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Abstract

The páramo is a neotropical alpine ecosystem that covers more than 75,000 km2 of the northern Andes of Colombia, Ecuador,

Venezuela, and Peru. It provides important environmental services: more than 10 million people in the Andean highlands benefit

from the water supply and regulation function, which is attributed to the volcanic soils that underlie the ecosystem. The soils are

also major carbon sinks of global significance. Severe land use changes and soil degradation threaten both the hydrology and

carbon sink function. Nevertheless, soil genesis and properties in the páramo is rather poorly understood, nor are their ecological

functions well documented. The impact of the geomorphology of the páramo on soil genesis was studied in the rio Paute basin,

south Ecuador. Two toposequences were described and analysed. In each toposequence, four pedons were selected representing

summit, backslope, undrained plain situation, and valley bottom positions in the landscape. The soils are classified as Hydric

Andosols in the World Reference Base for Soil Resources and Epiaquands or Hydrudands in Soil Taxonomy. They are very acidic

and have a high organic matter content, high P deficiency, and Al toxicity. Their water content ranges from 2.64 g g�1 at saturation,

down to 1.24 g g�1 at wilting point, resulting in a large water storage capacity. Two major soil forming processes are identified: (1)

volcanic ash deposition and (2) accumulation of organic carbon. Volcanic ash deposits may vary in depth as a result of regional

geomorphological factors such as parent material, orientation, slope, and altitude. Organic carbon accumulation is an interaction of

both waterlogging, which depends on the position in the landscape, and the formation of organometallic complexes with Al and Fe

released during volcanic ash breakdown. Despite the high variability in parent material and topography, the soil is characterised by

a notable homogeneity in physico-chemical properties. Statistical analysis reveals that only topographic location has a slight but

significant influence on soil pH as well as the organic matter content, saturated conductivity and water retention at high pressure.

Finally, the exceptional properties of these soils provide useful insights to improve classification of the Andosols reference group of

the FAO World reference Base for Soil Resources.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The páramo (Fig. 1) is a high altitude neotropical

grassland ecosystem, located between the continuous
0169-555X/$ - see front matter D 2005 Elsevier B.V. All rights reserved.

doi:10.1016/j.geomorph.2005.06.012

* Corresponding author.

E-mail address: Wouter.Buytaert@agr.kuleuven.ac.be

(W. Buytaert).
forest border (~3500 m asl) and the eternal snow line

(~5000 m asl) of the northern Andes (Mena and Medina,

2001; Hofstede et al., 2003). It forms a discontinuous

belt that stretches from northern Peru over Ecuador and

Colombia to Venezuela and covers about 77,000 km2

(Dinerstein et al., 1995). It is a remote and desolate area

with limited human activity. Nevertheless, the páramo

has an important socio-economic function as major
2005) xxx–xxx
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Fig. 1. A photograph of the typical páramo ecosystem, consisting of neotropical alpine grassland covering U-shaped valleys, lakes, and a steep and

accidented relief formed by glacier activity.

ig. 2. Overview map of the Austro Ecuatoriano with the rio Paute

asin and the location of the experimental catchments. Az=Azogues,

a=Saraguro, Tu=Tungurahua volcano, Sa=Sangay volcano. Coor-

inates are in 105 UTM.
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water supplier for the Andean highlands. As groundwa-

ter is difficult to extract, large cities such as Bogota and

Quito depend entirely on the páramo for their water

supply. The high water regulation capacity is commonly

attributed to the volcanic soils. Their extremely porous

and open soil structure can retain high amounts of water

(Hofstede, 1995; Mena and Medina, 2001; Buytaert et

al., in press). Additionally, the páramo is an important

global carbon sink (Abcouwer, 2000). Organic carbon

sequestration is enhanced by the low redox potential

because of the high soil water content and the wet

climate. Additionally, volcanic ash deposits increase

organic matter accumulation by means of the formation

of organometallic complexes with Al and Fe released

during weathering of the ashes (Nanzyo et al., 1993;

FAO/ISRIC/ISSS, 1998). The water regulation capacity

and organic carbon accumulation may be irreversibly

damaged by intensification of the human activity in the

páramo. At present, a drastic increase in livestock graz-

ing and cultivation are observed (Podwojewski et al.,

2002; Buytaert, 2004). Despite the hydrological impor-

tance, soils of the páramo are poorly understood. In the

páramo, soil genesis is strongly related to the geomor-

phology of the region. Two major processes are identi-

fied: (1) volcanic ash deposits and (2) accumulation of

organic carbon (Poulenard et al., 2001; Buytaert et al., in

press). It is well known that the amount of volcanic ash

deposits can vary strongly as a result of factors such as

parent material, orientation, slope, and altitude of a

location (Kehrer and Van der Kaaden, 1979; Barberi et

al., 1988; Mothes and Hall, 1991; Coltorti and Ollier,

2000). The resulting variability in soil properties, how-

ever, is largely unknown.
The rio Paute basin in south Ecuador (Fig. 2) offers

unique opportunities to study the impact of geomor-

phology on the variability of volcanic soils. It is situ-

ated on the border of the area of influence of the

volcanic ash deposits from Sangay, Tungurahua, and

Chimborazo (Buytaert, 2004). These volcanoes, located

to the north in central Ecuador, are the southernmost

volcanoes of the Quaternary Northern Volcanic Zone of

the so-called Carnegie ridge (Barberi et al., 1988),

stretching from Colombia to central Ecuador. Ashes
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from these volcanoes are rather acidic in composition

(Monzier et al., 1999), which is typical for subduction

areas and therefore representative for other volcanic

areas such as the so-called bfire ringQ in the Pacific.

Also, the amount of deposited ashes is relatively low,

which means that variations in the deposited quantity,

caused by topographic conditions such as slope and

orientation, may have a high impact on soil formation.

Finally, because of the low quantities of volcanic ashes,

the composition of the underlying bedrock, which is

highly variable in the region (Kehrer and Van der

Kaaden, 1979; Barberi et al., 1988; Coltorti and Ollier,

2000), may be of larger importance for soil genesis than

in most volcanic soils described in literature.

This study assesses the impact of differences in

geomorphology on soil genesis. By means of 8 soil

profiles along two toposequences, the impact of topo-

graphic position, climate and parent material on the soil

properties is evaluated. Besides an improved under-

standing in the genesis of volcanic soils and its relation

with geomorphology, the study is also important in

view of sustainable páramo management. It is a neces-

sary step for zonification and vulnerability mapping of

the páramo soils, which is an indispensable tool for an

adequate land use planning and management.

Besides its importance at regional level, the current

study intends to contribute to the understanding of the

genesis and to improve the world-wide classification of

volcanic soils (Andosols in the World Reference Base

for Soil Resources (FAO/ISRIC/ISSS, 1998) and Andi-

sols in Soil Taxonomy (Soil Survey Staff, 2003)).

Andosols cover extensive areas of high importance

for agricultural production, for instance in the Andean

countries, Japan, the Pacific islands, New Zealand and

Iceland (FAO/ISRIC/ISSS, 1998). They range from

young, poorly weathered soils with high amounts of

volcanic glass and minerals such as allophane and

imogolite, to strongly weathered soils with high

amounts of organometallic complexes and completely

devoid of allophane (FAO/ISRIC/ISSS, 1998). Com-

pared to most Andosols, the soils in the rio Paute basin

are formed in a wetter climate, and with lower quanti-

ties of volcanic ash (Nanzyo et al., 1993). Therefore,

stronger leaching occurs, an advanced weathering stage

is reached rather quickly, and organic matter accumu-

lation plays a more important role. As such the soils

described in this study are at the far end of the weath-

ering side of this spectrum, which is a poorly docu-

mented area and needs further study. This was a

conclusion at the International Conference and Field

Workshop on Soil Classification in Petrozavodsk, 2004

(Krasilnikov, 2004).
2. General information

2.1. Geology and parent material

In Ecuador, the Andes consists of two north–south

oriented ridges separated by a tectonic depression: the

Western and Central Cordillera (Fig. 2). The Eastern

Cordillera forms a much less prominent ridge and

reaches the dimensions of the other Cordilleras only

farther north in Colombia.

The Central Cordillera consists of Paleozoic and

possibly Precambrian metamorphic rocks, intruded

with granite and granodiorite batholites, 214–10 Ma

in age. On the Pacific side, the Western Cordillera

consists of sedimentary and basic to intermediate vol-

canic deposits emplaced in a submarine environment

(Macuchi Formation) (Barberi et al., 1988) (Fig. 3).

During the Tertiary, these formations were covered by

intermediate and acid volcanic rocks, prior to the start

of tectonic uplift. In the rio Paute basin, Tertiary for-

mations include the Saraguro and Tarqui Formations

(Fig. 3). The Late Oligocene to Early Miocene Saraguro

Formation is located in the south of the study area and

consists of intermediate to acid pyroclasts, with andes-

itic to dacitic tuffs and lava (Coltorti and Ollier, 2000).

The younger Tarqui Formation is Late Miocene to Plio-

Pleistocene and consists of a large variety of lithologies,

including rhyolitic to andesitic volcanic breccias, pyro-

clastic flows, ignimbrites, and airborne tuffs (Hunger-

bühler et al., 2002).

Once orogenesis started and the Cordilleras originat-

ed, volcanoes covered the emerging ridges with pyro-

clasts. The interandean depression was filled with a

thick sequence of Plio-Pleistocene fluviatile and lacus-

trine deposits, while in the upper parts of the Cordil-

leras, the older Palaeozoic basements were exposed by

erosion. In the rio Paute basin, rocks originating from

the Quaternary volcanoes in the north are limited to thin

layers of fine-grained ashes, principally occurring in the

NW of the basin (Barberi et al., 1988; Winckell et al.,

1991; Monzier et al., 1999). These deposits are Late

Quaternary to Holocene in age and belong to the Alausi

Formation. Because of the high variability of the com-

position (Hall et al., 1999; Monzier et al., 1999), the

exact origin of the ashes is difficult to determine. From

a geographical perspective, the volcanoes Sangay and

Tungurahua (Fig. 2) are most likely candidates, as they

are closest to the study sites Huagrauma and Ningar at

respectively ~100 and ~150 km distance (Table 1).

In accordance with these Holocenic ash falls, soil

mineralogy in the northern part of the rio Paute basin is

dominated by amorphous minerals. Apart from these,
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Fig. 3. Overview of the major geological formations in the Austro Ecuatoriano. Coordinates are in 105 UTM. Cu=Cuenca, Az=Azogues,

Al=Alausi, Sa=Saraguro.
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the Central Cordillera is characterized by the occur-

rence of gibbsite, crystobalite, illite, and kaolinite, re-

lated to the occurrence of strongly weathered regolith in

this Cordillera. On the other hand, in the Western

Cordillera, hematite, cristobalite, and hydroxylated ver-

miculite are found. Contrasts between the topsoil and

the subsoil are minimal (Buytaert, 2004).

2.2. Soil properties

The main soil formation factors in the páramo of the

rio Paute basin are the occurrence of Holocenic ashes,

the cold and wet climate, and topography. Saturated

conditions are very prominent in the lower parts of the

catchments, where flow paths converge and landscape

concavities appear. Most of these lands are saturated

throughout the year, inducing very deep soils, water-

logging, and low redox potential. These circumstances

are completely absent on the steep slopes and upland
Table 1

Characteristics of the described toposequences

Name Huagrauma Ningar

Mountain range Western Central

Altitude (m) 3690–3960 3330–3560

Rainfall (mm) 1400 1100

Pedon orientation West West

Distance to Sangay (km) 105 78

Parent material Tertiary

volcanoclastic

Palaeozoic metamorphic

and sedimentary
positions, where very high porosity and good drainage

cause well-aerated conditions and where the soil is

much thinner.

The soils of the south Ecuadorian páramo are very

rarely described in the literature. To the authors’ knowl-

edge, the only published soil profile descriptions in the

páramo of the rio Paute basin are given by Poulenard et

al. (2003). They recently described two pedons in the

south Ecuadorian páramo, located respectively at 3700

m altitude near Cuenca in the Western Cordillera and at

3250 m altitude near Azogues in the Central Cordillera

(Fig. 2). The soils are nonallophanic Andosols, classi-

fied as hydrivitric Andosols in the World Reference

Base for Soil Resources (WRB) (FAO/ISRIC/ISSS,

1998). Among the most important soil properties are

an elevated organic C content (170–200 g kg�1), an

(Alo+0.5 Feo) content between 24–40 g kg�1 in the

upper horizons, an Alp /Alo ratio close to 1, and a

melanic index of about 1.5. The volcanic glass content

in the 2000–20 Am fraction ranges between 24% and

49%. Despite the absence of allophane, the soils devel-

oped strong hydric properties, with a water retention at

�1500 kPa of ~1.4 g g�1. These properties are attrib-

uted to the high organic matter content, which plays an

important role in the development of small pores in

these soils (Buytaert et al., 2002).

Generally, most soils of the Ecuadorian and Colom-

bian páramo are classified as nonallophanic Andosols

(FAO, 1964; Colmet-Daage et al., 1967, 1969; Wright,

1968; Poulenard, 2000). They typically consist of a
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deep, black, melanic A horizon with little differentia-

tion, sharply differentiated from a dense and compact,

pale subsoil. Organic matter accumulation can be very

high and is commonly related to the cold and wet

climate and the high altitude, favouring slow microbial

decomposition. The resulting low pH, and the abun-

dance of organic acids, strongly favour the incorpora-

tion of Al and Fe, released by weathering of volcanic

ashes, in organometal complexes rather than amor-

phous minerals (Nanzyo et al., 1993). The high precip-

itation favours leaching of basic cations as well as Si

(Wright, 1968). In locations with regular dry periods,

leaching is lower. In these soils, pH is higher, and

genesis of minerals like allophane, halloysite, and

montmorillonite occurs (Colmet-Daage et al., 1969).

3. Materials and methods

3.1. Study area

The area of study is the rio Paute basin (Fig. 2),

which forms part of the Austro Ecuatoriano, the south-

ern Ecuadorian Andes region between 2815V–3830V S.
The vegetation consists mainly of tussock grass species

(Festuca sp., Stipa sp.) and scarcely scattered patches
Fig. 4. Detailed map of the experimental catchments, with the exact location

P=Plain, T=Top position. A vertical section of the transects (indicated as a
of quinoa trees (Polylepis sp.) (Hedberg, 1992; Luteyn

et al., 1992). In concavities, river borders and flat areas,

water stagnation is very prominent and a swamp veg-

etation develops. The páramo has a udic moisture and

an isomesic temperature regime (Van Wambeke, 1981).

Rainfall is rather high (averaging between 1200–2000

mm year�1) but well distributed and generally with low

intensities. The mean daily temperature at 3500 m is ~7

8C and constant throughout the year, but with high

diurnal amplitudes. For detailed descriptions of the

páramo see Hofstede (1995) and Mena and Medina

(2001). The geomorphology of the region was formed

by glacial activity during the Pleistocene, creating large

U-shaped valleys, lakes, and a steep and irregular to-

pography (Fig. 1).

3.2. Soil sampling

In two small catchments, one in each Cordillera,

toposequences were drawn, located ~100 km north of

the city of Cuenca (Fig. 2). Each toposequence consists

of four pedons, representing the following positions in

the toposequence: summit, backslope, undrained plain

situation, and valley bottom (Fig. 4, Table 1). Care was

taken to avoid locations with evidence of mass dis-
of the selected pedons within the toposequences. V=Valley, S=Slope,

black line on the maps) is given below each map.
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placement, which occurs regularly because of the

high water saturation and steep slopes. A profile

description of macromorphological soil characteristics

was carried out according to FAO guidelines (FAO,

1990). Representative bulk soil samples were collect-

ed from the horizons of each pedon, air-dried, and

passed through a 2-mm sieve. Undisturbed core sam-

ples were taken using Kopecky rings (100 cm3).

Munsell colour and field texture were determined

on field moist samples.

3.3. Soil analysis

Bulk density was determined by oven drying the

core samples for 24 h at 105 8C. Texture analysis was

done using the pipette method, after dispersion with

sodium hexametaphosphate (Van Reeuwijk, 2002). For

Andosols the recommended method is dispersion using

Na-resin (Bartoli et al., 1991), but because of technical

limitations (in Ecuador) this was not possible. There-

fore, the granulometric data should be treated cautious-

ly. The sample may appear coarser due to an inadequate

dispersion. Soil pH was determined in H2O and KCl (1

M solution) in a 1 :2.5 soil : liquid mixture. Organic
Table 2

Morphological characteristics of the described pedons (HU=Huagrauma to

Location Hor.a Depth

(cm)

Colour

(Munsell)

Field

HU-top Ah 0–24 7.5 YR 1.7/1 Clay silt

HU-top A 24–56 7.5 YR 1.7/1 Silt

HU-top C N56 7.5 YR 5/3 Clay

HU-slope Ah 0–12 10 YR 2/1 Silty clay

HU-slope A 12–44 10 YR 1.7/1 Clay silt

HU-slope C N44 10 YR 4/4 Sandy clay

HU-plain Ah1 0–15 10 YR 2/3 Clay silt

HU-plain Ah2 15–41 10 YR 1.7/1 Clay silt

HU-plain A 41–62 10 YR 1.7/1 Clay

HU-plain C N62 10 YR 5/3 –

HU-valley H 0–18 7.5 YR 2/1 Clay silt

HU-valley A 18–110 7.5 YR 4/1 Silt

HU-valley C 110–135 7.5 YR 3/1 Clay

NG-top Ah1 0–22 7.5 YR 2/2 Clay

NG-top Ah2 22–42 7.5 YR 3/3 Clay

NG-top A 42–60 7.5 YR 3/4 Clay silt

NG-top C N60 7.5 YR 4/6 Sandy clay

NG-slope Ah 0–17 7.5 YR 1.7/1 Silty clay

NG-slope A 17–60 7.5 YR 1.7/1 Clay

NG-slope C N60 7.5 YR 5/8 Sandy clay

NG-plain H 0–16 7.5 YR 3/4 Clay

NG-plain A 16–62 7.5 YR 2/1 Clay silt

NG-plain C N62 7.5 YR 6/1 Clay

NG-valley H 0–30 7.5 YR 2/2 Clay

NG-valley A 30–70 7.5 YR 4/2 Clay

NG-valley C N70 7.5 YR 3/3 Sandy silt

a Hor.=horizon.
matter was measured by weight loss after incineration

at 600 8C. These data were corrected with a calibration

curve calculated from incineration loss and organic C

elemental analysis on similar samples, using the

Dumas-method on an EAS varioMax N/CN (Elt,

Gouda, The Netherlands). The pyrophosphate and ox-

alate extractable Al (Alp and Alo) was determined using

the standard procedure described by Van Reeuwijk

(2002). An acid 0.2 M ammonium oxalate solution at

pH 3 and a 0.1 M Na pyrophosphate solution were

used, followed by atomic absorption spectrometry at

309.3 nm using a nitrous oxide/acetylene flame. The

results were corrected with a soil moisture correction

factor calculated from the water content of air-dried

samples. The P retention of the samples was analysed

with the Blakemore method (Van Reeuwijk, 2002).

Water retention was measured with both the multistep

outflow method (Van Dam et al., 1992) at pressures of

0, 10, 20, 30, 40, and 50 kPa and the classical method

on a porous membrane at 0.3, 1, 3, 10, 20 and 35 kPa.

Water retention at high pF values was measured on

disturbed soil samples on a porous membrane at 250

and 1500 kPa. The water content in the air-dried sam-

ples was used as residual water content. Saturated
posequence, NG=Ningar toposequence)

Consistency Pores

(# dm�2)

Roots

(# dm�2)

Boundary Glass

(%)

Very friable N200 N200 Undulating 1–5

Very friable N200 50–200 Clear 1–5

Firm 50–200 0–50 – b1

Very friable N200 50–200 Diffuse 1–5

Friable N200 50–200 Clear 1–5

Very friable 51–200 50–200 – 0

Friable N200 N200 Smooth b1

Very friable N200 N200 Diffuse 1–5

Very friable N200 N200 Clear b1

– 50–200 20–50 – 0

– (Too wet) N200 N200 Smooth b1

– (Too wet) N200 N200 Clear 1–5

– (Too wet) N200 N200 – 0

Very Friable N200 N200 Undulating 1–5

Friable N200 50–200 Undulating 5–10

Firm N200 20–50 Irregular b1

Very firm 20–50 20–50 – 0

Friable N200 N200 Smooth 5–10

Friable N200 50–200 Clear 1–5

Friable N200 0 – 0

Very friable N200 N200 Smooth b1

Friable N200 N200 Clear 1–5

– (Too wet) N200 N200 – 0

Friable N200 N200 Smooth b1

– (Too wet) N200 N200 Clear 1–5

– (Too wet) N200 20–50 – 0
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conductivity (Ks) was measured on the core samples

with the constant head method (Brady and Weil, 1999).

Multiple analysis of variance (MANOVA) was used

to reveal the influence of catchment location, pedon

location within the toposequence, and the soil horizon

on soil properties. The relationships within the dataset

were investigated using correlation and linear regres-

sion analyses.

4. Results

4.1. Morphology and profile development

The morphological properties of the profiles are

summarized in Table 2. Generally, a dark, almost

black Ah or H horizon gradually evolves into an A

horizon with little differentiation, except a decrease of

the amount of undecomposed organic material and

some rather small colour variations (Fig. 5). The colour

variation is highest in the water-saturated locations and

probably from redox differences. In the HU-Valley A

horizon, a succession of black and more brownish

layers is visible, indicating repeated fluviatile deposits

and intermediate organic matter accumulation. The tran-

sition from the A horizon down to the subsoil is abrupt

and only disturbed by the presence of rounded rocks

and debris occurring mainly at the transition border, an
Fig. 5. A photograph of a typical south Ecuadorian Hydric Andosol,

the Huagrauma (HU) plain profile as described in present study.
obvious indication of glacial activity. The landscape

clearly indicates that the valleys are shaped by the last

glacial period (Winckell et al., 1991) (Fig. 1). After

glacial retreat, the surface was covered by a uniform

blanket, mainly consisting of organic matter with minor

amounts of volcanic glass and bedrock fragments, cur-

rently constituting the A, Ah, and H horizons. The

thickness of this layer is remarkably uniform, ranging

from 0.44–0.62 m, except in the valley bottoms, which

have been exposed to fluviatile deposits (0.70–1.10 m).

Although absent in bedrock, volcanic glass is clearly

visible in the pedons, but only in amounts b5%. The

presence of volcanic ash accords with the geological

background. Winckell et al. (1991) dated the age of the

ashes as more recent than 4180 y BP, which is in

accordance with the 14C data of Poulenard et al.

(2003) who assumed that the ash depositions are

more recent than 3000 y BP.

Contrary to Poulenard et al. (2003), the amount of

observed volcanic glass only exceeds 5% in a few

horizons in Ningar. In the current study, volcanic

glass contents were estimated in field conditions with

a lens. These results agree with the micromorphological

analysis of thin sections from nearby profiles in El

Cajas National Park, by Prof. Stoops of the Ghent

University, who kindly permitted their publication

(Fig. 6). These sections show a dominance of organic

material with quartz and mica as major mineral consti-

tuents. If volcanic glass is present, it is in the upper part

of the profile and in minor amounts only.

The occurrence of iron oxide coatings in the thin

sections and iron oxide accumulation at the limit be-

tween the A and C horizons, sometimes resulting in

weak placic properties, suggest advanced weathering of

the volcanic ashes. This hypothesis is likely in view of

the environmental conditions: the high altitude and low

latitude causes high radiation during the day, which can

temporarily increase surface temperature, while the wet

climate is responsible for advanced leaching conditions.

The advanced weathering stage is confirmed by the

occurrence of 2 :1 clay minerals such as vermiculate

and chlorite, as well as 1 :1 minerals (e.g., kaolinite)

(Buytaert, 2004), indicating advanced weathering. All

soils exhibit noticeable thixotropy (FAO/ISRIC/ISSS,

1998) in the A horizon.

4.2. Chemical properties

The soils are dominated by a strong accumulation of

organic matter, b68%. An abundance of organic acids

and a low pH (4.4–5.6) generally favours the complex-

ation of Al with organic matter instead of incorporation
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Fig. 6. Photographs of thin sections of Hydric Andosols in Cajas National Park. (A) Channel and vugh intrapedal microstructure with dark brown,

practically black micromass. The minerals are large fragments of sandstone, chalcedony and quartz. (B) Brownish micromass (mm) and root

channel (RC) hypocoatings (hc) of Fe and Mg hydroxide, with infillings of siderite crystals. (C) Fine subangular microstructure, few grains of

quartz, and volcanic glass in a dark brown, organic micromass. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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in amorphous minerals such as allophane and imogolite

(Wada and Higashi, 1976; Wada, 1985; Nanzyo et al.,

1993). In many samples, the ratio is close to unity or

even exceeds this theoretical maximum, indicating the

dominance of organometallic complexes. On the other

hand, particularly in the Ningar samples and the C

horizons, the ratio is b0.5 and amorphous minerals

are more common. Alo values are typical for volcanic

soils and range between 6–62 g g�1. The lowest values

are found in the H horizons of the water-saturated plain

and valley situations. Here, the soil is dominated by

organic matter and the mineral fraction is limited to, for

example 33.7% in HU-Valley-H and 31.4% in HU-

Plain Ah1 (Table 3). Furthermore, the difference be-

tween pH in KCl and in H2O indicates an abundance of

negative charges on the colloids, which is not surprising

in view of the large organic C content. Both in the top-

and subsoil, P retention is high, up to 99%, with only a

few values b80%.
4.3. Physical properties

The soils of the páramo exhibit extraordinary physical

properties that are held responsible for the excellent

water regulation capacity of the páramo (Buytaert et

al., 2004). The friable to very friable consistency and

crumbly, open structure of the topsoil is reflected in the

low bulk density, ranging from 0.13 g cm�3 in the H

horizon of the Huagrauma valley to 0.72 in the A horizon

of Ningar’s top hill (Table 4). Consequently, the soil

water content is extraordinarily high, compared to min-

eral soils (Brady and Weil, 1999). In the topsoil, the

saturated water retention capacity averages 2.6 g g�1,

but can exceed 6 g g�1 in the H horizon. Even while a

large quantity of the stored water is unavailable for plants

(the average retention at �1500 kPa is 1.2 g g�1), the

water storage capacity is ~1.4 g g�1. Both the classical

suction method and the multistep outflow method give

comparable results and accord with the disturbed porous
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Table 3

Chemical characteristics of the described pedons

Location Horizon pH (H2O) pH (KCl) OMa Alo Alp Alp /Alo Pretb

(wt.%) (g kg�1) (g kg�1) (%)

HU-top Ah 4.6 3.9 63.3 22.70 24.78 1.09 83.3

HU-top A 5.0 4.3 60.0 53.09 40.01 0.75 94.7

HU-top C 5.2 4.3 7.4 19.55 10.50 0.53 96.0

HU-slope Ah 4.3 3.8 63.3 25.90 22.90 0.88 84.2

HU-slope A 4.7 4.0 63.1 34.10 37.95 1.11 86.5

HU-slope C 4.9 4.3 12.4 24.74 11.77 0.47 96.4

HU-plain Ah1 5.2 4.4 68.6 10.36 9.85 0.95 77.8

HU-plain Ah2 5.4 4.5 55.7 33.03 39.86 1.20 96.8

HU-plain A 5.6 4.5 62.4 62.92 48.13 0.76 98.5

HU-valley H 4.9 4.4 66.3 10.90 11.37 1.04 92.9

HU-valley A 4.9 4.2 36.7 47.84 14.54 0.30 99.3

HU-valley C 4.5 3.6 14.7 18.56 7.59 0.40 81.9

NG-top Ah1 4.7 4.0 31.4 21.45 10.85 0.50 95.9

NG-top Ah2 4.5 4.1 20.6 22.37 9.81 0.43 98.3

NG-top A 4.8 4.1 16.7 18.11 7.31 0.40 97.7

NG-top C 4.4 4.0 10.6 11.74 2.98 0.25 77.1

NG-slope Ah 4.6 4.4 54.9 28.80 16.73 0.58 96.0

NG-slope A 5.1 4.0 45.4 53.74 19.10 0.35 99.1

NG-slope C 4.7 4.4 15.2 25.26 5.89 0.23 96.5

NG-plain H 4.8 4.4 63.1 7.17 4.27 0.59 97.3

NG-plain A 5.3 4.4 34.7 49.39 15.95 0.32 98.2

NG-plain C 4.6 3.7 10.2 10.66 1.31 0.12 54.5

NG-valley H 5.3 4.4 33.8 21.89 10.67 0.48 98.1

NG-valley A 4.7 4.1 8.9 12.06 3.21 0.26 85.3

NG-valley C 4.6 3.3 5.6 6.76 1.49 0.22 68.2

a OM=organic matter.
b Pret=phosphate retention.
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plate sample results in the high pF range. Volumetrically,

42% of the topsoil is occupied by water retained at

b �1500 kPa (Table 4). With an average depth of 0.65

m, this equals to a storage capacity of 275 mm. The loose

and open structure is also reflected in the high saturated

hydraulic conductivity (Table 4).

Topsoils physical properties strongly contrast with

subsoils. In the C horizons, water retention values are

~0.6 g g�1 at saturation down to 0.4 at wilting point

(�1500 kPa) and thus closer to values commonly

found in the literature. The saturated conductivity is

equally lower (13 mm h�1) (Table 4).

Texture analysis reveals a clayey silt texture, becom-

ing slightly sandier toward the subsoil. Variance is

rather low, indicating high homogeneity throughout

the different pedons.

5. Discussion

5.1. Soil properties and classification

The dark and smeary upper horizons are a mix of

organic matter and volcanic ashes, which have accumu-

lated on top of the Tertiary volcanoclastic bedrock after
the disappearance of the glacier caps, mixed with volca-

nic ashes. Bedrock fragments occur in the lower horizon.

All pedons have the properties and characteristics for

the presence of an Andic horizon, and can therefore be

classified as Andosols according to WRB. Most pro-

files, except NG-Top and HU-Valley, agree to the col-

our requirements, organic carbon, and thickness criteria

for the presence of a melanic horizon. However, few

development projects are eager to spend valuable

resources on the determination of properties such as

the melanic index, with low soil management relevance

(O. Spaargaren, ISRIC, pers. comm., 2004). Therefore,

the melanic index was not determined. With regard to

the subdivision of the Andic horizons, clear geograph-

ical differences are noticed. In Huagrauma, all pedons,

except the Valley situation, are aluandic, i.e., Alp /

AloN0.5. In Ningar, the Alp /Alo ratio is commonly

b0.5 (except for some H horizons), thus the profiles

are classified as silandic. Furthermore, all studied pro-

files have clear hydric properties. A third qualifier to

the soils would be appropriate: indicating the excep-

tionally high organic carbon content. For the valley and

plain situations, the soils can be denoted as histic,

which requires saturated conditions during at least
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Table 4

Physical characteristics of the described pedons

Location Horizon Sand Silt Clay Ks
a qb Porosity �0 kPa �1500 kPa

wt.% wt.% wt.% mm h�1 g cm�3 cm3 cm�3 g g�1 g g�1

HU-top Ah 23 40 37 14.88 0.27 0.82 2.97 1.31

HU-top A 34 41 25 45.26 0.25 0.84 3.28 2.39

HU-top C 39 15 46 NA NA NA NA NA

HU-slope Ah 12 55 33 44.05 0.23 0.82 3.53 2.09

HU-slope A 26 33 41 12.06 0.25 0.80 3.23 2.27

HU-slope C 58 19 23 28.96 0.95 0.56 0.59 0.30

HU-plain Ah1 40 32 28 176.70 0.15 0.81 5.24 1.80

HU-plain Ah2 39 31 30 243.93 0.18 0.83 4.67 2.29

HU-plain A 27 31 42 10.63 0.23 0.85 3.65 1.82

HU-valley H 34 29 37 29.61 0.13 0.85 6.61 1.65

HU-valley A 44 31 24 10.42 0.19 0.88 4.56 1.34

HU-valley C 27 20 53 2.33 0.58 0.78 1.34 0.63

NG-top Ah1 15 26 59 46.85 0.46 0.73 1.58 1.01

NG-top Ah2 23 27 50 41.91 0.67 0.69 1.02 0.62

NG-top A 36 25 39 37.25 0.72 0.64 0.88 0.49

NG-top C 57 21 22 NA NA NA NA NA

NG-slope Ah 16 43 41 8.90 0.33 0.80 2.38 1.78

NG-slope A 28 30 43 14.50 0.37 0.77 2.09 1.51

NG-slope C 52 19 29 25.08 0.84 0.60 0.71 0.35

NG-plain H 36 18 46 88.81 0.15 0.90 6.00 1.56

NG-plain A 23 37 39 7.44 0.42 0.81 1.91 1.38

NG-plain C 18 34 47 2.27 0.82 0.68 0.82 0.45

NG-valley H 24 31 45 9.71 0.33 0.84 2.53 1.04

NG-valley A 27 28 45 2.12 0.93 0.67 0.72 0.26

NG-valley C 53 35 12 7.00 1.33 0.47 0.35 0.16

a Ks=saturated hydraulic conductivity.
b q =bulk density.
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one month. For the slope and top situations, the folic

qualifier would be appropriate; but this qualifier does

not occur in the recommended list for Andosols in

WRB. We suggest, therefore, adding folic to the list

of recommended qualifiers for Andosols. Denoting
Table 5

Correlation matrix (r) of the most important soil characteristicsa

Sand Silt Clay pH(H2O) pH(KCl) Ks

Silt �0.54

Clay �0.72 �0.18

pH(H2O) 0.10 �0.12 �0.02

pH(KCl) 0.06 �0.15 0.05 0.66

Ks 0.20 �0.02 �0.20 0.36 0.39

r 0.35 �0.28 �0.17 �0.36 �0.56 �0.38

pF0 �0.42 0.27 0.26 0.35 0.51 0.27

OM �0.34 0.51 �0.01 0.25 0.43 0.39

AD �0.30 0.53 �0.07 0.39 0.38 0.23

Alo �0.16 0.28 �0.03 0.51 0.34 �0.04

Alp �0.22 0.41 �0.07 0.45 0.34 0.24

Pret �0.01 �0.20 0.18 0.44 0.67 0.14

pF2.3 �0.56 0.39 0.33 0.14 0.19 �0.02

pF4.2 �0.56 0.49 0.24 0.05 0.07 �0.01

n =23. Values in bold indicate a significant correlation ( P b 0.05).
a Ks=saturated conductivity; q =bulk density; OM=organic matter; Pret=
these soils as folic would emphasize that organic matter

accumulation is not due to waterlogging but correlated

to the volcanic nature of the soils. In Soil Taxonomy,

the soils in the valley and plain situations of both

Huagrauma and Ningar can be classified as Melana-
q pF0 OM AD Alo Alp Pret pF2.3

�0.95

�0.89 0.73

�0.75 0.69 0.86

�0.37 0.37 0.34 0.68

�0.55 0.49 0.65 0.86 0.74

�0.39 0.33 0.24 0.29 0.51 0.33

�0.49 0.52 0.35 0.51 0.64 0.61 0.33

�0.31 0.27 0.30 0.52 0.63 0.56 0.23 0.75

Phosphate retention; AD=air dry water content.
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quands or Epiaquands, while the other pedons are

Melanudands or Hydrudands (Soil Survey Staff, 2003).

The organic matter content of the soils is the

result of several factors. A constant supply of organic

material is provided by the endemic grass vegetation

(Fig. 1). On the other hand, the cold and wet climate

favours low decomposition rates. Organic matter

breakdown is further reduced by the complexation

with Al, which is toxic to most micro-organisms.

The Pearson correlation coefficient (Table 5) between

the organic matter content and the Alo content does

not indicate a good fit (r=0.34, n=25, P=0.1) be-

cause of outliers in the upper horizons of the plain

and valley. As indicated by the stratification observed

in the A horizons, especially in the HU-Valley situ-

ation, fluviatile sediments are frequently deposited,

mixing topsoil with the Tertiary substrate with
Fig. 7. Organic matter content and gravimetric water retention at saturation (

on a volume basis (B. saturation, D. wilting point), the relation is less disti
lower Al contents. In these places, the organic matter

accumulation most likely occurs as a result of regular

waterlogging.

The organic matter accumulation considerably

affects soil physical properties. Fig. 7 elaborates on

the relation between the organic matter content and

the water content at different suctions. When plotted

on a gravimetrical base (Fig. 7a,c), a strong correlation

exists (r2=0.78 and 0.85, respectively), suggesting the

important role of organic matter in the water retention

capacity of the soils. As this study is part of a larger

program in which the vulnerability of these soils to land

use changes is investigated, the impact of organic mat-

ter on the soil hydrology is a major issue. In order to

assess the impact of organic matter on the storage

capacity of the soil, it has to be expressed on a volu-

metric basis, incorporating the variability in bulk den-
A) and at wilting point (C) show a clear relationship. When calculated

nct. For all plots, n =23. P indicates the probability of lack of fit.
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able 6

ultiple ANOVA analysis of soil characteristics

actor Catchment Location Horizon

rganic matter ** * **

and – – –

ilt – – –

lay * – –

H(H2O) – * –

H(KCl) – * *

lo – – **

lp *** – *

aturated conductivity – * –

ulk density *** – ***

hosphate retention – – –

F 0.0 (g g�1) *** – ***

F 5.9 (g g�1) *** – **

F 4.2 (g g�1) *** – ***

F 3.4 (g g�1) *** * ***

lp /Alo *** – ***

* =significant at b0.05.

** =significant at b0.01.

*** =significant at b0.001.

– =not significant (N0.05).

W. Buytaert et al. / Geomorphology xx (2005) xxx–xxx12
sity (Fig. 7b,d). Compared to the gravimetrical repre-

sentation, the correlation between the saturation point

and the organic matter content improves (resp. r2=0.78

and 0.85). The saturated water content reaches an

asymptotical maximum of ~85% at an organic matter

content of 35%. Thus, a further increase of the organic

matter content does not contribute to additional soil

porosity, which probably means that N15% of soil

volume should be occupied by mineral and/or organic

matter in order to maintain the physical soil structure

and avoid collapse, independent of the organic/mineral

matter ratio.

Ks variability is high (Table 5) and probably caused

by parameters such as organic matter, depth and root

content. With regard to the wilting point, the influence

of organic matter on the volumetric moisture content

appears negligible.

From a land management perspective, we may

conclude that slight organic matter content variations

triggered by land use impacts may probably be of

minor importance, as long as no major organic matter

breakdown occurs, such as a decrease under the 30%

limit. On the other hand, mechanical compression

from cultivation or an increased cattle load may

have a large impact on the open and fragile soil

structure, thus decreasing the porosity and water re-

tention capacity.

5.2. Topography versus soil properties

The topographical conditions in both toposequences

range from well drained, eroded, top hill situations

toward deep, completely waterlogged riverbanks. Nev-

ertheless, multiple ANOVA analysis could determine

few significant trends (Table 6), and neither of them

gives P b0.05.

A lower Alo content is expected in the top and valley

situations. In a hilltop situation, advanced erosion gen-

erally causes faster soil rejuvenation and less deposition

of volcanic ashes. In a river border, fluviatile deposits,

originating from Tertiary bedrock debris, may add ma-

terial with a low Alo content to the original soil, which

also lowers the total Alo content. These trends, as well

as a similar trend in organic matter, are evident in

Ningar but not in Huagrauma (Fig. 8). Other soil prop-

erties, including pH(H2O), P retention, and Alp, are

characterized by homogeneity. Therefore, caution has

to be taken to avoid over-interpretation.

When taking into account laboratory analysis varia-

tion, we can conclude that the soil pedons exhibit a

coherent uniformity in physico-chemical properties

over the toposequences, undoubtedly facilitating future
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characterization and soil sampling in the region. The

homogeneity in soil properties is also a great advantage

for land use planning and hydrological modelling, as

variability in these properties directly affect model

accuracy and predictive capacity of land management

plans and models.

5.3. Relationship between soil properties and parent

material and climate

Huagrauma and Ningar are located in the Western

and Central Cordillera, respectively and differ therefore

in parent material (see Section 2.2) and slightly in

climate (Table 1). Statistical analysis reveals significant

differences in water retention, bulk density, organic

matter content, and Alp (Table 6) between the two

Cordilleras. The homogeneity in Alo between the Cor-

dilleras suggests the importance of Holocene volcanic

ashes in the delivery of Alo over the impact of parent

material, which is Tertiary volcanic in Huagrauma and

sedimentary in Ningar.

On the other hand, the differences in altitude and

rainfall cannot be neglected. The higher altitude, and

thus the lower temperature, as well as the higher annual

rainfall favour a higher organic matter accumulation in

Huagrauma (Fig. 8). As a result, the binary ratio Alp /

Alo is close to 1 and no short range order minerals are

formed, contrary to Ningar (Mizota and van Reeuwijk,

1989). The differences in soil pH, water retention, and

bulk density are probably related to differences in

organic matter content.
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6. Conclusions

The soils of the south Ecuadorian páramo are clas-

sified as Aluandic or Silandic Andosols with strong

Hydric and Histic properties and a low volcanic glass

content. The major soil formation processes are the cold

and wet climate, responsible for the accumulation of

organic matter, and Holocenic ash deposits. The organic

matter accumulation is responsible for an open and

porous soil structure, resulting in a large water storage

capacity and an elevated saturated conductivity.

Statistical analysis of the impact of the topographic

location on soil formation at the microcatchment scale,

reveals that soil properties are characterized by a nota-

ble homogeneity. Only minor variations in Alo and

organic matter content are observed. Differences in

soil properties between the two Cordilleras are mainly

attributed to differences in climate rather than differ-

ences in parent material.

The extremely light and porous structure is a severe

constraint for cultivation and livestock practices. Be-

cause of the asymptotical relationship between water

retention and organic matter content, a slight decrease

of the organic carbon content may not affect the hydro-

logical properties. However, at larger timescales this

effect cannot be neglected. Structural degradation

from livestock trampling of mechanical cultivation

may also have severe impacts.
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Govers, G., 2002. Impact of land use changes on the hydrological

properties of volcanic ash soils in south Ecuador. Soil Use and

Management 18, 94–100.
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Under Human Influence. Academic Press, London, pp. 71–84.

Mena, P., Medina, G., 2001. Los páramos en el Ecuador. In: Mena, P.,
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