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Abstract 

In northern Ecuador, soils of high altitude grasslands ( púrumos) are mainly non-allophanic 
Andisols developed on Holocenic volcanic ash. These soils have a high water retention capacity 
and are the “water tank” of central Ecuador. To assess the effect of land use (buming and tillage) 
on soil hydrodynamic properties, rainfall simulation was conducted at two different sites. At 
Pichincha near Quito, the simulation was conducted on a recent volcanic ash soil comparing 
natural, tilled and bumed plots. At El Angel, the simulation was conducted on a mature 
non-allophanic Andisol comparing natural, recently tilled and formerly cultivated plots. 

On natural plots, the infiltration rate was very high and sediment loss very low. Results for 
infiltration rate and runoff indicated that land use change on púrumos increased runoff flow and 
reduced saturated hydraulic conductivity. Superficial reorganisation of the soil surfaces occurred 
on tilled plots at both sites. This crusting process was fast and resulted in surfaces with very low 
conductivity at Pichincha. The same processes seemed to be slower at El Angel. The soil surface 

. - __- _- of-recent Andisols-at-Pichincha was prone to crusting whereas the mature Andisol, at El  Angel, 
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with a lower bulk density, was compacted when the lcinetic energy of raindrops was high. Water 
repellency occurred after burning at Pichincha and following long natural air drying after tillage in 
the non-allophanic A horizon at El Angel. Water repellency combined with the low bulk density 
of soil aggregates explain the intensity of sediment losses in the abandoned soils after cultivation 
(Bare fallow plots). Erosion occurred in these areas through floating hydrophobic and stable 
aggregates. O 2001 Elsevier Science B.V. All rights reserved. 
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1. Introduction 

Andisols (Soil Survey Staff, 1999) generally show a strong resistance to water 
erosion (Warkentin, 1985; Shoji et al., 1993). This low erodibility is strongly related 
with the specific physical properties of Andisols: high porosity permits a rapid rainfall 
infiltration and high structural stability of volcanic ash aggregates (Maeda and Soma, 
1985; Nanzyo et al., 1993). However, this behaviour of volcanic ash soils does not 
completely agree with the field behaviour of lands with Andisols, especially when they 
are intensively cropped or overgrazed (Pla Sentis, 1992; Van Wambeke, 1992). Various 
studies have demonstrated the occurrence of high soil losses in Andisols (Raunet, 1991; 
Warkentin, 1992; Nishimura et al., 1993) particularly after drying of the soil surface. 

For many authors, either the hydrodynamic and erosive behaviour on undisturbed 
Andisols, either the change of these properties after drying, are due to the presence of 
non-crystalline materials formed by ash weathering. There is abundant literature about 
the physical properties of Andisols dominated by short range ordered minerals (al- 
lophanes and imogolite) (Maeda et al., 1977; Albrook, 1983; Rousseaux and Warkentin, 
1976) but little is known about the physical properties and the hydrodynamic behaviour 
of non-allophanic Andisols dominated by organo-metallic complexes, However, such 
non-allophanic Andisols cover extensive areas, especially in volcanic tropical mountains 
where the climate favours organic-matter accumulation (Van Wambeke, 1992). 

In the northern and equatorial Andes, the soils of the natural neotropical alpine 
grasslands (3500-4500 m a.s.l.), the páramos, are mainly non-allophanic Andisols 
(Poulenard, 2000). Very few people live in this high altitude ecosystem, but growing 
population pressure, together with agrarian reform, have led Andean peasants to 
increasing use this fragile ecosystem increasingly for agricultural production (De Noni 
and Viennot, 1993). Typical land use includes, firstly, the use of páramos as extensive 
grassland and to provide fresh and palatable grasses for sheep, the tussock grass layer 
are burned before introduction of sheep. Once the lower páramos has been grazed, 
farmers often till the soil to grow potatoes. Some authors suggest that burning, tilling or 
grazing may have major effects on the hydric and erosive properties of the páramos 
(Guhl, 1968; Parsons, 1982; Smith and Young, 1987) but no specific study has been 
carried out to quantify the impact of land use on the hydrodynamic properties of 
páramos soils. The main aim of this present study was to analyse the impact of farming 
on the erosive and hydrological characteristics of two different non-allophanic Andisols 
of the páramos. 
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2. Materials and methods __ I 
2.1. Enviroiiineittal conditioiis in the páramos 

- 

Páramos are the natural neotropical alpine grasslands which occur in the northern 
and Equatorial Andes of Venezuela, Colombia and Ecuador. They are usually located 
above the forest line (3200-3600 m a.s.1.) and below the snow line (4500-5000 m 
a.s.1.). Páraiiios are generally cold and humid, with daily average temperatures ranging 
between 0°C and 12"C, with little annual variation. Temperature vasies greatly between 
night and day, from below 0°C to 25"C, respectively. Annual precipitation ranges 
between 1500 and 2000 mm with frequent fog and drizzle. The vegetation of the 
páramos covers about 90% of the soil surface and is dominated by a tussock grass layer 
associated with acaulescent rosettes. 

2.2. Soil gertesis in the párainos 

The pedological cover of Northern Ecuadoiian páruinos is composed of volcanic ash 
soils. The soil parent materials are mainly andesitic ashes, which are younger than 
10,000 years B.P. The wet and cold climatic conditions of the páramos belt (udic to 
perudic soil moisture regime and isomesic to isocsyic soil temperature regime; Soil 
Survey Staff, 1999) have led to the formation of non-allophanic Andisols (Shoji et al., 
1993). Ash glass weathering intensity is controlled mainly by the size and the age of the 
ashes, as recently reported by Poulenard (2000). Low weathered Andisols, sich in 
primary minerals (mainly volcanic glasses), are developed on the recent an coasse ashes 
occuiiing on the slopes of numerous active volcanoes (Site no. 1, Pichincha). In 
contrast, Andisols sich in both non-allophanic poorly ordered constituents and associated 
organic matter (more than 15% of organic carbon) are developed on the oldest and finest 
ash deposits (Site no. 2, El Angel), (Poulenard, 2000). 

2.3. Selected sites: soils, vegetation and land use 

Two sites have been selected to represent these two major pedological occussences. 
The first site (Pichincha site: PIC) is located at 4000 m a.s.1. on the Pichincha Volcano, 
close to the city of Quito (Fig. 1); the topsoil developed on the < 300 years B.P. 
andesitic ashes of the Pichincha Volcano (Hall and Mothes, 1993). The presence of a 
buried A hoiizon below a non-weathered lapilli layer has led to the classification of this 
young Andisol as a Glassy Isomesic Thaptic Hapludand (Soil Survey Staff, 1999). The 
Pichincha Andisol is characterized by low amounts of amorphous constituents, estimated 
by oxalate extractable aluminium (Alo) and iron (Feo) (Alo +1/2  Feo < 2%), a sandy 

The second site (El Angel site: GEL) was located at 3600 m a.s.1. near the city of El 
Angel, in the province of Carchi, Northern Ecuador (Fig. 1) and the ultimate ash 
deposits are approximatively 3000 years B.P. The soil (Amorphic Isomesic Hydric 

texture and a relatively high bulk density (Table 1). 1 i .  ' I  I , 



Fig. 1. Localisation of pn'ruinos in South America and Ecuador; sites of rainfall simulation. 
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Table 1 
Main soil characteristics of the selected undisturbed Pichincha and EI Angel Andisols 

Depth Org. Ca Alo+ 1/2Feob Alp/AloC Ret-Pd Glass Water Bulk Total Grain size Soil classification 
(cm) (g kg-') (g 100 g-') (g 100 g-') contente retention at density porosity distributionf (Soil Survey 5 

(%I - 1500 kPa (g ~ m - ~ )  (cm3 ~ m - ~ )  (g 100 g-') Staff, 1999) +u 

@ (g kg-') Sand Silt Clay - 
Pichincha a 

Fi 
m -, Al 0-20 125 0.52 - 51 28 520 0.8 66 67 28 5 "haptic 

Hapludand !% 
A2 20-40 40 1 .O5 0.72 41 28 270 0.9 64 49 43 8 \ 

2A3 40-55 27 2.30 0.21 67 46 360 0.7 72 53 40 7 6 rc: 
El Angel Q 

Melanudand o 
2 

6 
b l  

Lu - Al 0-30 212 1.40 0.96 90 42 970 0.4 80 9 65 26 HydricPachic 

A2 30-85 92 3.06 0.41 90 37 590 0.6 73 25 58 17 
Ab1 85-140 150 2.92 0.88 95 49 920 0.4 80 33 51 16 

L 

k 

9 
'Org. C = Organic Carbon. 
bAlo and Feo = ammonium oxalate extractable Al and Fe, respectively. 
'Alp = pyrophosphate extractable AI. 
dRet-P = phosphate retention. 
eGlass content in the 0.02-2 mm fration. 
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Pachic Melanudand, Soil Survey Staff, 1999) is rich in silt, clay and organic carbon. It is 
also characterized by a proeminent melanic epipedon (black, with melanic index < 1.7) 
(Honna et al., 1988) and by a high water content value of more than 700 g kg-' for a 
matrix potential value of -1500 kPa (Table 1). In the topsoil, the high amount of 
organic carbon and the value of the oxalate/pyrophosphate extractable aluminium ratio 
(Alo/Alp) of nearly 1 suggest the predominance of Al-organic complexes (Table 1). 
The amount of allophanes, computed following Parfitt and Wilson (1985), is related to 
the clay content and varies from 40 to 60 g kg-' (Table 1). 

The vegetation at Pichincha, consists of a predominant tussock grass layer (Stipa sp., 
Calamagrostis sp. and Agrostis sp.) and is associated with small plants (mainly 
Lachemilla orbiculata) occurring between the tussocks, without a bare soil surface. At 
El Angel, the tussock grass is associated with giant rosette (Espeletia Asteraceae), with 
bare soil surface (nearly 20%) located between tussock grass and giant rosette. This 
vegetation is typical of the highly humid páramos, also found in Colombia and 
Venezuela. 

Finally, the two selected sites are subjected to different types of recent land use. 
Burning before grazing is the main recent land use at Pichincha whereas either potato 
cultivation or mainly bare fallow were the recent land uses occurring at the lower 
altitudes of the El Angel site. The weak phosphorus availability at the El Angel Andisols 
only allows one or two cultivations of potato leading to large areas of phramos under 
permanent bare fallows. Gully erosion has not been reported on the surfaces of the 
selected undisturbed páramo sites whereas sheet erosion occurs on their cultivated 
pciramos surface counterparts. 

2.4. Water retention, water repellency and water-stable aggregates 

Water retention by drainage was determined on A, and A, non-cultivated soil cores 
equilibrated at matrix potential values of 10 kPa following the plate method (Klute, 
1986) (four replicates per soil sample). Topsoil samples of soil surface from both sites 
were kept in wet conditions or dried at 30°C for 48 h and analysed as follows. First, 
water repellency was measured on both wet and 30°C air-dried soils following the 
capillary rise method (Michel, 1998) which allows the computation of the mean apparent 
contact angle between water and solid: pore interfaces (three replicates per soil sample). 
Second, the mean proportion of water-stable > 200 p,m aggregates was also determined 
on both wet and 30°C air-dried soils following the procedure described by Bartoli et al. 
(1991) (three replicates per soil sample). 

2.5. Sirniilated rainjall experiments 

Simulated rainfall experiments were carried out on plot replicates (surface area of 1 
m2) and of equal slope value (20"). A 2 X 3 factorial design with three plot replicates for 
each treatment and four successive rainfalls for each plot was used. The factors were: 
soil type (the Pichincha and the El Angel Andisols) and treatment (three per site). 
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Treatments were applied to the surrounding surface areas of 10 m2 and were selected 
according to the main type of land use in each region: natural conditions plots, standard 
tillage plots (10-cm topsoil was tilled manually), burned plots (Pichincha) and bare 
fallow plots which had been used for a single potato cultivation (El Angel). For this last 
treatment, the potatoes were harvested 3 months before the rainfall simulation experi- 
ments leading to a dry and bare topsoil. A sprinkling infiltrometer was used to simulate 
rainfall with kinetic energies similar to natural rainfall of the same intensities (Asseline 
and Valentin, 1978). Four successive simulated rainfalls were carried out in each plot 
replicate, as follows. The time between two successive rainfall events was 3, 12 and 
24 h for the first, the second and the third runs, respectively. Each rainfall event 
occurred during 90 min and comprised six successive sub-runs with increasing rainfall 
intensity values (Table 2). Kinetic energy of the rainfall events was calculated using the 
classical equation: E = (210 4- 891ogI)D, where E is the kinetic energy, I the rainfall 
intensity and D the rain depth of the rainfall event (Morin, 1996). Although little is 
known about the natural rainfall intensities occurring in the párumos we selected 
successive simulated rainfall intensities of cumulated volume of 95 mm for both testing 
soil response to critical rainfall conditions and evaluating the potential effect of land use 
on the hydraulic and erosive properties of the pámino ecosystems. 

For modelling, the classical model of runoff and infiltration partition during a rainfall 
event with constant rainfall intensity (Lafforgue and Naah, 1976) was used, as follows. 
First, the pre-runoff rainfall volume (PRR) was defined as the cumulative volume of 
rainfall, in mm, recorded before the runoff occurrence. Second, the infiltration flow was 
determined as the difference between controlled rainfall intensity and recorded runoff 
rate. Third, the runoff coefficient (R,) was computed as the ratio between cumulative 
runoff lamina and total rainfall depth ( D )  (95 mn). The pre-runoff rainfall volume and 
the runoff coefficient indicate the velocity of runoff initiation and production, respec- 
tively. 

The steady-state infiltration rate (fc) recorded during the permanent regime stage was 
also linearly related to the rainfall intensity (I), as follows: fc = a l  + ß. 

According to Lafforgue and Naah (1976) increase or decrease of the steady-stage 
infiltration rate as a function of rainfall intensity may be interpreted as follows. Positive 

Table 2 
Experimental procedure for each run 

Sub run Rainfall intensity Duration Cumulated rainfall Kinetic energy 
(mm h-'1 (min) (mm1 (J m-2) 

1 
2 
3 
4 
5 
6 1 
Total 

20 
27 
50 
70 
90 
120 

15 
15 
15 
15 
15 
15 
90 

5 
6.75 

12.5 
17.5 
22.5 
30 
95.25 

118 
168 
340 
499 
663 
918 

2706 
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ci slope values were attributed to occurrence of soil surface with a high roughness and 
where the conductivity was heterogeneous: high in the higher positions and lower in 
hollows (Dunne et al., 1991). In this case, when runoff lamina increases, the proportion 
of pores accessible for water infiltration (connected macroporosity) increases and the 
infiltration rate becomes higher. In contrast, negative ci slope values were attributed to 
the development of a relatively impermeable crust or to the reduction of structural 
porosity (e.g., Valentin, 1991; Nishimura et al., 1993). 

The initial saturated hydraulic conductivity ( K , )  of the soil surface was assumed to 
be highly similar to the minimum rainfall intensity necessary for runoff to occur during 
wet conditions. This threshold was determined as the point where the function fc = f ( 1 )  
intercepts the first bisectrix (Collinet and Valentin, 1982; Valentin, 1991). 

Topsoil samples were collected at 0-20 cm before each rainfall event to determine 
their water contents and their pore water saturation ratios. 

Runoff soil suspensions were also sampled at time intervals depending on runoff rates 
and analysed thereafter (soil suspension concentration, sediment discharge rate and total 
soil loss). 

2.6. Microrelief measurements and roughness index 

The elevation ( h )  of 361 (19 X 19) points of each plot was measured before the first 
and after the fourth rainfall events using an equipment similar to Bielders et al. (1996). 
Elevation measurements of the points belonging to the edges of the frame were not used 
because of the edge effects. A three-dimensional model of the soil surface was carried 
out using the GOCAD package. The standard deviation of the mean elevation value 
o(h) of each plot replicate, corrected from the general slope effect was calculated and 
used as a soil surface roughness index. The surface type of each point was also 
described according to the crust classification of Casenave and Valentin (1 992). 

3. Results and discussion 

3.1. Water retention, water repellency and water-stable aggregates 

Water retention curves (Fig. 2) clearly showed that the amount of retained water was 
very high from 10 up to 200 kPa for both Andisols, which has been reported widely 
(e.g., Nanzyo et al., 1993). Table 1 (total porosity) and Fig. 1 demonstrate that porosity 
was saturated at lower matrix potentials. This was attributed to microporosity where 
capillary forces arise. More porous was the soil sample (see Table 1) richer in retained 
water it was (Fig. 2). 

The water retention curve shows large amounts of water retained at high matrix 
potentials and demonstrates the predominance of micropores (R, < 0,l pm) for both 
soils. This pore size distribution is a classical feature of Andisols (Nanzyo et al., 1993). 
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Fig. 2. Water retention curves for the AI and A2 horizons of Pichincha (PIC) and El Angel (GEL) soils. 
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These results show also the low amounts of large pores useful for water transmission. 
The El Angel topsoil present higher microporosity but the amounts of pores with a 
radius of > 5 k m  determined as the difference between total porosity and 33 kPa water 
retention is very low and almost similar in both cases (4% and 6% for Pichincha and EI 
Angel, respectively). The mean apparent contact angle of wet topsoils, which was 
mainly attributed to soil structure (capillary pressure), was lower for the Pichincha wet 
topsoil than for the El Angel wet topsoil counterpart (Table 3). 

When the two selected topsoils dried they became both very hydrophobic (Table 3) 
with contact angle near 90". Development of water repellency after air-drying is a 
classical behaviour of peats (Boelter, 1969; Valat et al., 1991) but has been rarely 
reported for organic-rich Andisols. Water repellency is a function of the type of soil 
organic matter (Capriel et al., 1995), mainly through the distribution of the polar and 
non-polar sites of humic polymers (Michel, 1998). According to Valat et al. (1991), in 
the drying process, polar groups associated with Al and Fe play a major role in the 
development, of water repellency. Then, the development of water repellency in the case 

Table 3 
Mean water contact angle (CV= 0.5-4%) determined by capillary rise and mean water stable aggregates 
(CV = 5-10%) on the wet and the dried Pichincha (PIC) and El Angel (GEL) undisturbed topsoils 

Site Horizons Depth Water contact angle (") Water stable aggregates (g 100 g-') 
(cm) Field moisture Dried 48 h at 30°C Field moisture Dried 48 h at 30°C 

PIC Al 0-20 52.5 87 38.6 57 
GEL Al  0-30 69 85 62.5 91 
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of non-allophanic Andisols could be' linked with the presence of aluminium and 
iron-humus complexes. 

Finally, the proportion of water-stable aggregates was higher for the El Angel topsoil, 
which is very rich in organic matter, than its Pichincha topsoil counterpart, independent 
of the hydric status of the soils (Table 3). Water-stable aggregate stability was attributed 
to the binding effect of organic matter (Table I). When the selected topsoils were 
air-dried at 30°C for 48 h, very strong shrinkage occurred leading to compact structures 
with porosity values of less than 0.5 cm3 cm-3 for site topsoils. Conversely, the 
proportion of water-stable aggregates became very ?high (Table 3) but the same 
opposition between the two selected topsoils always occurred, which validated our 
hypothesis of the binding effect due to organic matter. 

3.2. Pre-runoff rainfall volume and runoff coeffcient 

For the different treatments, the mean runoff coefficients (R,)  and the mean 
pre-runoff rainfall volumes (PRR), and their variabilities, were plotted as a function of 
successive rainfall events (Fig. 3). The results were as follows. 

(A) Major change occurred between the first and the second simulated rainfall with 
an increase of R, and, conversely, a decrease of PRR, both less pronounced for the two 
undisturbed topsoils. R, and PRR values were nearly constant for the next rainfall 
events, independent of the soil treatment. This dynamic was less pronounced for the two 
undisturbed topsoils. This was attributed to the fact that the selected topsoils were not 
saturated. We validated this hypothesis by showing that the mean pre-runoff rainfall 
volume occurring on undistirrbed plots decreased as a function of the initial pore water 
saturation (Fig. 4). Initial water saturation for the fourth run (after 24 h without rainfall) 
is equivalent to the initial condition before the first rainfall event for the Pichincha site. 
Antecedent rainfall volume and time between events are clearly the key point of the 
pre-runoff rainfall. At EI Angel, the variations of pore water saturation are lower 
because of their high values. The effect of time between each event is clearly lower. 

. .. These. results suggested that the resilience time of the soil to recover the status previous 
%::: .: .to the-~,rifall.,events ,is lower for the young non-allophanic Andisol than for the mature 

(B) Runoff was the key proceds h the anthropic topsoils (runoff coefficient of 
' 6045% for the third last simuläted rainfall events) whereas 80-90% of the simulated 

rainfall infiltrated in the natural topsoils (Fig. 3). Results of both PRR and R,  
parameters therefore indicated that the recent land use of the pciramos produced a 
drastic change of hydrodynamic behaviour of the topsoils by increasing the velocity of 
both runoff initiation and flow, whatever the site and the treatment. This was mostly 
attributed to the crust development on the anthropic topsoil surfaces whereas no crusts 
were observed on their undisturbed topsoil surface counterparts. 

(C) PRR and R ,  were much higher for the anthropic Pichincha topsoils than for their 
El Angel topsoil counterparts (Fig. 3). This was attributed to steady-stage infiltration 
rate variabilities which were also higher for the anthropic Pichnicha topsoils than for 
their El Angel topsoil counterparts (Fig. 3). 
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( 1 q ( 2 )  
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076 037 078 039 1 
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Fig. 4. Examples of pre-runoff rainfall volume as a function of initial pore water saturation for the Pichincha 
and El Angel undisturbed topsoils during the successive four rainfall events. Order of the rainfall events are 
enclosed in parenthesis. 

(D) Soils dried very highly by fire (burned plots from Pichincha) or through long air 
exposure without soil cover (bare fallow plots from EI Angel) showed significant lower 
pre-runoff rainfall for the first run (Fig. 3) suggesting lower hydraulic conductivity 
before the soil crusting process occurred during the first runs. 

3.3. Infiltration rates and rainfall intensities 

Fig. 5 indicates the evolution of the mean slope a (a) and the mean saturated 
conductivity K, (b) as a function of cumulative kinetic energy for the different runs. For 
the undisturbed plots, this slope is positive and quite constant at both sites showing the 
lack of crusting process. The steady-stage infiltration rate of the undisturbed topsoils 
increased (positive a) from the beginning of each simulated rainfall to its end, with a 
more pronounced effect for the Pichincha topsoil than for its El Angel topsoil counter- 
part (Fig. 5). It suggests a spatial variation of K ,  between the top of the tussocks and 
the bare microdepressions between tussocks. 

The saturated hydraulic conductivity was about 60 mm h-’ at the Pichincha site and 
showed few variations between the different rainfall events. Contrariwise, K ,  from the 
undisturbed El Angel site was significantly higher for the first run (nearly 70 mm h-l) 
but tended to decrease with the successive runs. This distinctive behaviour between both 
undisturbed sites is attributed to (i) vegetal cover (% of bare soil) and (ii) pore size 
distribution (Fig. 2). Our results suggested high water permeability for both undisturbed 
Andisols, as found by Warkentin (1992) and Nanzyo et al. (1993). However, the water 
retention curves (Fig. 2) showed a large predominance of microvoids with few pores 
with radii > 5 Fm. Hasegawa (1997) revealed that non-uniform infiltration along 
preferential flow is a common process under high rainfall intensity for mature Andisol in 
Japan similar to the phamos  soils. Despite the absence of cracks and fissures visible at 
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the soil surface, preferential flow in biopores and grass root network could explain (i) 
the increase of infiltration rate with rainfall intensity and (ii) the apparent contradiction 
between pore size distribution and high hydraulic conductivity. 

The tilled plots of both site present a negative slope of the relation fc =f(Z), 
indicating occurrence of the soil crusting process. For the Pichincha site, the coefficient 
a tended to increase with the successive rainfall events and a was near O for the fourth 
rainfall suggesting that superficial crusting had almost finished. The slope 01 was low for 
the first run at El Angel, but significantly higher for the next runs. Stability of the 
infiltration rate was not reached on this plot. The decrease of K ,  was similar at both 
sites (from > 60 to lower than 20 mm h-' 1, but the decrease was regular for Pichincha 
while the main reduction occurred between run 1 and 2 at El Angel. 

A similar decrease of the infiltration rate as a function of both cumulative rainfall 
kinetic energy and crust development has been described previously in either semi-arid 
tropical sandy soils (e.g., Valentin, 1991) or temperate silty soils (e.g., LeBissonais and 
Singer, 1992; Mualem et al., 1990). Soil crusting in volcanic ash soils is less known. 
Andisols present very high structural stability (e.g., Shoji et al., 19931, and are 
theoretically resistant to the formation of structural crusts. Only few studies have been 
carried out on seal formation processes in volcanic ash soils and on their effect on 
topsoil hydraulic properties. Nishimura et al. (1993) showed the occurrence of seal 
formation on an Andisol topsoil surface which was subjected to simulated rainfall and 
demonstrated that crust development led to the classical non-linear decrease of the 
infiltration rate as a function of rainfall duration, as previously reported in tropical sandy 
and temperate silty cultivated soils. Our study clearly showed that tilled organic-rich 
Andisols, were affected by soil crusting leading to a non-linear decrease of the 
infiltration rate (Fig. 5). Moreover, our results suggested that this process should be 
related to the weathering stage of volcanic ash soils. Structural crust formation in young 
Andisols was related to aggregate breakdown by the kinetic energy of raindrops. This 
process results from the relatively low structural stability of aggregates in this young 
Pichincha Andisol (Table 3). Thus, young Andisols such as at the Pichincha site, with 
low amounts of secondary constituents, are more susceptible to seal formation than a 
mature Andisol such as at El Angel, characterized by strong intra-aggregate binding by 
organic matter (in our case, organo-metallic complexes). However, the mature non-al- 
lophanic Andisol appeared more sensitive to the compaction of the soil surface than the 
young Andisol. This led to the formation on the tilled El Angel soil surfaces of a 
compacted seal which limited the proportion of large pores which connected the soil 
surface to its very porous soil structure (bulk density < 0.4 cm3 g-'). 

On burned plots, we observed little variation of slope a of the relation fc =f(Z) 
close to O. This result suggests an homogeneous plot where K,  is constant during each 
event. Mean K ,  is close to 40 mm h-' (i.e., lower than for undisturbed plots at 
Pichincha) but the standard variation appears high; K ,  tended to decrease between runs 
1 and 2 but tended to increase between runs 3 and 4. 

Bare fallow plots presented a constant slight negative a coefficient suggesting a light 
crusting process. However, K ,  in the first run was significantly lower than for 
undisturbed and tilled plots; K,  decreased strongly between runs 1 and 2, and remained 
quite constant (about 20 mm h-') for the subsequent runs. 
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Water repellency occurred after burning on a young Andisol and after natural air 
drying in the bare fallow plots of a mature non-allophanic A horizon. This water 

conductivity lower than the undisturbed plot. Many authors have reported the effect of 
' burning on water repellency and its consequences in different environments (Wells et 

al., 1979; Imeson et al., 1992). Savage et al. (1972) have shown that the transformation 
of organic matter products by heating is responsible for water repellency. In the case of 
a non-allophanic Andisol, very rich in organic matter, water repellency could appear 
with just natural air drying (see Table 3). On bare fallow plots at El Angel this is 
evident. Similar evidence of hydrophobic behaviour in bare organic-rich soil with andic 
properties was recently reported by Clothier et al. (2000). The increase of K ,  between 
runs 3 and 4 for burned plots (Fig. 3) could be attributed to a progressive breakdown of 
water repellency as it was reported in the same reference (Clothier et al., 2000). 

Our results showed that a decrease of the infiltration rate was a consequence of initial 
water repellency. According to Barrett and Slaymaker (1989) and Dekker and Ritsema 
(1996), development of preferential flow paths is highly probable in such water repellent 
soils but our data are unable to substantiate the occurrence of this process. 

, repellency was substantiated by low pre-runoff rainfall in the first run, and hydraulic 

J 

3.4. Sediiizent losses arid the erosion process 

Fig. 6 shows the relation between cumulative soil losses and cumulative kinetic 
energy. Sediment losses from natural undisturbed páramos were very low, with total 
erosion being less than 100 g (Fig. 6). Sediment losses increase linearly as a function of 
cumulative rainfall kinetic energy. The slope of the relation could be considered as a soil 
erodibility index. The burned plots at Pichincha and the tilled plots at El Angel exhibited 
moderate rates of sediment losses, with total erosion lower than 250 g. For tilled plots at 
Pichincha we observed a non-linear relationship between erosion and kinetic energy 
with steep slope increase during the first three runs and a lower increase for the fourth 
run. The crusting processes in tilled Pichincha plots occurred during the three first runs 
(see Fig. 5 with a coefficient a near O for the fourth run). After crust development, at 
the fourth rainfall event, runoff was high but lapilli and compact structural crusts 
protected the surface from erosion. Subsequently, erosion produced by the fourth run 
was veiy low. Breakdown of aggregates and splash effect was lower in the case of the 
recently tilled El Angel site because of the higher structural stability of dried and moist 
aggregates available (Table 3). Very high organic matter content and classical formation 
of stable aggregates by drying of the Andisols explained this high stability of structure. 

Pichincha and by a factor of 5 at El Angel. 
Bare plots following fallow at El Angel had very high sediment losses, with a total 

higher than 1 kg. Erosion was linearly related with kinetic energy with a very high 
erodibility index. With a coefficient (Y near O, this erosion was not related with the 
crusting process but appeared to be linked with water repellency development. The 
consequences of water repellency on erosion are documented rarely except on sandy 
water repellent soil (DeMCer and Jungehus, 1990). Our experiments showed very high 
sediment losses on the hydrophobic cultivated plots of the El Angel soil while Table 3 

I As a result, the cumulated erosion was multiplied by a factor of 10 after tillage in 
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Fig. 6. Evolution of cumulative sediment losses as a function of cumulative kinetic energy for different soil 
surface treatments. 

L 

indicates the very high structural stability of dried aggregates on this soil. These results 
therefore contradict the classical relation between high stability and low erosion. Water 
repellency combined with the low bulk density of soil aggregates explains the intensity 
of sediment losses. Erosion occurred in the form of floating hydrophobic and stable 
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sand-size aggregates. Similar erosion through floating has been reported for the Andisols 
of Réunion Island (Raunet, 1991) and Costa Rica (Collinet et al., 1998). Erosion through 
floating seems to be specific to Andisols where both water repellency and low bulk 
density are found. On burned páramos, the bulk density of the few aggregates detached 
from the surface appeared to be too high. 

3.5. Evolution of soil su$ace 

Table 4 presents the roughness indexes (standard deviation of slope-corrected eleva- 
tion) before and after the four rainfall events for the plots showing a negative a value 
(i.e., tilled plots of both site and bare fallow plots). We observed an important decrease 
in roughness due to rainfall in all cases. The decrease of the roughness index was 
particularly high for tilled plots and slightly lower for bare fallow plots where the initial 
roughness was higher (Table 4). Fig. 7 illustrates, for one representative plot of each 
type, the change in topography before (a) and after (b) the rainfall events. Calculation of 
the difference between the initial elevation (ho) and the final elevation (h,) allows us to 
draw a map (c) showing the zone of erosion (where ho > 12,) in red and the zone of 
accumulation (where ho < h,) in blue. This map is superimposed to the initial 3D 
topography. We show that for tilled plots, redistribution of materials occurred with 
erosion of the higher parts of the microtopography and accumulation of eroded materials 
in the micro-depressions (Fig. 7). On bare fallow plots, all the surface was strongly 
eroded and accumulation was only observed in a local position near the bottom of the 
plots (and possibly by the edge effect) (Fig. 7). Then, erosion by floating of aggregates 
led to a total "unstick" of the soil suface as it was yet reported by Raunet (1991). 

Table 4 
Standard deviation of slope-corrected elevation (uh) in cm of the tilled and bare fallow plot replicates before 
and after the four successive rainfall events. 

Replicate ffh (cm) 
Before the rain After the rain 

Piclzinclia tilled 
1 
2 
3 

El Angel tilled 
1 
2 
3 

El Angel bare fallow 
1 
2 
3 

0.694 
0.900 
0.740 

0.655 
0.711 
0.789 

0.508 
0.536 
0.633 

0.550 
0.632 
0.535 

0.943 
1.132 
1 .O25 

0.719 
0.934 
0.846 
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Tilled Pichincha plot 
Initial topography Final topography 

Accumulation zone 

Tilled El Angel plot 
Initial topography Final topography 

Bare Fallow El Angel plot 
Initial topography Final topography _ _ _  

Fig. 7. Examples of initial, final, and differential (ho - h,) three-dimensional topographies of 1 m2 tilled and 
hare fallow plots before and after the four successive rainfall events. 
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Before the rainfall experiments, the soil surface of tilled plots was composed at both 
sites of free aggregates due to tillage (Table 5). After the rainfall, we observed 
distinctive main features between both sites. On the tilled plots at Pichincha, results 
indicated the slaking of free aggregates and the formation of (i) a gravel crust and (ii) a 
structural crust (Table 5). The gravel crust was composed of lapilli remaining on the 
surface while fine surrounding particles were eroded (see Fig. 8). The structural crust 
was composed of thin micro-layers of white sands overlaying a finer particle layer 
where relics of clods disappeared (Fig. 8). This type of crust is similar to the sieving 
crusts of Valentin and Bresson (1992) (i.e., a sorting of particles reverse to the 
sedimentary process, where finer materials are found above coarse particles). Near the 
bottom of the plots, a thin deposit of sand and fine particles formed a depositional crust 
(Fig. 8). This crust appears to be due to the edge effect of the plot where sedimentation 
occurred. On the tilled El Angel púrainos, we observed slaking of free aggregates with 
a diameter lower than 5 mm. The large surfaces of the plots remained occupied by clods 
of significant size (> 5 nun) partially included in the matrix bulk soil. We observed also 
the formation of a plasmic seal (i.e., a thin layer composed of compacted fine materials) 
which coated the smoothed clods included in the matrix (Fig. 8). This surface type was 
often associated with depositional crust between the relics of clods. The major process 
that caused this seal, is the compaction of the soil surface; this limited the amounts of 

Table 5 
Surface features of the tilled plots replicates before and after the four successive rainfall events 
B.R.: before the rain; A.R.: after the rain. 

Vegetation Free aggregates (mm) Lapilli Structural Depositional Plasmic 
residues > 20(%) > 5(%) < 5(%) crust crust seal 

(%) (%I (%) (%I (%o) 

Pichincha tilled 1 
B.R. 2 9 61 26 2 
A.R 6 3 21 45 4 21 
Pichincha tilled 2 
B.R. O 7 71 20 2 
A.R. 7 1 33 36 3 20 
Pichincha tilled 3 
B.R. O 2 67 27 4 
A.R. 4 1 37 35 8 16 
El Angel tilled 1 
B.R. 1 1 44 54 
A.R. 3 3 41 10 1 41 
El Angel tilled 2 
B.R. 1 3 50 46 
A.R. 7 1 43 12 1 35 
El Angel tilled 3 
B.R. O 7 57 36 
A.R. 2 1 48 6 2 40 
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Fig. S. Schematic representation of soil surface features on tilled plots before and after four successive rainfall 
events. 

large pores connected to the surface of this very porous soil (with bulk density < 0.4) 
by the energy of the rainfall. 

4. Conclusion 

1. Land use clearly affects runoff and erosion in the Andean pcirumos. Undisturbed 
páramos present high infiltration and low erosion rates. Both tillage and burning 
increase the runoff coefficient threefold. 

2. Sediment losses increase on all types of land use as compared to undisturbed 
páramos but especially, after land abandonment, the total erosion under our simulated 
rainfalls increases from approximately 80 g m-’ (undisturbed phamos) to approxi- 
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c 

mately 1200 g m-2. This very strong increase is related to floating stable and 
water-repellent aggregates. 

3. After the destruction of the natural vegetal soil cover, the drying of the soil surface 
due to burning and air-drying seems to be the key factor of the change on hydrodynamic 
and erosive behaviour. 
4. Our results show that the soil characteristics (materials, genesis and weathering 

stage) have a role in the hydrodynamic behaviour before and after land use change. In 
the case of non-allophanic Andisols, hydraulic conductivity and its variation over time, 
water-aggregate stability, soil crusting and the development of hydrophobic properties 
appear to be strongly related to soil age. Contrary to many hydrological models, the 
weathering stage and the pedological history of soils need to be accounted for to predict 
the runoff rate and the intensity of erosion of volcanic ash soil of the páramos. 

5. Others experiments are required to validate these results for natural rain and at 
watershed scales. But many field observations confirm that under natural rainfall, the 
soil crusting process and floating of stable aggregates occurred in the Ecuadorian 
púramos on former cultivated areas. 
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