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KEYPOINTS 

- Spatial patterns in soil weathering extent are related to topographic gradients and 

vegetation patterns 

- Mass losses of base cations and silica through chemical weathering facilitate 

downward migration and accumulation of organic constituents 

- Rapid weathering of postglacial volcanic soils associated with accumulation of Al-

humus complexes 
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ABSTRACT 

Although climate exerts a major control on mineral weathering and soil formation processes, 

the combined effect of vegetation and topography can influence the rate and extent of 

chemical weathering at the hillslope scale. In this paper, we examined spatial patterns in 

volumetric strain and soil weathering extent associated with topographic gradients and 

vegetation patterns. In a high Andean catchment, we selected 10 soil toposequences on 

andesitic flows: 5 under tussock grasses, 3 under cushion forming plants and 2 under native 

forest. Along each toposequence, one pit was excavated at the shoulder, backslope and 

toeslope resulting in 30 soil profiles. Depth-weighted total soil porosity of the thirty soil 

profiles averaged 64±6%. The association between volumetric strain and soil organic C 

indicates that biotic agents can be effective in dilating the regolith during weathering. The 

young, postglacial volcanic soils were depleted in mono- and divalent cations, with total mass 

losses ranging between 793 and 1610 kg.m
-
². The accumulation of Al-humus complexes in 

the soil matrix plays an essential role in chemical transformation of the non-allophanic soils. 

Beyond the marginally significant topographic control on chemical weathering extent, our 

data show highly significant differences in chemical weathering extent between vegetation 

communities with total mass losses in forest soils being respectively 19% and 22% higher 

than in grasslands and cushion forming plants. The vegetation mosaic in alpine ecosystems 

might therefore provide essential clues to understand soil chemical weathering patterns 

caused by spatially varying soil particle and water residence times. 
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1. INTRODUCTION 

At the Earth’s surface, mechanical disaggregation and chemical weathering transform 

bedrock into saprolite and soil. Hence, physical and chemical weathering processes fulfil a 

crucial function in the biogeochemistry of terrestrial ecosystems (Berner et al., 1983), and 

play an important role in many Earth surface processes (Ferrier & Kirchner, 2008). Rock-

derived weathering products provide essential plant nutrients (Vitousek, 1995; see also 

Chadwick et al., 1999; Oh & Richter, 2005), and regulate the chemical composition of soil 

(Chadwick & Chorover, 2001; Riebe et al., 2004), surface and ground water (Markewitz et 

al., 2001, White et al., 2009). Chemical weathering facilitates mechanical disaggregation of 

rock into smaller fragments and physical erosion (Anderson et al., 2002; Schaller et al., 

2010). Understanding the spatial variation of rock-derived weathering products across 

heterogeneous landscapes is important to constrain ecosystem processes.  

 

The rate and extent of chemical weathering are influenced by the combined effects of 

climate, parent material, topography and vegetation (Jenny, 1941), and ultimately determine 

the mineral composition and element ratios of soil material (White et al., 2008). However, 

understanding the spatial and temporal variation of chemical weathering rates not only relies 

on knowledge of the environmental controls, but also of their interactions (Hartmann et al., 

2014; Nezat et al., 2004, Schoonejans et al., 2016), whereas the relative importance of 

different controls may vary depending on the biogeochemical property of interest (Mage and 

Porder, 2013). Climate exerts a major control on chemical weathering and soil formation 

processes (Jenny, 1980; Rasmussen et al., 2011). Using climosequences along an altitudinal 

gradient in Hawaii, Chadwick et al. (2003) and Porder et al. (2007) showed that the 

weathering extent and soil properties are a nonlinear function of rainfall. They highlighted the 
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importance of effective soil moisture and soil physical properties in controlling water 

percolation, cation leaching, and soil formation (Chadwick et al., 2003).  

 

Climate and parent material geochemistry can control soil nutrient content and water holding 

capacity (White et al., 1996), and by consequence vegetation patterns, as shown by e.g. Hahm 

et al. (2014) for the Sierra Nevada, California. In turn, vegetation has the potential to affect 

chemical weathering and soil formation (Amundson et al., 2015; Kelly et al., 1998; Lucas, 

2001). Plants can influence the degree and rate of soil mineral weathering by enhancing 

physical and chemical weathering processes. Vegetation rooted in soil or weathered parent 

material can promote volume deformation (Merrits et al., 1992), physical disintegration 

(Viles, 1990) and bioturbation. For example, tree throw can homogenize topsoil and subsoil, 

and influence spatial patterns of soil horizon depths (Finke et al., 2013). Besides the effects 

on soil physical properties, plants can influence geochemical processes within the soil 

column as they produce CO2, organic acids and ligands, which enhance chemical weathering 

by lowering pH and introducing organic chelates (Drever, 1994). Furthermore, by binding 

weathering products to soil organic matter components, they alter the exposed surface areas 

of the minerals and tend to extend the residence time of water in the soil system (Drever, 

1994; Brantley et al., 2012). Furthermore, vegetation can alter soil hydrology, by changing 

the soil water balance and water movement in the soil system. The plant canopy intercepts 

rainfall by its leaves, stems and branches, plants control soil water losses through 

transpiration, and their roots and vacant macropores generally increase the soil’s infiltration 

capacity and vertical preferential flow. Vegetation-driven change in water flow paths and 

rates in the soil system can have an effect on soil water residence time, and soil solute fluxes 

(Drever, 1994; see also Brantley et al., 2017; Kelly et al., 1998). 
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Researchers, studying the effect of slopes on weathering and pedogenesis, often use soil 

toposequences (catenas) to assess the effect of topography on the mobilization, redistribution 

and transfer of solutes, colloids, and particles along hillslopes (Khomo et al., 2011, 2013). 

Soil catenas typically reflect the transition from divergent, eroding areas to convergent, 

depositional areas, where losses or gains of dissolved and particulate soil constituents depend 

on topographic position (Bern et al., 2011). Studies using soil toposequences intend to isolate 

the topographic imprint on soil development and weathering (Chadwick & Asner, 2016; 

Schoonejans et al., 2017). However, interpretations are often difficult since local topography 

not only controls surface hydrology and redistribution of colloids and particles, it also affects 

soil nutrient status and vegetation development (Bailey et al., 2014; Tromp-van Meerveld & 

McDonnell, 2006).  

 

In this study, we examined spatial patterns in volumetric strain and soil weathering extent 

across hillslopes, and their association with vegetation and topographic position. High 

Andean tropical ecosystems provide a good opportunity to study the association between 

chemical weathering, local topography and vegetation patterns: the climate, parent material 

and soil age can be held constant at the landscape scale, while the vegetation and slope 

morphology can vary greatly from the hilltops to the valley bottoms. The Andosols developed 

on volcanic parent material were exposed following deglaciation since the Last Glacial 

Maximum (Hansen et al., 2003). They are characterised by distinctive physicochemical and 

mineralogical properties due to their aluminium-rich elemental composition, large (reactive) 

specific surface areas, and high soil organic carbon stocks.  In the 4.2 km² high Andean 

catchment, ten soil toposequences were sampled under three distinctive vegetation types to 

determine spatial patterns in soil weathering extent across the landscape. We assessed the 

extent of soil weathering using a geochemical mass balance that quantifies elemental losses 
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and gains and total mass losses, and the corresponding volumetric strain in soil and saprolite 

(Brimhall & Dietrich, 1987; Brimhall et al., 1992; Chadwick et al., 1990). In this study, we 

posit that the weathering extent of the soil mantle differs between (i) vegetation types and (ii) 

hillslope scale topographic positions.  

 

2.  PARAMO ECOSYSTEM 

In the northern Andes, the alpine tundra or so-called páramo ecosystem encompasses a 

vegetation belt between the continuous forest line and the perpetual snow line, at elevations 

ranging from 3000 to 4500 m a.s.l. (Ramsay & Oxley, 1997; Sarmiento et al., 2003). In these 

high altitude ecosystems, the climate is generally cold and humid throughout the year 

accompanied with constant night frosts, intense solar radiation, and high relative humidity 

(Aparecido et al., 2017; Buytaert et al., 2011). Precipitation is highly variable and 

characterized by continuous moisture in the form of rain, clouds, and fog. The annual rainfall 

amount ranges from 500 to 3000 mm, and increases with altitude. Strong diurnal temperature 

fluctuations are common, ranging from below freezing to as high as 20° C (Aparecido et al., 

2017). Soils are typically developed on volcanic rock and ash deposits: soils are dark in 

colour, low in pH, depleted in inorganic nutrients and have abundant organic carbon content 

in the uppermost horizons (Nierop et al., 2007; Ramsay & Oxley, 1997) . Grass páramo 

covers the largest area, and is composed of tussock grasses, cushion plants, thickets of small 

shrubs and patches of Polylepis forest (Sklenar & Ramsay, 2001).  

 

2.1  Selection of study area 

Our study area was located in the 4.2 km² Cuevas catchment on the western Cordillera in 

southern Ecuador (Figure 1), about 30 km southwest of the city of Cuenca (3°01’50” S, 

79°17’59” W). Since 2010, the area is owned and protected by the public drinking water 
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company (ETAPA EP). Elevation ranges from 3608 to 3960 m a.s.l, with slopes of 5 to 12% 

in the flat valley bottoms, and hillslope gradients of 12 to 25%. The slope morphology was 

formed during the Pleistocene under the influence of glacial conditions, as shown by the 

presence of U-shaped valleys, glacial lakes and moraines (Jantz & Behling, 2012).  

 

Climate is characterized by an udic moisture regime and an isomesic temperature regime 

(Buytaert et al., 2005a; Poulenard et al., 2003). Mean annual rainfall at the Soldados 

meteorological station (3500 m) is 911 mm for the period 1998 to 2013 (ETAPA EP), and 

exhibits a bimodal regime (Mora & Willems, 2012). February to April is the most humid 

period with a monthly precipitation of slightly more than 100 mm, while July and August is 

the dry season with a monthly precipitation of about 35 mm. In addition to the rainfall, there 

is continuous moisture input from clouds and fog in this high altitude páramo ecosystem 

(Molina et al., 2015). The mean annual air temperature is 8°C with little seasonal variation 

(ETAPA EP). However, large variations in air temperature occur between day and night, with 

maximum temperatures of 18 °C during the day and a minimum temperature of about 1°C 

during the night. Evapotranspiration is low due to low temperature and high air humidity, and 

the actual evapotranspiration is estimated to be 50 to 60% of the total annual rainfall 

(Carrillo-Rojas et al., 2019).  

 

2.2 Volcanic soils and parent material 

The formation and development of Andosols is conditioned by the geochemical properties of 

the volcanic material and the soil age (Buytaert et al., 2005b; Podwojewski & Poulenard, 

2000). In central and northern Ecuador, vitric and allophanic Andosols are found near or 

within the active volcanic zones. Here, soils are continuously replenished with unweathered 

primary minerals because of high rates of volcanic ash input resulting in soils rich in 
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minerals. However, with increasing distance from the active volcanic zones, the thickness of 

distal tephras decreases rapidly. Our study area is located at the southernmost limit of recent 

volcanic ash deposits, and the effect of Holocene distal tephras on soil formation is thus 

limited (Rodbell et al., 2002, Figure 1). The soils developed on Mio-Pliocene andesitic parent 

material (Beate et al., 2001), that became exposed after the late Pleistocene glaciation 

(Hansen et al., 2003). Previous clay mineralogical studies suggested the prevalence of non-

allophanic Andosols in southern Ecuador (Buytaert et al., 2005b; Podwojewski & Poulenard, 

2000). In these non-allophanic Andosols, the topsoil is low in allophane and kaolin minerals 

while metal-humus complexes are abundant as result of the advanced stage of weathering. 

Soils are acidic with pH below 5, and typically have high water retention, low bulk density, 

and a loamy soil texture (Buytaert et al., 2005b; Poulenard et al., 2003).  

 

2.3 Vegetation and land use 

The grass páramo of the Cuevas catchment has a dense vegetation cover of 70 to 90% areal 

coverage. Tussock grasses are the dominant vegetation type (Figure 1), and they typically 

belong to bunch grasses of the Stipa and Calamagrostis genera of the Poaceae. Other 

abundant genera include Poaceae (Paspalum and Cortaderia), Hypericaceae (Hypericum), 

and Valerianaceae (Valeriana) (Jantz & Behling, 2012). Cushion forming plants mostly 

belonging to Plantaginaceae (Plantago rígida) and Cyperaceae (Uncinia) genera occur 

alongside the tussock grasses (Sklenár & Ramsay, 2001; White, 2013). Patches of Polylepis 

woodlands (Polylepis reticulate) are found in topographically protected sites in the upper 

parts of the catchment, and could be remnants of more extensive upper Andean forest in the 

past. The current mosaic of tussock grasses, cushion forming plants, and forest patches is not 

only the result of local climatic and topographic constraints (Jantz &Behling, 2012), but also 

of anthropogenic disturbances from human-induced fires and animal grazing (Ramsay, 1998; 
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Sklenar &Ramsay, 2001; White, 2013).  Although the study area is part of a protected area 

since 2010, the study site is not devoid of human disturbance since the area was extensively 

grazed in the past. Burning of bunch grasses to facilitate reshooting of fresh sprouts continues 

to be practised in these traditional cattle-raising systems, although with less frequency and 

intensity than before (White, 2013).  

 

3. MATERIALS AND METHODS 

3.1 Soil and rock sampling  

Within the 4.2 km² study site, we selected 10 soil toposequences (catenas) with similar slope 

gradient and curvature : 5 under tussock grasses (PR), 3 under cushion forming plants (CU), 

and 2 under native Polylepis forest (FR). Along each toposequence, one soil profile was 

excavated at the shoulder, backslope and toeslope position (Figure 1), resulting in a total of 

30 soil profiles. Soil pits were excavated to a depth of more than 15 cm below the soil 

weathering front, reaching depths of 57 cm to 120 cm. We sampled and described the soil 

profiles based on genetic horizons following the procedures of the World Reference Base for 

Soil Resources (FAO, 2006). Undisturbed soil samples were taken per horizon with a soil 

core sampler for determination of the soil bulk density. We were unable to reach the bedrock 

in all pits, because of rising water entering the soil pit. In the pits where we could reach the 

bedrock, we sampled large rock fragments of the andesitic parent material and took 

representative pieces with a diameter of 5 to 10 cm. After removing the weathering rinds 

using a saw, we crushed the rock samples and prepared them for elemental analyses.  

Because of the limited number of rock samples, we evaluated their representativeness by 

comparing their elemental composition with published data on the element abundances of 

andesite samples from nearby sites (Beate et al., 2001). The five rock samples described in 

Beate et al. (2001) (i.e., QC142, QC141, QC246, QC212, QC153) correspond to the same 
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lithological unit, and were sampled at <3 km distance from the 30 soil profiles. The location 

of the samples is shown in Figure 1. The bulk density of the parent material was derived from 

specific gravity measures of drill core samples that were realized by the IAMGOLD pre-

feasibility study (Vallières et al., 2009) in the Quimsacocha area (about 1 km southeast of the 

study site).  

 

3.2 Soil and rock chemical analyses 

For determination of soil bulk density, the undisturbed soil core samples were dried at 105 °C 

during 24 h, and weighted. Disturbed soil samples taken from genetic horizons were air dried 

and passed through a 2 mm sieve to obtain the fine earth fraction for laboratory analyses. In 

most of the samples, the coarse soil fraction was below 5% and too low in lithic fragments to 

process them for geochemical analyses. A subsample of the air-dried soil was ground to 

powder using a ball mill for the determination of organic C and N. Total organic C and N 

were determined using CNS Elemental Analyzer (Elementar Vario EL, Hanau, Germany). 

Soil pH was measured from a saturated paste mixture using the soil:water (1:1 ratio of soil to 

H2O) method. Effective cation exchange capacity (ECEC) was determined from soil samples 

percolated with unbuffered 1 mol L
-1

 NH4Cl, and the percolates were analysed for 

exchangeable cations (Ca, Mg, K, Na, Al, Fe and Mn). The ECEC was calculated as the sum 

of the exchangeable base cations and exchange acidity. Dissolution analyses were conducted 

for the determination of poorly ordered materials. The Alo was estimated by extraction with 

0.2 M ammonium oxalate solution at pH 3 using a soil/solution ratio of 1:100 and shaking 

during 4 hours in the dark. Pyrophosphate extractions were used to estimate the aluminum 

associated with soil organic matter, Alp. These extractions were conducted with a 0.1 M 

sodium pyrophosphate solution at pH 10, using a 1:100 soil/solution ratio and shaking 

samples for 16 hours in the dark. The solutions were analysed by inductively coupled plasma 
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emission spectrometry (iCAP 6300 Duo VIEW ICP Spectrometer, Thermo Fischer Scientific 

GmbH, Dreieich, Germany). The previously described analyses were conducted at the 

laboratory of the Soil Science of Tropical and Subtropical Ecosystems group of the 

University of Gottingen in Germany.   

 

Total element analysis of the soil fine earth (< 2 mm) fraction and crushed rock samples was 

conducted at the Department of Earth and Environmental Sciences, KULeuven in Belgium. 

Soil and rock samples were powdered in a mortar grinder for about 8 minutes and were then 

placed in 5 ml tubes. 100 mg of the pulverized samples was mixed with 500 mg LiBO2 

(Lithium metaborate) in a graphite crucible and fused at 1000 °C for 10 minutes. The molten 

bead was then dissolved in a solution of 50 ml HNO3 (0.42 M) on a magnetic stir plate. 

Solutions were measured with an ICP-AES (Inductively coupled plasma atomic emission 

spectroscopy) and analysed for Al, Fe, Ca, Mg, Na, K, Mn, P, Si, Ti and Zr. Loss on ignition 

(LOI) was determined following combustion of powdered aliquots in a muffle furnace at 

1000 °C. We refer to Table S3 and S4 in the supplementary materials where the soil and rock 

elemental composition is presented on oxide basis (wt %). The elemental composition of the 

samples was corrected for blank, and is expressed in reference to the soil dry weight at 105°C 

(Table 2, S2, S4). 

 

 

3.3 Quantifying physical deformation and chemical depletion 

The intensity of weathering is here assessed as the fraction of mass lost by chemical 

weathering. We used a chemical mass balance approach where we evaluated the elemental 

mass losses or gains in soil compared to parent material using conservative element 

concentrations (Brimhall & Dietrich, 1987; Brimhall et al., 1992; Chadwick et al., 1990). 
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This approach builds upon the reliability of the conservative element for the normalization. In 

this study, we did not account for potential dust input nor made any correction for the soil 

coarse fraction. Coarse fragments were so low in abundance in the soil mantle (< 5% by 

volume), that their contribution to the calculation was negligible. 

To assess the volumetric change of parent material when it is transformed to soil material, we 

calculated the physical deformation or volumetric strain, 
wi, , from changes in bulk density of 

parent and weathered material following Brimhall and Dietrich (1987):  

1
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where  is the bulk density,
iC is the bulk concentration of an immobile element, and the 

subscripts w and p refer to weathered horizons and parent material, respectively (Brimhall & 

Dietrich, 1987; Brimhall et al., 1992; Chadwick et al., 1990). The bulk element 

concentrations were corrected for LOI (Table S4). Compaction of material results in 
wi, < 0, 

while dilation results in 
wi, > 0 (Brimhall et al., 1992). We used the median bulk density of 

the andesitic parent material, p , of 2.55 g/cm³ (n = 1038) as determined by Vallières et al. 

(2009) in our calculations.  

 

We report the chemical mobility of individual elements within the weathered profile as mass 

transfer coefficients or tau, 
j , values that describe the fractional mass gain (

wj , > 0) or loss 

(
wj ,  < 0) relative to the composition of the parent material (Brimhall & Dietrich, 1987):  
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where
jC is the bulk concentration of the element of interest, Ci the bulk concentration of the 

immobile element, and the subscripts w and p refer to weathered horizons and parent 
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material, respectively (Brimhall et al., 1992; Chadwick et al., 1990). Based on the 

comparison of Zr to Ti concentrations in parent material and soil samples (Figure S1), we 

decided to use Ti as the conservative element for the mass balance calculations. The Ti/Zr 

ratio of the soil samples deviates from the Ti/Zr enrichment line, indicating small losses of Zr 

relative to Ti. This is consistent with previous observations that have shown that Zr might 

become mobile in volcanic soils that develop in humid environments (Dixon et al., 2016; 

Kurtz et al., 2000; Little & Lee, 2006; Porder & Chadwick, 2009; Porder et al., 2007). Given 

that we cannot entirely exclude Ti mobility during intense weathering, we acknowledge that 

our mass losses are minimum estimates.  

 

Finally, we assessed the total mass loss from chemical weathering, 
total , per unit area (g cm

-

2
) for the entire weathering profile based on the mass transfer coefficients, 

wj , , using the 

approach proposed by Porder et al. (2007):  


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


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  

where p  is the bulk density of the parent material, 
hZ  the thickness of the h

th
 horizon, n the 

number of horizons in the weathering profile, 
pjC ,
 the fraction of element j

th
 in the parent 

material, and m the number of chemical elements. In this method, the fraction of mass loss in 

each horizon is multiplied by the bulk density of the parent material to arrive at the chemical 

mass loss per genetic horizon. The mass loss per horizon is then weighted by its thickness 

and summed over all horizons in the weathering zone. To normalize soils to equivalent 

depths we either extended or reduced the thickness of the lowest horizon to reach 100 cm as 

normalized depth for the mass balance calculations following Chadwick et al. (2003) and 

Melzer et al. (2012). All mass losses were calculated on an oxide basis, and converted to kg 

m
-2

 (Table 3) to obtain the mass lost per unit area of the weathering profiles. 
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3.4 Multi-proxy approach to estimate chemical weathering intensity 

To determine the reliability of the geochemical mass balance approach in our study sites, we 

compared the results on chemical depletion (obtained via the method described above) with 

estimates of the chemical index of alteration (CIA., Kirkwood & Nesbitt, 1991), the silicon-

aluminium ratio (SA., Ruxton, 1968), and the total reserve in bases (TRB., Herbillon, 1986). 

The latter three weathering indices were applied in the past to measure the extent of saprolite 

and soil weathering by e.g. Burke et al. (2007, 2009) and Ameijeiras-Mariño et al. (2017). 

These indices are also based on the major and minor element chemistry of soil and rock 

samples, but they do not incorporate mass balance principles. Hence, they provide a relative 

measure of the degree of weathering that is dependent on bedrock mineralogy. We refer to 

the older work cited above for a detailed description of the chemical weathering indices.  

 

It is not our purpose to provide an extensive comparison of soil weathering indices, but rather 

to validate the geochemical mass balance approach through a comparative analysis with three 

different measures of weathering degree. As the total mass loss (kg m
-
²), the chemical index 

of alteration, the silicon-aluminium ratio and the total reserve in bases are indicators of the 

extent of chemical weathering, we plotted them against soil pH to analyze systematic 

variation in chemical weathering degree and chemical depletion.  

 

3.5 Statistical Analysis 

We tested whether the soil physico-chemical properties and degree of chemical weathering 

are different (1) in soils covered with polylepis forest, tussock grasses and cushion forming 

plants and (2) in soils on shoulder, back slope and toeslope positions. All comparisons were 

realized on the depth-weighted averages per soil profiles. A sketch of the statistical design is 

given in the supplementary materials (Figure S2).  
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The comparisons of the weathering extent between the three vegetation types (FR, CU, PR), 

and between the hillslope-scale topographic positions (upper, middle and lower) across 

vegetation types were performed using one-way analysis of variance. Because of limited 

accessibility to forest sites, the number of soil profiles is not equal for the three vegetation 

groups, with 6 soil profiles in Polylepsis forest, 9 in cushion forming plants and 15 in tussock 

grasses. We first tested for homogeneity of variance and normality using the Shapiro-Wilk 

test (p <0.05). When the assumptions of homogeneity of variance and normality were met, 

the group comparison was done with one-way ANOVA, followed by the Holm-Sidak posthoc 

test for multiple comparisons. When one of the two criteria were not met, the Kruskas-Wallis 

ANOVA on the ranks was applied, with the Dunn’s posthoc test. We rejected the null 

hypotheses (i.e. that there are no differences between the means of the three groups) at the 

0.05 significance level.  

 

4. RESULTS 

First, we characterised the volcanic soils that develop in high alpine páramo environments 

based on the analysis of their morphological and physico-chemical properties, and volumetric 

strain. After validating the chemical mass balance approach through a comparative analysis 

of weathering indices, we then analysed the chemical depletion of the soils based on their 

elemental and total mass losses. Finally, we assessed the association of the depth-weighted 

soil properties and chemical weathering extent with topographic gradient and vegetation type. 

A summary of the one-way analyses of variance is given in Table 4. 
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4.1 Soil morphology and physicochemical composition  

Independent of topography and vegetation types, soils had similar morphological and 

diagnostic properties. Soil profiles were generally thin since the depth to the C horizon 

ranged from 27 to 100 cm, with the thinnest soil profiles in the area covered by cushion 

plants (Table 1). The soils displayed distinctive horizons with contrasting colour and 

structure: the uppermost organic matter rich horizons of mobile regolith were characterized 

by a very dark colour (10 YR 1.7/1) with granular and crumb structure (A horizons). The A 

horizons were abruptly separated from, and in sharp contrast to the underlying AC, CA and C 

horizon that exhibited light coloured (e. g. brownish or yellowish) subsoil or saprolite 

material that lacked structure. For further analyses, the weathering profiles were partitioned 

into two “layers” with the upper organic matter rich A horizons named “soil” and the lower 

horizons “saprolite”.  

 

Organic carbon content in the weathering profiles ranged from 0.10 to 21%, with an average 

of 4.5±2.5%, and was significantly greater in the A horizons (9.4±4.2%) compared to the AC, 

CA or C horizons (Table S2). Dry bulk density was on average 1.0 ± 0.3 g cm
-3

 and varied 

from 0.28 to 1.4 g cm
-3

 with the lowest values of 0.70±0.21 g cm
-3

 observed in the A 

horizons. Soil organic carbon is negatively correlated with dry bulk density (Spearman 

correlation coefficient, r = - 0.73, n = 95, p-value < 0.01). The combination of high organic 

carbon content (> 3%) and dry bulk density (< 0.9 g cm
-3

) in the A horizons indicated that the 

soils met the diagnostic criteria for Andosols according to the WRB classification (Table 1). 

Along the soil catenas, we did not detect significant differences in organic carbon content and 

bulk density between vegetation types or topographic positions (Table 4).   
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The pH in the weathering profile ranged from 4.2 to 6.4, with an average of 5.1±0.4 (Table 

S2). The pH of the soil generally increased with depth with the A horizons being more acidic 

(4.9 ± 0.4) than the saprolitic subsoil (5.4±0.5). Unlike organic carbon and bulk density, we 

observe highly significant differences in soil pH between vegetation types (Table 4). The 

most acidic soils were observed in forests and páramo grasslands with average pH values of 

respectively 4.8 and 5.0, significantly lower than the average soil pH values of 5.6 observed 

in areas covered by cushion plants (Table 1). The Alp in the soil profile varied from 0.2 to 

25.8 g kg
-1

, with an average of 5.4±4.8 g kg
-1

, whereas the Alo ranged from 3.1 to 31.8 g kg
-1

, 

with an average of 8.9±4.9 g kg
-1

 (Table S2). Both Alp and Alo decrease with depth, with 

above average values in the organic-rich A horizons (8.0±4.8 g kg
-1

 and 11.2±5.2 g kg
-1

, 

respectively), pointing to the presence of Al-humus complexes. 

 

4.2. Volumetric strain  

All soil profiles have undergone similar volumetric expansion and collapse, with strain values 

being high and positive in the upper organic horizons that have undergone expansion relative 

to the parent material, and strain values being close to zero in the saprolite (Figure 2, Table 

S2). Marked differences exist in volumetric strain within the weathering profiles, Figure 3 

shows that the volumetric changes are positively related to soil organic C content. The 

relationship between the amount of dilation and organic C content is highly significant for 

soil horizons with a carbon content above 3% (Spearman correlation coefficient = 0.86, p-

value < 0.01). Organic-rich A horizons underwent a volumetric expansion of 230±160 % on 

average when converted into soil material, with dilation values up to 550 % (Table S4). In 

contrast, the underlying AC, CA and C horizons underwent minor dilation of respectively 

60±40%, 40±30% and 50±56% on average (Table S4). No statistically significant differences 
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in volumetric strain were observed between topographic positions or vegetation types (Table 

4).  

 

4.3. Multi-proxy evaluation of the chemical weathering extent 

Table 3 reports four indices of chemical weathering: the chemical index of alteration (CIA), 

total reserve in bases (TRB) and silicon-aluminium (SA) ratio and total mass loss (TML). 

Similar to our measures of strain and mass transfer coefficients, the total mass loss estimates 

derived from the geochemical mass balance can be subject to underestimation due to an 

incomplete retention of Ti in the soil system. Figure 4 shows the four weathering indices as a 

function of the soil pH. There is a positive and significant relationship between the soil pH 

and total mass loss (Spearman r =0.56, p-value < 0.01), TRB (r=0.60, p-value < 0.01), SA 

(0.49, p-value < 0.01) and CIA (-0.69, p-value <0.01), pointing to an overall congruence in 

the dataset. This is further confirmed by the consistent results of the two one-way ANOVAs 

(Table 4). 

 

4.4. Elemental transfers and total mass losses 

The rock fragments of the andesitic parent material had SiO2 as the most abundant oxide 

(62±2.1% by weight), followed by Al2O3 (18±0.9% by weight). Oxides of Ca and Na 

occurred at concentration levels of 4.8±0.1 and 4.4±0.3 wt% respectively (Table 2). The four 

rock samples were uniform in their elemental chemistry with relative differences in major 

elements concentrations of  < 5% for Si, < 2 % for Al, and < 1.5 % for Ca, Na, K, Mg, and 

Fe. Minor constituents such as P and Mn show a relative difference of less than 0.04% and 

the trace constituents Ti and Zr display differences of 0.2 and 0.003% respectively. The 

elemental chemistry of major and trace (Ti) elements in our rock samples (Table 2) is 

statistically similar to the five rock samples of the same lithological unit (i.e. andesitic lava 
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flow of QVC phase 1) that were analysed by Beate et al. (2001, Table S3). From Figure 5, it 

can be seen that the major element chemistry of bedrock samples is highly uniform over the 

study area, compared to the observed differences with the soil chemistry. The minor variation 

in bedrock Ti concentrations shown in Table 2 is trivial compared to the variation between 

parent material and soil samples. As such, we used the average Ti concentration of the four 

rock samples in the mass balance calculations (Table 2).  

 

Mass transfer coefficients indicated that the soils experienced intense weathering with 

significant elemental depletion throughout the soil profile (see Figure 6 for depth distribution 

of elemental mass transfer coefficients for all soil profiles, and Table 3 for depth-weighted 

elemental transfers per profile). Relative to Ti, the base cations displayed mean mass losses 

of 94±5 % for Ca, 94±5% for Na, 90±8% for K and 86±6% for Mg (Table 3). Depletion 

profiles did not show a clear trend in base cation losses with depth (Figure 6), and had rather 

uniform depletion of Ca, Na, K and Mg throughout all horizons. Silicon showed an average 

net loss of 54±6%, with only slight variations with depth (Figure 6), indicative for the high 

degree of chemical weathering. Al and Fe displayed lower mobility within the soil profiles, 

with a tau-value for Al of -0.12±0.11 and for Fe of -0.26±0.19. The element specific 

weathering extent varies by roughly 5 to 25% between soil profiles.  

 

Our data show only marginally significant (p < 0.10) trends with hillslope-scale topographic 

positions (Table 4): the K, Mg, Na and Si cations were slightly less depleted in soils at the 

upper slope positions compared to the mid-slope and lower slope (Figure 7). The increase in 

mass loss along slope is less marked for the trivalent Al and Fe cations (Figure 8). In contrast, 

the difference in relative elemental losses between vegetation groups is statistically 

significant (p < 0.05) for the base cations (Table 4), with significantly higher losses of Ca, K 



 

 

© 2019 American Geophysical Union. All rights reserved. 

and Na in soils formed under forests and native grasslands compared to cushion plants. The 

metal cations show a slightly different pattern, with significantly higher fractional mass 

losses of Si and Fe in forests compared to native grasslands and cushion plants (Figure 8). 

 

Total weight losses by chemical weathering for the 30 profiles ranged between 793 and 1610 

kg m
-
², with a mean value of 1240±210 kg m

-
² (Table 3).  Almost 70% of the total chemical 

mass loss was due to the loss of Si.  The relative order of the elemental mass losses was Si > 

(Ca, Na) > Al > (Fe, Mg) > K, with the highest coefficients of variation observed for Al and 

Fe weight losses. Total weight losses by chemical weathering show only marginally 

significant (p < 0.10) differences along slope (Table 4), with the total mass losses increasing 

with increasing distance from the crest (Figure 9). Total mass losses are significantly 

different (p < 0.05) between vegetation types, with soil columns in native forest having 

chemical mass losses of 1440±130 kg m
-
², respectively 19% (1210 kg m

-
²) and 22% (1170 kg 

m
-
²) higher than the mass losses in tussock grasses and cushion forming plants (Table 3). The 

Si and Fe balance in the forest soils is strongly negative, with average elemental mass losses 

of Si and Fe of respectively 95686 and 707 kg m
-2

. Soils covered by cushion forming 

plants have the lowest mass loss (1170190 kg m
-2

), and are significantly less depleted in 

calcium, sodium and potassium (Figure 7). The mobilisation of Si and Fe is reduced in 

cushion soils, with elemental mass losses of respectively 799123 and 2414 kg m
-2

. Soils 

covered by tussock grasses have intermediate levels of mass losses, of 1210200 kg m
-2

. 

They are strongly depleted in base cations similar to the forest soils, but show a large range in 

Si and Fe losses that are statistically not discernible from forest and cushion soils (Table 4). 
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5. DISCUSSION 

5.1. Creating porosity during Andosol development  

Chemical transformation and physical deformation of soil material influence bulk density and 

porosity during soil development (Brimhall et al., 1992), and are essential for horizon 

differentiation in weathering profiles (Anderson et al., 2002). Our dataset provides relevant 

information for exploring the chemical, physical and biological processes responsible for the 

creation of pore space during Andosol formation. Depth-weighted total soil porosity of the 30 

soil profiles averages 64±6%, and values up to 81% were measured similar to earlier 

observations by Poulenard et al. (2003). The variation in soil porosity and volumetric strain is 

largest in the upper 50 cm of the weathering profiles (Figure 2), and organic-rich horizons 

(with organic C content > 3%) experienced stronger dilation than organic-poor horizons (with 

organic C content ≤ 3%; Figure 3). In contrast to the depth dependence of volumetric strain, 

the mass transfer coefficients of the major elements do not show a clear variation with depth 

(Figure 6). These observations suggest that the physical deformation of the topsoil is rather 

associated with biological activity than mineral weathering or translocation. Positive 

volumetric strain in topsoil is not unusual, and is commonly attributed to organic matter 

accumulation (Brimhall et al., 1992; Chadwick et al., 1990; Oh and Richter, 2005) and/or 

physical increase in void space from bioturbation (Anderson et al., 2002). However, to our 

knowledge, few studies have reported positive strain values above 200%. We pose that 

during the early stages of Andosol formation, the pore and void space created by chemical 

weathering processes becomes rapidly colonized by the rhizosphere. Soil faunal bioturbation 

then further enhances the vertical distribution of soil organic matter over short vertical 

distances as shown by Tonneijck & Jongmans (2008), and likely plays an important role 

during physical deformation of the soil mantle. The formation of the porous topsoil can create 

preferential pathways for the movement of water and solutes (Navarrete-Sitchler et al., 2009). 
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The interaction of chemical transformation, physical deformation and biological processes 

can explain the intense weathering extent with strong depletion of monovalent and divalent 

cations throughout the soil profiles (Figure 6). The strong depletion of Ca and Na in the 

exchangeable pools (not shown) and the total pool from the parent material (τCa= τNa = -

0.94±0.08, Table 3) is coincident with the acidic soil conditions (pH = 5.2±0.4) and 

accumulation of exchangeable aluminium. Soil acidity is enhanced by chemical weathering, 

as the base cations Ca, Na and K are depleted by hydrolysis and solution reactions and the 

concentration of hydrogen ions (H
+
) in the soil increases. We observed remarkably high 

concentrations of exchangeable Al in the páramo soils, with Al
3+

 being 56±31% of the 

effective cation exchange capacity (Table 1). While the udic moisture regime over the 

páramo ecosystem is favourable for intense leaching and soil weathering as suggested by 

Dixon et al. (2016) and Slessarev et al. (2016), there is reason to expect that biogeochemical 

processes driven by plants and soil microorganisms also enhance cation mobilization and soil 

acidification (Fujii et al., 2018; Reich et al., 2005). The accumulation of organic compounds 

in the pore space of the A horizons (as shown in Figure 3) typically leads to a release of 

carbonic and organic acids and changes the chemical composition of the soil pore water 

(Takahashi and Dahlgren, 2016). In the non-allophanic soils of our study area, aluminium-

humus complexes (pyrophosphate-ectractable Al) form 49±16% of the active Al (oxalate-

extractable Al), pointing to the importance of Al
3+

 complexation with organic substances 

through ligand exchange and hydrogen bonding (Mizota & van Reeuwijk, 1989; Kramer and 

Chadwick, 2016). Based on the highly significant correlation between Al-humus complex’ 

content, organic C content (p-value<0.01), and total mass losses (p-value <0.05), we suggest 

that the Al-humus complexes play an essential role in chemical transformation of non-

allophanic Andosols.  
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5.2. Chemical weathering along topographic gradients 

A change in weathering intensity along topographic transects can be associated with (1) 

physical transport of weathered material downslope and/or (2) hillslope hydrology controlling 

spatial patterns in soil and subsoil water fluxes. Lateral redistribution of soil particles along 

slope can lead to an overall increase in soil residence time and degree of weathering 

downslope (Green et al., 2006; Yoo et al., 2009): when eroded soil particles are transported 

downslope, they can be reincorporated in the soil matrix and continue to weather chemically 

(Wackett et al., 2018). Along the 10 toposequences, we observed no differences in soil depth, 

volumetric deformation or soil acidity and only marginally significant differences in base 

cation mass transfer coefficients (Table 4). Soil particle transport by surface water runoff is 

likely to be slow in preserved páramo ecosystems, as shown by Poulenard et al. (2001) and 

Tenorio et al. (2018) for the nearby Tomebamba and Yanuncay catchments. The dense 

vegetation cover, high overall porosity (64±6 %) and soil organic C content (4.5±2.5 %, 

Table 1) of the páramo soils are favourable for soil infiltration, and inhibit surface runoff and 

detachment of soil particles by water. Saturation excess overland flow is only rarely observed 

in swales affected by overgrazing and fires (Iñiguez et al., 2016). The dominance of rounded 

hilltops suggests that diffusive processes such as bioturbation and soil creep play a major role 

in soil-landscape development in páramo ecosystems (Tonneijck & Jongmans, 2008; 

Vanacker et al., 2015). Slow diffusive transport of soil particles along slope may explain the 

minimal variation in soil physical properties that we observed along slope, and indicates a 

rather small effect of soil particle redistribution on the weathering extent of the soil material. 

 

Besides lateral variation in soil particle redistribution along slope, soil and subsoil water 

fluxes also exhibit spatial variation in headwater basins. At the hillslope scale, soil water 

residence time and subsurface soil water flux commonly increase downslope (Asano et al., 
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2002; McGuire et al., 2005). Longer fluid residence times facilitate chemical weathering and 

can lead to enhanced in-situ weathering rates (Maher, 2010, 2011). Currently, crucial data on 

the water balance, soil water and solute fluxes in páramo soils are lacking to quantify the 

impact of hillslope hydrology on in-situ soil weathering rates. 

 

5.3. Chemical weathering and vegetation type 

Soil chemical weathering is strongly coupled to the vegetation types (p<0.05, Table 4). The 

largest differences in weathering degree are observed between forests and cushion plants, 

with significantly higher Ca, K, Na, Si and Fe mass transfer coefficients, higher soil acidity, 

higher mobility of Al
3+

, and larger total mass losses in forest soils compared to soils 

colonized by cushion plants (Table 4). Figure 4 illustrates that soils covered by forests and 

cushion forming plants form two distinct clusters in the (pH-weathering index) scatterplots. 

Soils covered by tussock grasses have a more mixed behaviour, and belong to one of the two 

above-mentioned groups depending on the weathering index under consideration.  

 

Vegetation development can be conditioned by rock-derived soil nutrient supply and soil 

hydrology (Hahm et al., 2014), but in its turn vegetation can adapt itself by modifying the soil 

physico-chemical properties and soil water balance (Amundson et al., 2007; Fujii et al., 2018; 

Kelly et al., 1998). Enhanced cation leaching by carbonic and organic acids released by the 

dense and fine root’ network in forests (Reich et al., 2005) can play a role in the stronger 

acidification and lower pool of base cations in forest soils compared to soils covered by 

cushion plants (Figure 9). The formation of Al-humus complexes further enhances the 

mobility of metal cations, whose solubility is typically low in abiological systems (Lucas, 

2001). Although the significantly higher levels of exchangeable Al
3+ 

that we measured
 
in 

forest and grassland soils compared to the cushion plants (Table 4) could point to plant-
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induced weathering processes, there are field-based indications that other factors related to 

subsurface hydrology might also play a role. Vegetation patterns and soil hydrological regime 

co-vary at the hillslope scale, as cushion plants, unlike forest and tussock grasses, frequently 

colonise moist microsites that are subject to saturation or waterlogging in the wettest periods 

of the year. Buytaert et al. (2006) reported seasonal waterlogging and low redox potential in 

páramo microsites with flow convergence, and the hydric soil properties provide 

morphological evidence of prolonged saturation in the soils covered by cushion plants. Under 

saturated conditions, the plant root growth and leaf area expansion are inhibited because of 

oxygen deficiency. In addition to the potential plant-induced effect of soil pH on mineral 

weathering, the hydric soil properties point to micro-sites where the convergence of flow 

paths and/or locally reduced soil hydraulic conductivity result in relatively long soil water 

residence times compared to forest or grassland sites. Whether the chemical weathering rate 

will steadily increase along slope or asymptote to a maximum solute flux at toeslope 

positions will critically depend on the water flow rate and the distance along slope where the 

soil water reaches chemical equilibrium (Maher, 2011). The soil solutes in sites characterised 

by relatively long subsurface flow paths due to within-hillslope convergence and/or low 

water flow rates tend to approach chemical equilibrium following Maher (2011), thereby 

limiting the potential for in-situ chemical weathering. As such, vegetation and soil weathering 

extent can co-vary at the hillslope scale, as result of spatially variable soil hydraulic 

conductivity and/or topographically controlled convergence or divergence of flow paths 

along slope.  

 

6. CONCLUSIONS 

Soils in páramo ecosystems of southern Ecuador are primarily non-allophanic Andosols 

developed on volcanic parent material. The young, postglacial soils experienced intense 
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weathering with strong depletion of the Ca, Na, and K base cations throughout the soil depth 

and total weight losses ranging between 793 and 1610 kg m
-
². The relative order of the 

elemental mass losses was Si > (Ca, Na) > Al > (Fe, Mg) > K, with almost 70% of the total 

chemical mass loss due to the loss of Si. The highest coefficients of variation were observed 

for Al and Fe weight losses. Páramo soils exhibit extraordinary characteristics for organic 

carbon accumulation and storage due to their unique physicochemical properties. Our data 

reveal that the organic horizons have soil bulk densities as low as 0.28 g cm
-3

, and an organic 

carbon content up to 21%. During the early transformation of andesite to soil material, the 

matrix of the weathered bedrock is differentiated by chemical weathering. Pore space that is 

generated by a loss of mobile constituents through weathering reactions facilitates downward 

migration of organic constituents. The loss of the mobile constituents (base cations and Si)  

results in soils that are nearly devoid of primary minerals and become dominated by metal-

humus complexes. The accumulation of metal-humus complexes plays an essential role in 

carbon storage, physical deformation and weathering of the non-allophanic Andosols.  

 

The spatial pattern in soil biogeochemical properties reflects the association between soil 

chemical weathering, soil hydrology, physical transport of soil particles along slope, and 

vegetation distribution. A marginally significant increase in base cation depletion is observed 

along topographic gradients that can be associated with physical transport of weathered soil 

particles downslope or subsurface water fluxes. Beyond the hillslope-scale topographic 

control on chemical weathering extent, we observed highly significant differences in 

chemical weathering extent between vegetation communities with total mass losses in forest 

soils being respectively 19% and 22% higher than in grasslands and cushion forming plants. 

Although biotic factors can play a role in creating the observed patterns in soil development, 

the vegetation communities can also hint to the existence of hillslope micro-topography and 



 

 

© 2019 American Geophysical Union. All rights reserved. 

subsurface hydrological patterns that are very challenging to map in the field.  The patchwork 

mosaic of tussock grasses, cushion plants and Polylepis forests in páramo ecosystems, might 

therefore provide essential clues to understand soil chemical weathering patterns in alpine 

ecosystems caused by spatially varying soil particle and soil water residence times.  
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Table 1. Physical and chemical properties of the 30 soil profiles. The data are shown as depth-

weighted averages (100 cm), and are rounded to two significant digits. The soil profiles are coded as 

following: the first two letters of the profile ID refer to the vegetation type, with FR=Polylepis forest, 

PR= tussock grasses and CU= cushion forming plants. This is followed by a number referring to the 

replicate soil toposequence (1 to 5), and the topographic position of the soil pit along the slope with 

Upper = shoulder or “upper slope”, Middle = backslope or “mid-slope” and Lower = toeslope or 

“lower slope” position. 

 

Profile Vegetation pH Al3+ ECEC BS BD OC Alp Alo SD 

  - cmol(+) kg-1 cmol(+) kg-1 % g cm-3 % g kg-1 g kg-1 cm 

FR2 Upper Forest 5.2 3.4 6.9 45 1.1 3.1 3.0 9.1 50 

FR2 Middle Forest 5.1 5.9 8.7 38 1.1 4.3 3.9 7.9 55 

FR2 Lower Forest 5.0 4.5 6.8 33 0.82 8.3 5.7 8.4 93 

FR3 Upper Forest 4.5 7.8 9.5 12 0.97 6.6 7.5 10.4 60 

FR3 Middle Forest 4.6 4.1 4.9 13 1.1 2.2 4.0 9.0 45 

FR3 Lower Forest 4.5 5.6 7.0 16 0.86 4.5 11.7 17.0 65 

PR1 Upper Grass 5.2 3.5 8.4 62 0.76 3.5 2.8 7.0 27 

PR1 Middle Grass 5.0 5.4 7.0 20 0.99 2.1 2.2 4.8 66 

PR1 Lower Grass 5.1 4.4 6.6 32 1.2 1.6 1.7 3.9 54 

PR2 Upper Grass 5.0 6.5 7.3 8 0.92 4.7 9.2 14.7 85 

PR2 Middle Grass 4.8 6.8 8.5 14 1.00 3.7 6.1 9.4 100 

PR2 Lower Grass 5.2 5.6 7.7 34 0.86 3.9 4.6 9.0 75 

PR3 Upper Grass 5.2 8.5 10 22 0.50 12 12.6 13.7 65 

PR3 Middle Grass 4.9 9.9 11 11 0.90 8.1 9.7 14.1 60 

PR3 Lower Grass 5.1 4.9 6.3 24 1.0 3.8 3.0 5.9 45 

PR4 Upper Grass 5.0 6.5 7.2 8 1.0 6.5 6.6 10.3 55 

PR4 Middle Grass 5.0 9.4 11 9 0.76 9.1 8.5 12.1 95 

PR4 Lower Grass 5.0 10 11 7 0.77 7.4 12.3 12.9 80 

PR5 Upper Grass 5.2 5.5 11 49 1.0 2.7 4.2 6.6 62 

PR5 Middle Grass 5.0 8.3 13 32 1.0 4.0 7.1 8.5 57 

PR5 Lower Grass 4.9 6.4 11 41 1.1 4.1 3.8 6.8 52 

CU2 Upper Cushion 6.0 0.73 15 97 0.76 5.1 3.2 7.6 35 

CU2 Middle Cushion 5.3 3.0 7.1 55 0.81 3.9 2.4 8.5 40 

CU2 Lower Cushion 5.3 3.1 7.1 59 0.89 4.0 3.5 7.3 40 

CU3 Upper Cushion 5.6 0.45 7.5 93 1.0 3.2 0.9 4.5 37 

CU3 Middle Cushion 5.8 0.36 7.7 95 0.92 2.3 1.4 5.3 57 

CU3 Lower Cushion 5.7 0.40 6.6 93 1.0 2.2 3.2 7.8 43 

CU4 Upper Cushion 5.9 0.19 12 98 1.1 1.5 2.5 3.6 43 

CU4 Middle Cushion 5.6 0.71 15 94 1.2 2.6 1.2 4.5 42 

CU4 Lower Cushion 5.4 1.0 10 90 1.1 3.0 3.4 5.1 41 

Mean ± 1 SD          

FR Forest 4.8±0.3 5.2±1.6 7.3±1.6 26±14 0.99±0.13 4.8±2.3 6.0±3.2 10.3±3.4 61±17 

PR Grass 5.0±0.1 6.8±2.0 9.1±2.1 25±17 0.92±0.17 5.1±2.3 6.3±3.5 9.3±3.5 65±19 

CU Cushion 5.6±0.3 1.1±1.1 9.8±3.4 86±17 0.98±0.14 3.1±2.9 2.4±1.0 6.0±1.8 42±6 

ALL  5.2±0.4 4.8±3.0 9.0±2.6 44±32 0.95±0.15 4.5±2.5 5.1±3.4 8.5±3.4 58±19 

 

Al
3+

 = Exchangeable aluminum, ECEC = Effective cation exchange capacity, calculated as the sum of 

exchangeable base and acidic cations, BS = Base saturation, calculated as the total reserve in bases (Ca, K, Mg, 

Na) divided by the ECEC, BD = Bulk density, OC = Organic carbon content, Alp = Pyrophosphate-extractable 

aluminum, Alo = Oxalate-extractable aluminum and SD = Soil depth to C horizon. 
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Table 2. Chemical composition of parent material. The elemental chemistry is presented on oxide 

basis (wt %) for the major elements, and in element concentration (mg/kg) for Zr. The elemental data 

is presented as bulk values, and the reported values are corrected for loss on ignition and rounded to 

two significant digits. 

 

 CaO 

  

K2O  MgO Na2O Al2O3 Fe2O3 SiO2 TiO2  Zr 

 % % % % % % % % ppm 

PR2 Upper 4.8 1.2 1.6 4.5 17 5.3 63 0.80 130 

PR3 Middle 4.7 1.2 2.6 4.1 19 5.6 59 0.93 150 

FR3 Upper 4.8 1.4 1.7 4.5 17 4.3 63 0.69 160 

CU3 Middle 4.9 1.4 1.5 4.7 18 4.4 64 0.74 160 

Mean ± 1 SD          

this study 4.8±0.1 1.3±0.1 1.9±0.5 4.4±0.3 18±0.9 4.9±0.7 62±2.1 0.79±0.10 150±13 

Beate et al. (2001) 5.3±0.3 1.4±0.1 1.6±0.2 4.6±0.2 18±0.2 4.8±0.4 62±0.6 0.73±0.05 110±3 
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Table 3. Mass transfer coefficients (τ), total mass losses, volumetric strain, and the chemical 

weathering indices expressed as depth-weighted averages (100 cm). Values are rounded to two 

significant digits, with exception of the TML values that are rounded to three significant digits. 

 

Profile τ Ca τ K τ Mg τ Na τ Al τ Fe τ Si TML Strain CIA SA TRB 

        kg m-2    cmolc kg-1 

FR2 Upper -0.96 -0.92 -0.85 -0.97 -0.11 -0.45 -0.53 -1240 0.54 99 1.9 42 

FR2 Middle -0.98 -0.96 -0.93 -0.98 -0.17 -0.56 -0.60 -1410 0.66 99 1.7 22 

FR2 Lower -0.97 -0.94 -0.92 -0.98 -0.20 -0.58 -0.58 -1390 1.9 99 1.9 22 

FR3 Upper -0.98 -0.96 -0.93 -0.98 -0.23 -0.57 -0.61 -1450 0.90 99 1.8 23 

FR3 Middle -0.99 -0.97 -0.94 -0.99 -0.28 -0.59 -0.69 -1610 0.20 99 1.6 23 

FR3 Lower -0.96 -0.96 -0.88 -0.97 -0.25 -0.63 -0.64 -1520 0.66 99 1.7 40 

PR1 Upper -0.91 -0.82 -0.82 -0.90 0.21 0.10 -0.40 -809 1.9 98 1.7 62 

PR1 Middle -0.99 -0.97 -0.93 -0.98 0.068 0.18 -0.51 -1060 0.78 100 1.6 18 

PR1 Lower -0.98 -0.97 -0.93 -0.98 0.038 0.094 -0.51 -1090 0.46 99 1.7 21 

PR2 Upper -0.98 -0.97 -0.90 -0.98 -0.14 -0.28 -0.63 -1400 0.98 99 1.5 29 

PR2 Middle -0.97 -0.98 -0.89 -0.98 -0.084 -0.28 -0.60 -1340 0.29 99 1.5 27 

PR2 Lower -0.95 -0.93 -0.83 -0.96 -0.065 -0.39 -0.55 -1260 1.3 98 1.7 47 

PR3 Upper -0.87 -0.70 -0.60 -0.86 0.078 0.60 -0.42 -793 NA 96 1.9 59 

PR3 Middle -0.98 -0.96 -0.92 -0.98 -0.22 -0.53 -0.63 -1480 1.7 99 1.7 20 

PR3 Lower -0.99 -0.95 -0.94 -0.98 -0.11 -0.52 -0.56 -1320 1.1 100 1.7 18 

PR4 Upper -0.99 -0.97 -0.94 -0.99 -0.089 -0.51 -0.57 -1320 1.2 100 1.7 14 

PR4 Middle -0.98 -0.96 -0.91 -0.98 -0.10 -0.32 -0.55 -1270 3.0 99 1.8 16 

PR4 Lower -0.98 -0.93 -0.92 -0.98 -0.080 -0.35 -0.54 -1240 2.6 99 1.8 18 

PR5 Upper -0.95 -0.77 -0.65 -0.91 -0.18 -0.10 -0.51 -1190 0.93 97 2.1 82 

PR5 Middle -0.97 -0.87 -0.85 -0.96 -0.060 -0.25 -0.48 -1120 1.0 99 1.9 36 

PR5 Lower -0.97 -0.88 -0.87 -0.96 -0.33 -0.24 -0.58 -1400 0.63 98 2.2 43 

CU2 Upper -0.92 -0.96 -0.87 -0.97 -0.035 0.030 -0.49 -1090 2.6 98 1.9 30 

CU2 Middle -0.89 -0.95 -0.68 -0.95 -0.10 -0.19 -0.58 -1270 1.6 97 1.6 79 

CU2 Lower -0.96 -0.95 -0.92 -0.97 0.20 -0.29 -0.44 -950 2.1 99 1.6 20 

CU3 Upper -0.63 -0.72 -0.80 -0.65 -0.14 -0.29 -0.42 -979 1.0 87 2.4 180 

CU3 Middle -0.91 -0.87 -0.88 -0.92 -0.22 -0.03 -0.56 -1230 1.0 96 2.1 67 

CU3 Lower -0.91 -0.82 -0.89 -0.90 -0.21 -0.21 -0.52 -1230 0.72 96 2.2 70 

CU4 Upper -0.77 -0.67 -0.77 -0.71 -0.14 -0.26 -0.39 -953 0.90 89 2.6 140 

CU4 Middle -0.85 -0.76 -0.88 -0.84 -0.37 -0.25 -0.51 -1270 0.41 91 2.9 110 

CU4 Lower -0.93 -0.85 -0.88 -0.93 -0.45 -0.26 -0.63 -1520 0.88 96 2.3 73 

Mean (1 SD)             

Forest (FR) -0.97 -0.95 -0.91 -0,98 -0,21 -0,56 -0,61 -1440 0,81 99 1,8 29 

 (0.01) (0.02) (0.04) (0,01) (0,06) (0,06) (0,05) (130) (0,58) (0) (0,1) (10) 

Grass (PR) -0.96 -0.91 -0.86 -0,96 -0,07 -0,19 -0,54 -1210 1,3 99 1,8 34 

 (0.03) (0.08) (0.10) (0,04) (0,13) (0,13) (0,07) (200) (0,8) (1) (0,2) (21) 

Cushion (CU) -0.86 -0.84 -0.84 -0,87 -0,16 -0,19 -0,50 -1170 1,3 94 2,2 85 

 (0.10) (0.11) (0.08) (0,12) (0,19) (0,19) (0,08) (190) (0,7) (4) (0,4) (51) 

ALL -0.94 -0.90 -0.86 -0,94 -0,13 -0,26 -0,54 -1240 1,2 97 1,9 48 

 (0.08) (0.09) (0.09) (0,08) (0,15) (0,27) (0,08) (210) (0,7) (3) (0,3) (39) 

TML = Total mass loss, TRB = Total reserve in bases (Ca, K, Na, Mg), SA = Silicon-aluminium ratio, CIA = 

Chemical index of alteration.  
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Table 4. Overview of the results of the one-way ANOVA (Holm-Sidak method, p < 0.05) for 

vegetation type and topographic position. When data were drawn from non-normal populations or did 

not have equal variances, we performed a Kruskal-Wallis One-Way Analysis of Variance on Ranks 

(Dunn´s method, p < 0.05) 

 

 Effect of topography Effect of vegetation 

   Posthoc comparisons (p < 0.05) 

Parameter p-value p-value CU vs PR CU vs FR PR vs FR 

τ Ca (-) 

τ K (-) 

τ Mg (-) 

τ Na (-) 

τ Si (-) 

τ Al (-) 

τ Fe (-) 

Strain (-) 

TML (kg m
-2

) 

TRB (cmol.kg
-1

) 

SA (-) 

CIA (-) 

OC (%) 

BD (g.cm
-
³) 

pH (-) 

ECEC (cmol(+) kg
-1

) 

BS (%) 

Al
3+ 

(cmol(+) kg
-1

) 

Alo (g kg
-1

) 

Alp (g kg
-1

) 

SD (cm) 

0.116 

0.090 

0.057 

0.095 

0.067 

0.467 

0.398 

0.856 

0.082 

0.216 

0.774 

0.247 

0.809 

0.651 

0.508 

0.369 

0.751 

0.724 

0.968 

0.897 

0.499 

0.001 

0.032 

0.357 

0.003 

0.025 

0.105 

0.001 

0.392 

0.025 

0.009 

0.053 

0.001 

0.129 

0.568 

<0.001 

0.179 

<0.001 

<0.001 

0.021 

0.006 

0.007 

Y 

N 

- 

Y 

N 

- 

N 

- 

N 

Y 

- 

Y 

- 

- 

Y 

- 

Y 

Y 

Y 

Y 

Y 

Y 

Y 

- 

Y 

Y 

- 

Y 

- 

Y 

N 

- 

Y 

- 

- 

Y 

- 

Y 

Y 

Y 

Y 

N 

N 

N 

- 

N 

N 

- 

Y 

- 

Y 

N 

- 

N 

- 

- 

N 

- 

N 

N 

N 

N 

N 

TML = Total mass loss, TRB = Total reserve in bases (Ca, K, Na, Mg), SA = Silicon-aluminium ratio, CIA = 

Chemical index of alteration, OC = Organic carbon content, BD = Bulk density, pH = soil pH, ECEC = 

Effective cation exchange capacity, BS = Base saturation, Al
3+

 = Exchangeable aluminum, Alp = 

Pyrophosphate-extractable aluminum, Alo = Oxalate-extractable aluminum and SD = Soil depth to C horizon. 
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Figure 1. Topographic map of the study site, with location of 10 toposequences. The thirty 

dots show the location of the soil pits (dots are coloured by vegetation type with forest: green; 

tussock grasses: red; and cushion forming plants: yellow), and the five red squares the 

location of the rock samples published in Beate et al. (2001).  The inset on the upper left 

shows the location of the study area in the Ecuadorian Andes. The pictures illustrate the 

vegetation types, with a) tussock grasses, b) cushion forming plants, and c) Polylepis forest. 
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Figure 2. Volumetric strain as a function of soil depth, vegetation type and topographic 

position. The upper panel shows the variation in strain along a toposequence in native forests 

(FR2), the middle one for páramo grasslands (PR4) and the lower one  for cushion plants 

(CU2). 
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Figure 3. Soil organic C content plotted as a function of volumic deformation of the soil A 

horizons. For soil A horizons having a SOC above 3%, there is a positive relationship 

(Spearman r=0.86, p<0.05) between the SOC content and the amount of volumetric 

expansion. 
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Figure 4. Relationship between soil pHH20 and soil chemical weathering extent as measured 

by total mass losses, chemical index of alteration, silicon-aluminium ratio and total reserve in 

bases for the 30 soil profiles. 
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Figure 5. Ternary diagram showing the elemental geochemistry of the bedrock and soil 

samples. The nine rock samples are colour coded, with samples from our study sites in red 

rectangles, and samples from Beate et al. (2001) in black triangles. The ninety-five soil 

samples are colour coded according to vegetation type, with forest sites (FR) in green, 

tussock grasses (PR) in red, and cushion forming plants (CU) in yellow. 

 

  



 

 

© 2019 American Geophysical Union. All rights reserved. 

 

 

 

Figure 6. Depth distribution of mass transfer coefficients (𝜏𝐶𝑎 in green, 𝜏𝑆𝑖 in red, 𝜏𝐴𝑙 in blue) 

of all soil profiles per vegetation type, with PR = tussock grasses, FR = Polylepis forests, and 

CU = cushion forming plants.  
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Figure 7. Depth-weighted mass transfer coefficients of the major base cations (K, Na, Ca), 

and metal cations (Al, Si, Fe) as a function of their topographic position, here measured as 

the distance from the crest. The data from the thirty soil profiles are colour coded according 

to vegetation type, with forest sites (FR) in green, tussock grasses (PR) in red, and cushion 

forming plants (CU) in yellow.  
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Figure 8. Boxplots illustrating the differences in 𝜏𝐶𝑎, 𝜏𝑆𝑖,  total mass loss (kg m
-2

), and total 

reserve in bases (cmolc kg
-1

) between the three vegetation types (left panels) and three 

topographic positions (right panels). When the one-way analysis of variance test was 

significant (p <0.05), the results of the posthoc comparison test are shown. Boxplots with 

different letter differ significantly.  
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Figure 9. Total mass losses by chemical weathering of the 30 soil profiles as a function of 

their topographic position, here measured as the distance from the crest. Each point is a 

depth-weighted average of the soil profile data to a standard depth of 1 m. The data from the 

thirty soil profiles are colour coded according to vegetation type, with forest sites (FR) in 

green, tussock grasses (PR) in red, and cushion forming plants (CU) in yellow. 

 


