

loww for rain fed agriculture and continuous streams suited for irrigation are absent. Vegetation 

onn the Altiplano is typical for the high Andes and is described as Puna, with low shrubs and 

grasses.. In the high Andes, above 4100 masl, semi-desert prevails with dispersed grass mats 

off  Fesfuca spp. and some evergreen shrubs like Baccharis incarum and Senecio refuscens 

(Beckk et al., 2001) Open and low grasslands and bushes characterize the puna between 3600 

andd 4100 masl. Large areas have uniform vegetation types where dominating species are 

BaccharisBaccharis spp., Festuca hieronymi, Stipa leptostachya, Distichilis humilis, Muhlenbergia 

fastigiata,fastigiata, Tetraglochin chstatum and Anthobryum triandrum. Most of these species have 

loww forage quality. The best pastures are areas that consist of Festuca hieronymi or Distichilis 

humilishumilis and Muhlenbergia fastigiata. These species grow in (relatively) humid sites and have 

highh nutritional values. On the eastern slopes sparse open Polylepis tomentella bushes occur, 

representingg the original vegetation (Beck et al., 2001). 

3.. Methods 

Rainfalll  simulation experiments were carried out along a topographic gradient starting at 

40400 masl in the Eastern Cordillera and ending near the lake 'Laguna Grande' at 3680 masl. 

Thee catena includes all geomorphologic units, but focused on the vegetation units within the 

catena.. Thus, along the transect, whenever the vegetation changed, a new rainfall simulation 

experimentt was carried out on a representative plot. The drip-plate type rainfall simulator 

describedd by Bowyer-Bower (1989) was used. 

Figuree 6.1 shows the locations of the sites where the rainfall simulation experiments were 

carriedd out. The transect includes two sites (site 10 and 11) on the colluvial fan of the Eastern 

Cordillera,, two sites in the glacial valley (site 12 and 13), two in the fluvial valley (site 14 and 

15),, two on the gently sloping plain (site 16 and 17) and two sites on the lacustrine plain (site 

188 and 19). Site 10 to 13 can be considered as the upper slopes of the catchment, site 14 to 17 

ass the mid slopes and site 18 and 19 as the lower slopes. 
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Att each site, three different rainfall intensities were used (20, 40 and 60 mm hr~') and 

runofff  was collected down slope in a gutter. During the experiments time to ponding and time 

too runoff were estimated and recalculated to mm to ponding and runoff. The value of mm to 

15%% ponding turned out to be the most practical measurement. By using the rainfall intensity 

-- runoff relation the cumulative infiltration was obtained. The duration of the rainfall 

simulationn experiments was 30 minutes and the depth of the wetting front was determined half 

ann hour after the experiment. Variation in surface characteristics was kept to a minimum and 

initiall  soil moisture conditions were more or less the same for each experiment. An open area 

off  40 cm by 60 cm was rained with water having an EC of less than 100 uS cm'1 to avoid 

slakingg of the soil and thereby influencing the infiltration capacity. 

Att each site, general characteristics such as altitude, slope, vegetation type and cover and 

soill  surface characteristics were recorded and the soil profile was described according to the 

FAOO system (1977) (see Table 6.1). For surface cover, a distinction was made between 

vegetationn cover of low grasses, vegetation cover of shrubs and tussock grasses, litter cover, 

baree cover without crust, crust cover and stone cover. 

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 m x 30 m plot and subsequently the five samples were 

bulked.. An extra soil sample was taken in the soil pit. Results for both samples were 

averaged.. Soil chemical analysis followed standard procedures. pH and EC were measured in 

aa 1:5 soil: demineralised water suspension. Extractable sodium, potassium, magnesium and 

calciumm were analysed in a 1 M NH4OAc extract. This method is rather unsuited for analysis 

off  lime or gypsum containing soils, leading to overestimation of exchangeable Ca and Mg. 

Unfortunately,, this was the only available method in the local state laboratory where the soil 

analysess were carried out. 

Organicc Carbon (C) was determined with the Walkley-Black method (Walkley and Black, 

1934)) and multiplied by 1.72 to obtain organic matter (OM) content. Total nitrogen (N-tot) 

wass determined by the Kjeldahl method (Bremner and Mulvaney, 1982). Available 

phosphorouss was analysed using Olsen's method (Olsen et al., 1954). 

Sampless for the determination of soil water content were taken at 1-3 cm depth before and 

afterr the rainfall experiments. Because differences in soil water content after the experiments 

att one site were small, moisture contents after the various intensities were averaged into one 

valuee (per site). Samples were oven dried at 105°C for 24 hours and weighted. A pressure 

platee apparatus was used to establish soil water at field capacity and permanent wilting point. 

103 3 



ChapterChapter 6 

Thee sand, silt and clay fractions were determined by the sieving/pipette method after the 

removall  of organic matter and carbonates. Aggregate stability was measured with the water 

dropp test (Imeson and Vis, 1984). The water drop test determines how many drops of 

demineralisedd water are needed to destroy an aggregate and is replicated for 20 aggregates for 

eachh soil sample. 

Thee TWINSPAN program (Hill , 1979) was used to group vegetation units. Pearson 

correlationn coefficients were calculated to check the relation between the environmental 

variabless and the hydrological properties. A cluster analysis (Davis, 1986) using the 

hydrologicall  properties {i.e. cumulative infiltration, mm to ponding, mm to runoff and depth 

wettingg front at 20, 40 and 60 mm hr"1 intensity) was applied to distinguish sites with a high 

infiltrationn from sites with a low infiltration. A non-parametric Mann-Whitney U test for two 

independentt samples (Siegel and Castellan, 1988) was used to determine which hydrological 

propertiess and environmental variables differed significantly between the clustered group of 

sitess with a relatively high infiltration and that with a relatively low infiltration. 

4.. Results 

4.1.4.1. General characteristics 

Thee general characteristics of the studied sites are summarized in Table 6.1. At 4040 masl 

onn the steep slopes of the Eastern Cordillera (site 10) the vegetation cover was relatively high, 

ass was the stone content. In general, the stones were embedded in the soil surface, thereby 

reducingg the infiltration capacity (Poesen et al., 1994). Although belonging to the same 

geomorphologicc unit, site 11 (3900 masl) was quite different, having a higher vegetation 

coverr and the highest litter cover of the whole studied area. A soil crust covered 43% of the 

surface.. In the glacial valley (site 12 and 13), a similar discrepancy in surface cover was 

observed.. Site 12 was composed of tussock grasses, while site 13 had a higher cover of small 

grasses.. In site 12, the bare cover (without crust) was as high as 67%, in site 13 it was only 

43%.. In the fluvial valley, the vegetation was composed of tussock grasses, but the soil 

surfacee of site 14 was largely composed of crust, while site 15 had a bare surface (without 

crust)) of 67%. The gently sloping plains were more uniform with surface characteristics of 

aroundd 20% tussock grasses and a litter coverage of 10 - 20 %. Crust cover was relatively low 

(100 - 15%). The lacustrine plains were a very heterogeneous area due to the variable stone 

content:: site 18 had 25% stone cover and site 19 had no stone cover. The crust cover was 

high,, varying between 58 and 70% for site 18 and 19, respectively. Both sites were situated at 

thee lowest part of the Altiplano at 3680 masl. 
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Tablee 6.1: General characteristics of the studied sites 

Sitee Geomorpho- Topographic Height Slope Surface cover (%) 

logicall unit position (masl) ) Small Shrubs- Litter Stones Bare Crust 

grassess tussock 

10 0 

11 1 

12 2 

13 3 

14 4 

15 5 

16 6 

17 7 

18 8 

19 9 

Colluviall fan 

Colluviall fan 

Glaciall valley 

Glaciall valley 

Fluviall valley 

Fluviall valley 

Gentlyy sloping 

plain n 

Gentlyy sloping 

plain n 

Lacustrinee plain 

Lacustrinee plain 

Upperr slope 

Upperr slope 

Upperr slope 

Upperr slope 

Midd slope 

Midd slope 

Midd slope 

Midd slope 

Downn slope 

Downn slope 

4040 0 

3900 0 

3820 0 

3810 0 

3770 0 

3720 0 

3710 0 

3700 0 

3680 0 

3680 0 

12 2 

4 4 

3 3 

3 3 

2 2 

2 2 

1 1 

1 1 

0.5 5 

0 0 

0 0 

0 0 

5 5 

29 9 

0 0 

3 3 

2 2 

3 3 

12 2 

30 0 

24 4 

40 0 

15 5 

8 8 

33 3 

17 7 

24 4 

17 7 

0 0 

0 0 

7 7 

15 5 

4 4 

8 8 

8 8 

3 3 

20 0 

10 0 

0 0 

10 0 

40 0 

7 7 

5 5 

1 1 

1 1 

14 4 

3 3 

10 0 

25 5 

0 0 

15 5 

10 0 

67 7 

43 3 

3 3 

67 7 

45 5 

60 0 

5 5 

0 0 

20 0 

43 3 

9 9 

20 0 

60 0 

0 0 

15 5 

10 0 

58 8 

70 0 

Tablee 6.2: Vegetation characteristics of the studied sites, n.d. is not determined 

Sitee TWINSPAN Biomass Vegetation cover % 

vegetationn (kg ha "1) Distichilis Antobrium Stipa-Festuca Tetraglochin Bacharis-

10 0 

11 1 

12 2 

13 3 

14 4 

15 5 

16 6 

17 7 

18 8 

19 9 

group p 

II I 

II I 

III I 

II I 

III I 

III I 

III I 

3600 0 

3250 0 

1500 0 

900 900 

12800 0 

1500 0 

2100 0 

1400 0 

n.d. . 

1000 0 

humilis humilis 

0 0 

0 0 

3 3 

25 5 

0 0 

2 2 

0 0 

3 3 

1 1 

30 0 

thandum thandum 

0 0 

0 0 

2 2 

4 4 

0 0 

1 1 

2 2 

0 0 

11 1 

0 0 

10 0 

5 5 

1 1 

0 0 

30 0 

3 3 

12 2 

0 0 

0 0 

0 0 

cristatum cristatum 

0 0 

0 0 

8 8 

0 0 

0 0 

5 5 

12 2 

17 7 

0 0 

0 0 

Pa Pa 

12 2 

35 5 

6 6 

8 8 

3 3 

9 9 

0 0 

0 0 

0 0 

0 0 

4.2.4.2. Vegetation characteristics 

Onn the Tarijeno Altiplano, vegetation units were sharply defined. Table 6.2 shows that the 

vegetationn characteristics varied widely within and between most geomorphologic units. The 

TWINSPANN analysis (Hill , 1979) revealed that three different major vegetation units could be 

distinguished.. TWINSPAN group II was associated with the colluvial fan and was 
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Tablee 6.3: Thickness, depth and origin of soil horizons and layers 

Site e 

10 0 

11 1 

12 2 

13 3 

14 4 

15 5 

16 6 

17 7 

18 8 

19 9 

TWINSPAN N 

vegetation n 

group p 

II I 

II I 

III I 

I I 

II I 

III I 

III I 

III I 

I I 

I I 

Thicknesss (cm) 

Ahh horizon 

6 6 

13 3 

13 3 

13 3 

14 4 

2 2 

16 6 

8 8 

16 6 

11 1 

Eoliann layer 

6 6 

28 8 

34 4 

50 0 

45 5 

15 5 

36 6 

8 8 

--
--

Compactt layer 

Depthh (cm) 

--

48 8 

62 2 

50 0 

14 4 

--
36 6 

19 9 

16 6 

11 1 

Origin n 

Glacierr till 

Glacierr till 

Glacierr till 

Eolian n 

Calcic c 

Clayy illuvation 

Clayy illuvation 

Clayy illuvation 

composedd of tussock grass (Stipa spp. and Festuca spp.) and evergreen shrubs like Bacharis 

incarumincarum with a total biomass of 3250 - 3600 kg ha"1. Site 14 of the fluvial valley also 

belongedd to this group but the tussock grass cover was higher and the evergreen shrub cover 

wass lower. This resulted in a high biomass of 12800 kg ha"1. TWINSPAN group III comprised 

variouss geomorphologic units (site 12 of the glacial valley, site 15 of the fluvial valley and 

bothh sites of the gently sloping plains), most of them belonging to the mid slopes. This unit 

wass characterised by the presence of Tetraglochin cristatwn and a low cover of tussock grass. 

Itss biomass varied between 1400 and 2100 kg ha"1. TWINSPAN group I was associated with 

DistichillisDistichillis humilis and Antobrium triandum and was found on the lacustrine plains and in site 

133 of the glacial valley. Its biomass was 1000 kg ha"1 or less. 

4.3.4.3. Thickness, depth and origin of soil horizons and layers 

Tablee 6.3 shows the thickness of the Ah horizon and the eolian layer and the depth and 

naturee of the compact layer in the soil profile. The thickness of the Ah horizon did not exceed 

166 cm with site 10, 15 and 17 having an Ah horizon of less than 8 cm thick. A layer of eolian 

depositedd sand and silt was present everywhere on the Altiplano except for the lacustrine 

plains.. Its thickness varied from 6 cm at the highest site and 8 cm at the lowest site of the 

gentlyy sloping plains to 45 and 50 cm at sites 14 and 13, respectively. A compact layer was 

presentt in most of the sites. At site 10 it was not observed because the high stone content of 

thee soil inhibited the excavation of a soil pit deeper than 50 cm. Nevertheless, it was probably 
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Tablee 6.4: Average chemical soil properties at 5 - 10 depth 

Site e 

10 0 

11 1 

12 2 

13 3 

14 4 

15 5 

16 6 

17 7 

18 8 

19 9 

PHH 15 

8.1 1 

9.0 0 

8.3 3 

8.4 4 

8.5 5 

7.5 5 

8.5 5 

8.0 0 

8.4 4 

8.6 6 

EC1:5 5 

(mSS cm" 

0.19 9 

0.13 3 

0.10 0 

4.54 4 

2.80 0 

0.07 7 

0.13 3 

0.10 0 

2.34 4 

7.43 3 

OM M 
1)(%) ) 

3.4 4 

1.9 9 

1.1 1 

2.8 8 

1.7 7 

0.9 9 

1.7 7 

1.2 2 

5.3 3 

7.3 3 

N N 

0.19 9 

0.16 6 

0.09 9 

0.17 7 

0.11 1 

0.08 8 

0.13 3 

0.10 0 

0.25 5 

0.30 0 

P P 

(ppm) ) 

14 4 

29 9 

8 8 

19 9 

23 3 

10 0 

11 1 

16 6 

53 3 

75 5 

K K 

(mmolc c 

0.26 6 

0.66 6 

0.34 4 

1.40 0 

0.31 1 

0.24 4 

0.55 5 

0.35 5 

1.57 7 

3.25 5 

Na a 

100g1) ) 

0.91 1 

1.73 3 

0.88 8 

2.42 2 

0.91 1 

0.85 5 

1.60 0 

0.94 4 

2.70 0 

14.00 0 

Ca a 

6 6 

5 5 

4 4 

96 6 

20 0 

4 4 

17 7 

4 4 

34 4 

49 9 

Mg g 

6 6 

7 7 

4 4 

13 3 

8 8 

5 5 

4 4 

2 2 

8 8 

13 3 

theree as the colluvial fan unit used to be glaciated and a glacial til l layer was found down 

slopee in site 11 at 48 cm, in site 12 at 62 cm and in site 13 at 50 cm depth. In site 14, the 

compactt layer from 14 to 45 cm depth was a compacted eolian deposit and from 45 to 84 cm 

depthh a Bt horizon. In site 15, no compact layer was present. A petrocalcic was found at 36 

cmm depth in site 16. Compact layers near the soil surface of lacustrine origin with clay 

illuvationn were present in sites 17, 18 and 19. 

4.4.4.4. Chemical soil properties 

Thee pH of the topsoil was higher than 8 throughout the Altiplano except for site 15 where 

thee pH was 7.5 (Table 6.4). The EC varied largely with most sites having values of less than 

0.199 mS cm"1 but sites 13, 14, 18 and 19 having values varying between 2.34 and 7.43 mS cm" 

'.. But apart from site 14, these sites also had high values for K, Na and Mg. Site 11 and 16 

hadd also high values for Na, and sites 13, 14, 16, 18 and 19 had a high Ca value. The OM 

contentt was 3.4% at the highest site on the colluvial fan and 5.3 and 7.3% at the two lowest 

sitess on the lacustrine plains. Site 13 of the glacial valley had an OM content of 2.8% and the 

remainingg sites had values of less than 2%. N followed more or the less the same trend as OM 

andd at sites with a high OM content, the N content was relatively high. Available P followed 

thiss trend as well, although less pronounced. 
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Tablee 6.5: Average physical soil properties at 5 - 10 cm depth, water content before and after the 

rainfalll  simulation experiments and aggregate stability Waterdrop test expressed in the average 

numberr of drops. FC is available water content at field capacity, WP is available water content at 

wiltingg point, AW is available water. 

Sitee FC WP AW Sand Silt Clay Water content (%) Aggregate Texture 

(weightt %) before after stability 

10 0 

11 1 

12 2 

13 3 

14 4 

15 5 

16 6 

17 7 

18 8 

19 9 

13 3 

11 1 

6 6 

12 2 

14 4 

9 9 

7 7 

11 1 

27 7 

27 7 

6 6 

6 6 

4 4 

9 9 

4 4 

4 4 

3 3 

6 6 

16 6 

20 0 

7 7 

4 4 

2 2 

3 3 

10 0 

5 5 

4 4 

5 5 

11 1 

7 7 

76 6 

81 1 

87 7 

78 8 

74 4 

87 7 

80 0 

85 5 

55 5 

45 5 

17 7 

11 1 

6 6 

12 2 

18 8 

7 7 

12 2 

8 8 

28 8 

36 6 

7 7 

8 8 

7 7 

10 0 

8 8 

7 7 

9 9 

7 7 

17 7 

19 9 

2 2 

3 3 

14 4 

3 3 

3 3 

0 0 

0 0 

1 1 

2 2 

7 7 

14 4 

11 1 

18 8 

14 4 

14 4 

8 8 

14 4 

7 7 

19 9 

25 5 

27.1 1 

4.4 4 

3.3 3 

10.1 1 

18.7 7 

5.1 1 

9.9 9 

8.1 1 

27.5 5 

17.8 8 

loamyy sand/ sandy 

loam m 

loamyy sand 

sand/loamyy sand 

sandyy loam 

sandyy loam 

loamyy sand 

loamyy sand 

loamyy sand 

sandyy loam 

loam m 

4.5.4.5. Physical soil properties 

Apartt from the two lowest sites (18 and 19) all sites had a low field capacity and wilting 

pointt (Table 6.5). The available water was also low throughout the Altiplano but sites 10, 14, 

188 and 19 had relatively high values. The sand fraction was high in all sites and the texture 

wass sandy loam or loamy sand. The sites 18 and 19 of the lacustrine plains were the only 

exceptionn where the silt and clay fractions were much higher. Nevertheless, only site 19 next 

too the lake had a loamy texture. The water content of the Altiplano soils was extremely low 

withh most sites having 3% or less. Site 12 was different with a soil water content of as much 

ass 14% and site 19 had a water content of 7%. After the rainfall experiments were carried out, 

thee water content of the sites out increased very much in most sites: site 16, 18 and 19 

increasedd with 14, 17 and 18%, respectively. Site 14 increased only with 4%. The aggregate 

stabilityy of sites 10 and 18 was very high with 27.1 and 27.5 drops needed, respectively. Sites 

144 and 19 had a high aggregate stability with 18.7 and 17.8 drops needed, respectively. The 

sitess 13, 16 and 17 had a moderate aggregate stability and sites 11, 12 and 15 had a low 

aggregatee stability. 
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Tablee 6.6: Percentage runoff and infiltration for the rainfall simulation experiments 

Sitee Intensity 40 mm hr'1 Intensity 60 mm hr"1 

%% runoff 

7 7 

14 4 

1 1 

14 4 

2 2 

0 0 

0 0 

1 1 

2 2 

0 0 

%% infiltrated 

93 3 

86 6 

99 9 

86 6 

98 8 

100 0 

100 0 

99 9 

98 8 

100 0 

%% runoff 

27 7 

8 8 

6 6 

13 3 

21 1 

0 0 

5 5 

21 1 

18 8 

0 0 

%% infiltrated 

73 3 

91 1 

94 4 

87 7 

80 0 

100 0 

95 5 

79 9 

82 2 

100 0 

4.6.4.6. Hydrological properties 

Againstt all expectations, the various hydrological properties did not exhibit a clear mutual 

relation.. For example, sites with a high cumulative infiltration needed few mm of simulated 

rainfalll  for ponding to take place. Or sites that needed few mm's for ponding required 

continuedd rain for runoff to occur. Hence, the soils showed a complex response to simulated 

rainfall.. Therefore, a cluster analysis (Davis, 1986) using the hydrological properties was 

performedd to distinguish sites with a relatively high infiltration from sites with a relatively 

loww infiltration. This analysis showed that sites 10, 11, 12, 15, 16 and 19 belonged to the 

groupp with high infiltration, while sites 13, 14, 17 and 18 represented the group with low 

infiltration. . 

4.6.1.4.6.1. Cumulative infiltration 

Figuress 6.2a and 6.2b show that all water infiltrated at 20 mm hr"1 intensity of simulated 

rainfall.. At 40 mm hr"1 intensity there was still littl e difference between all sites as most of the 

waterr infiltrated in the soil. Only at site 11 more than 10% of the applied rainfall left the plot 

ass runoff (Table 6.6). At 60 mm hr"1 intensity most runoff was produced at site 10, probably 

becausee of the steep slope, and the cumulative infiltration was the lowest of all sites (73% of 

alll  applied rainfall). Site 11 had an intermediate cumulative infiltration and 91% of the water 

infiltrated.. Sites 12 and 16 belonged to the group with high infiltration and more than 94% of 

thee water infiltrated. At sites 15 and 19 all water infiltrated at any intensity (Figure 6.2a). 

Figuree 6.2b shows that site 13 had the lowest cumulative infiltration at 40 mm hr"1 with 86% 
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Figuree 6.2a and b: cumulative infiltration versus rainfall intensity 
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Figuree 6.3a and b: amount of simulated rainfall (mm) to ponding versus rainfall intensity 
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Figuree 6.4a and b: amount of simulated rainfall (mm) to runoff versus rainfall intensity 

off  the water infiltrating. At 60 mm hr"' however, the cumulative infiltration increased with 1% 

beingg the highest of the group of sites with a low infiltration. The other sites had more or less 

similarr cumulative infiltration at 60 mm hr"1 with an infiltration of approximately 80%. 

4.6.2.4.6.2. Amount of simulated rainfall (mm) to 15% ponding 

Althoughh belonging to the group of sites with a high infiltration, few mm were needed to 

obtainn 15% ponding at site 19 at 20 mm hr"' (Figure 6.3a). In site 15, only at the end of the 

rainfalll  simulation experiment ponding took place. At 40 mm hr"' no ponding occurred and at 
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ann intensity of 60 mm hr"' many mm of simulated rainfall were needed to start ponding. Sites 

122 and 16 showed no ponding at 20 mm hr"' and the other sites had intermediate values for 

mmm to ponding at 20 and 40 mm hr"1 intensity. At 60 mm hr"1, mm to ponding decreased 

sharplyy at site 16 while site 11 showed no decrease from 40 to 60 mm hr"'. At the sites 

belongingg to the group with a low infiltration, site 17 needed large amounts of mm for 

pondingg to take place at 20 mm hr"' but it decreased rapidly when a higher intensity of 

simulatedd rainfall was applied (Figure 6.3b). Site 18 had low values for mm to ponding at all 

intensities.. Site 14 showed an unexpected pattern as at 40 mm hr"' the mm to ponding was 

higherr than at 20 and 60 mm hr"' intensity. Nevertheless at 60 mm hr"1 ponding started 

quicklyy after the rainfall experiment was started. 

4.6.3.4.6.3. Amount of simulated rainfall (mm) to runoff 

Figuree 6.4a shows that at sites 12 and 16 no runoff took place at the 20 mm hr"' intensity. 

Att 40 mm hr"' no runoff occurred at site 15 and 16. Site 15 needed 8.4 mm of applied rainfall 

forr runoff to occur at 20 mm hr"1 but at an intensity of 60 mm hr"' runoff started after 1.2 mm 

off  applied rainfall. At site 10, runoff was produced after relative small amounts of rainfall at 

alll  intensities. Site 11 had the highest value for mm to runoff at 60 mm hr"'. Figure 6.4b 

showss that 14 had a high value for mm to runoff at an intensity of 20 mm hr" but that it 

decreasedd sharply at 40 mm hr '. The remaining sites had more or less similar values at 40 and 

600 mm hr"'. When Figures 6.4a and 6.4b are compared it becomes clear that at an intensity of 

600 mm hr"' there was littl e difference between the sites belonging to the group with a high 

infiltrationn and those with a low infiltration and that runoff started after approximately 1 mm 

off  rainfall was applied. At site 17, only 0.5 mm was needed for runoff to take place. 
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Figuree 6.5: depth of the wetting front at three rainfall intensities during 30 minutes 
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Tablee 6.7: Correlations and significance {in brackets) between environmental variables and 

hydrologicall  properties 

\ ww Hydrological 

^xoropert ies s 

Variables s 

Slope e 

Coverr T. Cristatum 

Stonee cover 

Baree cover 

Crustt cover 

%sand d 

%silt t 

%clay y 

Timee to 

15% % 

ponding g 

Amountt of simulated 

rainfalll (mm) to runoff 

Intensityy (mm hr"1) 

20 0 

--

--
--
0.733 (0.02) 

-0.76(0.01) ) 

0.688 (0.03) 

-0.699 (0.03) 

--

200 40 

--

0.677 (0.03) -

-0.76(0.01) ) 

0.655 (0.04) -

--
--
--
--

Depthh wetting front (cm) 

200 40 

0.911 0.92 

(0.000)) (0.000) 

--
0.733 (0.02) -

--
--
--
--
--

60 0 

0.88(0.001) ) 

--
--
--
--

--
--
-0.644 (0.05) 

4.6.4.4.6.4. Depth of the wetting front 

Att site 10, the applied water infiltrated deepest of all sites and there was littl e difference 

betweenn rainfall intensities (Figure 6.5). At sites 11 and 12, the infiltrated water reached 

depthss of approximately 10 cm for the 60 mm hr"1 intensity. Sites 14, 15 and 16 had more or 

lesss similar values for depth of the wetting front and in general the water infiltrated 6 cm. At 

sitess 17 and 19, the wetting front was situated at around 5 cm and at site 18 the wetting front 

wass situated between 2 and 3.5 cm. The depth of the wetting front decreased with increasing 

rainfalll  intensity at site 18. 

4.7.Statistical4.7.Statistical analysis 

Tablee 6.7 shows the correlation coefficients and their significance between hydrological 

propertiess and the environmental variables. Only those hydrological properties and 

environmentall  variables that have a significant correlation coefficient (p < 0.05) are presented. 

Tablee 6.6 shows that there is a clear and positive correlation between the slope and the depth 

off  the wetting front at all intensities. The cover of Tetraglochin Cristatum is positively 

correlatedd with mm to runoff but only at the 20 mm hr"1 intensity. Stone cover has a negative 

effectt on mm to runoff at 40 mm hr"1 intensity but a positive effect on the depth of the wetting 

frontt at an intensity of 20 mm hr"1. Bare cover with no crust is positively correlated with mm 

too 15% ponding and with mm to runoff, both at 20 mm hr-1 whereas crust cover is negatively 
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correlatedd with mm to 15% ponding. Texture is an important variable determining mm to 15% 

ponding.. The percentage sand has a positive effect on mm to ponding while the percentage silt 

hass a negative effect. A higher clay content in the soil leads to a decrease in the depth of the 

wettingg front. 

Thee two clustered groups for infiltration were compared with a Mann-Whitney U test to 

determinee which hydrological property and which environmental variable differs significantly 

betweenn these groups. Table 6.7 shows that only 3 hydrological properties have a significance 

off  0.05 or less namely mm to 15% ponding, mm to runoff and depth of the wetting front, all at 

200 mm hr"1. The group with high infiltration needs more mm for 15% ponding and runoff to 

occurr and has a deeper wetting front. The depth of the compact layer is the only 

environmentall  variable that differs significantly between the two groups. The group with low 

infiltrationn has the compact layer closer to the soil surface. 

5.. Discussion 

Thee variability between and within geomorphologic units was large for chemical and 

physicall  soil properties, vegetation type and cover, soil horizons and layers and soil 

hydrologicall  properties. No relation between the soil hydrological response to simulated 

rainfalll  and geomorphologic unit was found. In general, sites belonging to the same 

geomorphologicc unit responded in different ways. For example, sites 14 and 15 are both part 

off  the fluvial valleys but where site 15 showed high infiltration (high cumulative infiltration, 

highh mm to 15% ponding and runoff) site 14 showed low infiltration characteristics. The 

clusterr analysis showed that except for the colluvial fan, all units had one site that belonged to 

thee group with a high infiltration and one site that belonged to the group with a low 

infiltration. . 

Inn contrast to other studies (Puigdefabregas et al., 1998; Rienks et al., 2000; 

Vandekerckhovee et al., 2000; Martinez-Mena et al., 2001) the topographic position had no 

effectt on the hydrological response as sites on the upper slopes, mid slopes and lower slopes 

showedd both high and low infiltration. The slope did have an effect though limited as only the 

depthh of the wetting front at all intensities was positively correlated with the slope. This is 

surprisingg as the steeper the slope, the deeper the water infiltrates whereas one would expect 

thatt lateral flow on steep slopes would limit the depth of the wetting front. 

Thee surface cover was an important factor in controlling the hydrological response to 

simulatedd rainfall. The cover of the dwarf shrub Tetragochlin cristatum was positively 
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correlatedd with mm to runoff and hence it improved the infiltration. This is contrary to results 

fromm other authors such as e.g. Bochet (1998) who concluded that the dwarf scrub Anthyllis 

cytisoidescytisoides hardly improved the infiltration rate compared to bare soil in a Mediterranean 

environment.. Bare cover was positively correlated with ponding and mm to runoff, both at the 

200 mm hr'1 intensity, and crust cover was negatively correlated with ponding at 20 mm hr" . 

Thiss is in agreement with many other studies {e.g. Bromley et al., 1997; Solé-Benet et al., 

1997;; Canton et al., 2001). Stone cover was negatively correlated with mm to runoff at 40 mm 

hr"'' and positively correlated with depth of the wetting front. This is in line with results of 

Poesenn (1994) who found that the infiltration capacity of a soil decreases when the stones are 

embeddedd in the soil surface. 

Thee relation between the soil hydrological response to simulated rainfall and the 

TWINN SPAN vegetation groups is complex. Of the three sites that belong to group I, two were 

associatedd with low infiltration. The reverse was true for group II where sites 10 and 11 

belongedd to the group with a high infiltration and site 13 was associated with low infiltration. 

Halff  of the sites of group III had a high infiltration; the other half of the sites had a low 

infiltration.. Contrary to many studies stressing the importance of vegetation type in 

controllingg runoff and infiltration (Bromley et al., 1997; Solé-Benet et al., 1997; Bochet et al., 

1998),, in this study no such relation was found. For example, the site with the highest biomass 

hadd a low cumulative infiltration and ponding and runoff took place after few mm of applied 

rainfall.. While other authors described the positive effect of grasses on infiltration (Abrahams 

ett al., 1995; Wainwright et al., 2001) its effect was ambiguous on the Altiplano. Both site 13 

andd 19 had a relatively high cover of Distich Ms humilis but whereas the infiltration of site 13 

wass low, site 19 had favourable infiltration properties. 

Thee pH on the Altiplano was high and several sites had a high EC as well. At the highest 

andd lowest studied sites, the OM content was high. Most other sites had low values for OM. N 

contentt was low throughout the catchment. Field capacity (FP) and wilting point (WP) were 

loww on the Altiplano apart from the two sites on the lacustrine plain. Available water (AW) 

hadd a reasonable value at the highest site and at the lowest two sites, but taking into account 

thee silt and clay fraction a higher value for available water would be expected at these sites. 

Mostt others sites had a low availability of water. Surprisingly, water contents of the soil 

beforebefore and after the rainfall experiments showed no relation with field capacity or wilting 

point.. Most sites had extreme low values for water content before the onset of the rainfall 

experiments.. Despite the low OM content and the high sand fraction of most soils, the 

aggregatee stability was moderate to very high for most sites. In terms of hydrological response 

114 4 



SoilSoil hydrological response to rainfall in relation with environmental conditions 

too simulated rainfall, the chemical soil properties were not related to the infiltration 

characteristics.. A higher OM content did not improve the infiltration characteristics nor did 

thee aggregate stability of the soil. This is striking as virtually all studies {e.g. Morgan, 1986; 

Hudson,, 1995) stress the positive relationship between OM and aggregate stability and how 

OMM improves the infiltration capacity. The soil texture had influence on the hydrological 

responsee although less than expected. The sand fraction was positively correlated with mm to 

ponding,, the silt fraction was negatively correlated with mm to ponding and the clay fraction 

wass negatively correlated with the depth of the wetting front. 

Whenn the sites with high infiltration are compared with the sites with low infiltration, only 

threee hydrological properties were significantly different: mm to ponding, mm to runoff and 

thee depth of the wetting front, all at an intensity of 20 mm hr'. This suggests that at higher 

intensitiess of applied rainfall differences in hydrological response between sites were 

minimal.. A logical explanation would be the high cumulative infiltration of all sites. As most 

off  the applied rainfall infiltrated, differences between sites were minimal and only relative. 

Thee depth of the compact layer was the only environmental variable that differentiated 

betweenn sites with high infiltration and those with low infiltration. 

Duringg the rainfall experiments, initial infiltration was high and all water infiltrated. At 

loww intensities it took many mm for ponding to take place. At the moment that ponding 

started,, the subsurface soil was saturated with water. As the slope was nearly level, the micro 

topographyy of the plot was very important in storing the water and when the micro 

depressionss were filled, local saturated overland flow took place. In contrast with many other 

semi-aridd areas (Yair and Lavee, 1985), Horton overland flow was of minor importance. 

Becausee this was the first study in which rainfall simulations experiments were carried out 

inn the semi arid Central Andes, the data can only be compared with those on distinctly 

differentt geo-ecosystems. Vis (1991) reported a high cumulative infiltration in the high 

Andeann forests of Colombia but despite the high vegetation and litter cover of the forest soil 

surface,, infiltration was less than measured in this study. Mm to ponding and mm to runoff 

weree more or less similar to Mediterranean ecosystems with comparable vegetation cover 

(Bergkamp,, 1996; Solé-Benet et al., 1997). 

Thee results suggest that under present climatic conditions the sensitivity of the geo-

ecosystemm is low. Daily maximum precipitation falls within the 8 -25 mm range and thus its 

effectt will be comparable to that observed during the rainfall experiments at 20 mm hr"1. This 

meanss that most precipitation infiltrates and will be available for vegetation, thereby 
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maintainingg the status quo where vegetation recovery under present grazing pressure stays 

unaltered.. When climatic change is considered and the trend towards wetter conditions will 

continue,, a differentiation between physiographic units might occur. 

Thee following scenario in terms of the relation between vegetation and 

climatic/hydrologicall  conditions is hypothesised: A moderate increase of precipitation will be 

beneficiall  for vegetation growth as most of the rainfall will infiltrate, even in areas where 

infiltrationn is relatively poor. However, on the steep slopes of the colluvial fan enhanced 

runofff  might initiate sediment transport by means of (inter) rill and gully erosion. The areas 

withh less favourable infiltration characteristics wil l be exposed to a similar process when a 

strongg increase of precipitation occurs. In other words, saturation overland flow will occur 

moree frequently and hence soil erosion processes will counter-effect the vegetation growth. 

Thiss negative feedback might result in a differentiated response where certain areas of the 

Altiplanoo will be subjected to enhanced soil erosion resulting in local geo-ecosystem 

degradation. . 

6.. Conclusions 

Althoughh the hydrological response to simulated rainfall is complex, in general it can be 

concludedd that the infiltration characteristics are good. The cumulative infiltration is high and 

moree than 73% of the simulated rainfall applied eventually infiltrates the soil, even at sites 

withh a steep slope. At sites where infiltration characteristics are less favourable and ponding 

takess place after few mm, the slope is such that the micro topography entraps all water and 

thatt it infiltrates anyway. Saturated overland flow does occur at many sites and in some even 

afterr few mm applied but the water travels very short distances and most of it infiltrates within 

thee plot. This means that most of the rainfall is available for the vegetation and that water 

availabilityy is more or less equal for all vegetation units. 

Noo relation was found for geomorphologic unit, vegetation type and chemical and most 

physicall  soil properties with respect to hydrological properties and infiltration characteristics. 

Organicc matter and aggregate stability did not affect the hydrological response nor did 

biomass.. Soil surface characteristics and texture were related to mm to 15% ponding and mm 

too runoff at a rainfall intensity of 20 mm hr"1. The depth of the compact layer was the 

environmentall  variable that differentiated sites with a high infiltration from sites with a low 

infiltration.. In general, the sites with a favourable infiltration have the compact layer situated 

att greater depth and the sites with less favourable conditions have the compact layer close to 

thee surface. Where the compact layer lies near to the soil surface, the soil becomes saturated 
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withh water thereby hindering further infiltration and enhancing ponding. The depth of a 

compactt layer does not seem to influence the aggregate stability. In some sites with a near 

surfacee compact layer the aggregate stability is high, in other sites it is low. 

Thee sensitivity to erosion of the geo-ecosystem under present climatic conditions is low. 

However,, increased precipitation might lead to a differentiation between areas with 

favourablee and less favourable infiltration characteristics. Saturation overland flow will occur 

moree frequently in areas with relatively poor infiltration resulting into soil erosion thereby 

reducingg the water availability for vegetation. This might possibly result into geo-ecosystem 

degradation. . 
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