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Abstract.  

Plants absorb nutrients and water through their roots, and modulate soil biogeochemical cycles. The mechanisms of water and 

nutrient uptake by plants depend on climatic and edaphic conditions, as well as the plant root system. Soil solution is the 20 

medium in which abiotic and biotic processes exchange nutrients, and nutrient concentrations vary with the abundance of 

reactive minerals and fluid residence times. High-altitude ecosystems of the tropical Andes are particularly interesting to study 

the association between vegetation patterns, soil hydrology and soil nutrient availability because of low soil microbial 

decomposition rates. The páramo landscape forms a vegetation mosaic of bunch-grasses, cushion-forming plants and forests. 

In the nutrient-depleted nonallophanic Andosols, the plant rooting depth varies with drainage and soil moisture conditions. 25 

Vegetation composition is a relevant indicator of rock-derived nutrient availability in soil solutions. The soil solute chemistry 

revealed patterns in plant available nutrients that were not mimicking the distribution of total rock-derived nutrients nor the 

exchangeable nutrient pool, but clearly resulted from strong biocycling of cations and removal of nutrients from the soil by 

plant uptake or deep leaching. Our findings have important implications for future management of Andean páramo ecosystems 

where vegetation type distributions are dynamically changing as a result of warming temperatures and land use change. Such 30 

alterations may not only lead to changes in soil hydrology and solute geochemistry but also to complex changes in weathering 

rates and solute export downstream with effects on nutrient concentrations in Andean rivers and high-mountain lakes. 
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1 Introduction 

Plants absorb nutrients and water through their roots, and modulate soil biogeochemical cycles (Kelly et al., 1998; Jackson et 35 

al., 2002; Amundson et al., 2021). The availability of soil nutrients regulates terrestrial primary productivity (Chadwick et al., 

1999; Vitousek, 2004; White et al., 2012; Uhlig et al., 2020). In young ecosystems, plant-essential mineral nutrients such as 

calcium (Ca), potassium (K), magnesium (Mg), phosphorus (P), and silica (Si) are derived from mineral weathering of rock 

and soil, that releases nutrients into the biological environment (Chadwick et al., 1999; Hedin et al., 2003; Dixon et al., 2016). 

As the store of primary minerals is consumed during soil development, the nutrient supplying capacity decreases. When the 40 

nutrient supply from lithogenic sources declines, biocycling of essential nutrients by plants becomes more important 

(Landeweert et al., 2001; Vitousek et al., 2003). Thus nutrient acquisition and water uptake by plant roots drive the circulation 

of water and dissolved nutrients within the critical zone (Uhlig et al., 2017; Rempe and Dietrich, 2018), while litterfall, root 

decay, and decomposition release nutrients and make them bioavailable again (Hobbie, 1992; Amundson et al., 2007).  

 45 

Soil solution is the medium in which abiotic and biotic processes exchange nutrients (Niemenen et al., 2013; Olshansky et al., 

2019). Nutrient concentrations in shallow soil water are recharged by biological processes and vary seasonally with vegetative 

growth cycles (White et al., 2012) that depend on temperature and rainfall. Biologically essential nutrient concentrations are 

often highest in the upper soil horizons, a result of mineralization and deposition processes (Jobbágy and Jackson, 2001, 2004). 

Atmospheric deposition including occult deposition from fog and clouds can further contribute to replenish soil nutrient stocks 50 

(Hofhansl et al., 2011; Ping et al., 2013). Nutrient concentrations in deeper soil water increase with depth, a result of mineral 

weathering and exchange processes, due to the abundance of reactive minerals and longer fluid residence times (Brantley and 

White, 2009; White et al., 2012).  

 

The mechanisms of water and nutrient uptake by plants depend on climatic and edaphic conditions (Porder and Chadwick, 55 

2009), as well as the plant root system, especially the plant rooting depth (Schenk and Jackson, 2002). Plants typically take up 

soil water using shallow roots, although deep roots can play a key role in acquiring water and nutrients from deeper soil 

horizons and redistribute them to shallower horizons, particularly during drought (Brantley et al., 2017; Hasenmueller et al., 

2017; Dawson et al., 2020). In well-drained aerated upland, soils and plant rooting typically follow infiltration depth, whereas 

in waterlogged anaerobic soils, often shallow roots develop (Fan et al., 2017). Plant rooting depth can, in turn, influence soil 60 

hydrology through transpiration losses and water uptake (Cramer et al., 2008), chemical weathering (Canadell et al., 1996; 

Rempe and Dietrich, 2018), and regulate long-term carbon storage and soil nutrient distributions (Jackson et al., 2000).  

 

Despite the importance of biological and geochemical processes in regulating nutrient availability in terrestrial ecosystems, 

few studies have addressed the role of vegetation communities and soil hydrology in influencing the soil nutrient availability. 65 

High Andean tropical ecosystems provide a good opportunity to study the association between vegetation patterns, soil 
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hydrology and soil nutrient availability: the climate, parent material, and soil age can be held constant at the landscape scale, 

while the vegetation and soil hydrology can vary greatly from the hilltops to the valley bottoms. High-altitude grassland 

ecosystems of the tropical Andes have average cool air temperatures ranging between 2 and 10 °C. Seasonal variations in air 

temperature are small, but strong diurnal temperature oscillations occur (Bader and Ruijten, 2008). Mean annual precipitation 70 

is regionally variable, and between 500 and 3000 mm. Water is rarely limiting plant growth, and the evaporative demand and 

soil microbial decomposition rates are low due to the frequent presence of clouds and fog (Ramsay, 1992; Tonneijck et al., 

2010). In periods with high solar radiation, wind speed and low cloudiness, air and soil temperatures can quickly rise leading 

to moments of high evaporative demands (Páez-Bimos et al., 2023; Carabajo-Hidalgo et al., 2023). Moderate to highly 

weathered uniform soils (Podwojewski and Poulenard, 2000; Molina et al., 2019) are prevalent, and they are rich in organic 75 

matter content (Minaya et al., 2016). Carbon sequestration is particularly remarkable leading to total carbon stocks of 1628 

Mg C ha-1 for the Tropical Andes (Hribljan et al., 2016; 2024; Comas et al., 2017). Páez-Bimos et al. (2023) reported 

particularly high concentrations in dissolved organic carbon in soil solutes (up to 47.3 ± 2.3 mg L-1 in topsoil samples) leading 

to mean annual dissolved organic carbon fluxes of 17.4 g m-2 yr-1 despite relatively low water fluxes. High Andean rivers have 

a particular stream load as their dissolved load exceeds the suspended solid load during normal hydrological years (Tenorio et 80 

al., 2018). The elevated dissolved organic carbon concentrations cause extra acidy in water with consequences on the aquatic 

ecology of rivers and high-mountain lakes (Mosquera et al., 2022).  

 

In this study, we evaluated the association between vegetation, soil hydrology and mineral nutrient availability at the landscape 

scale. It is part of a larger group of studies on soil-water-vegetation interactions in tropical volcanic ecosystems that all used 85 

the same sampling scheme for maximum inter-site comparability (Molina et al., 2019; Páez-Bimos et al., 2022). The site in 

the southern Ecuadorian Andes is underlain by andesitic parent material, and soils experience only limited input of Holocene 

distal tephra (Rodbell et al., 2002). External soil nutrient input from e.g. dust and ocean-salt aerosols can be assumed to be 

minimal. We measured nutrients over the course of one hydrological year in soil pore water solutions, under different 

combinations of vegetation, soil moisture and drainage conditions. Specifically, our research addressed the following 90 

questions: (1) How does vegetation regulate soil moisture, drainage and soil development? (2) How are soil moisture conditions 

related to the availability of rock-derived nutrients (Ca, K, Mg, Na, P and Si) in the soil solution? and (3) How does vegetation 

influence the relative availability of nutrients? The study is based on a new dataset containing data on soil solution chemistry 

and soil water potential collected over a full hydrological year, and was complemented with data on soil bulk chemistry and 

soil hydraulics.  95 

2 Site description 

Our study was carried out at the Cuevas catchment (4.2 km²), located in a grassland (or so-called páramo) ecosystem on the 

western Cordillera in southern Ecuador, about 30 km southwest of the city of Cuenca (3°01’50” S, 79°17’59” W, Molina et 
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al., 2019). Altitudes range from 3608 to 3960 m asl, with gently sloping (< 12%) valley bottoms and steeper slopes (12-25%) 

on the hillsides. The glaciated landscape was shaped during the Pleistocene giving rise to frequently observed glacial features 100 

such as moraines, U-shaped valleys and glacial lakes (Jantz and Behling, 2012). The site is part of an area that is protected by 

the public drinking water company (ETAPA EP). This high-altitude páramo ecosystem has an udic moisture regime and an 

isomesic temperature regime (Poulenard et al., 2003; Buytaert et al., 2005). The annual rainfall (1998-2013 period) averaged 

911 mm at the Soldados meteorological station (3500 m a.s.l., ETAPA EP), and exhibits a bimodal regime (Mora and Willems, 

2012). As rainfall is associated with cloudiness, there is also a continuous moisture input from clouds and fog. The air 105 

temperature is seasonally constant with a mean annual air temperature of about 8°C at 2.5 m above the terrain (ETAPA EP). 

Although the mean temperature shows little seasonal variation, there are strong diurnal variations with a maximum temperature 

of 18 °C during the day and a minimum temperature of 1°C during the night. Because of the low temperature and year-round 

air humidity, the evapotranspiration is estimated at 45 to 60% of the total annual rainfall (Carrillo‐Rojas et al., 2019; Lazo et 

al., 2019).  110 
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Figure 1: Overview of the three main vegetation assemblages in the high-altitude páramo ecosystem, with abundance of cushion-

forming plants in topographic hollows and valley bottoms, tussock grasses along the hillsides and forest in poorly accessible areas 

by humans. (A) Representation of the topography with indication of the three vegetation types. (B) Composite of images taken by 

an uncrewed aerial vehicle with an indication of the location of the soil profiles. (C) Examples of the vegetation types, and one 115 
selected soil profile showing the importance of organic matter accumulation. The topographic and land use information was derived 

from aerial photographs taken by an uncrewed aerial vehicle using UAV-PPK-SfM techniques following Clapuyt et al. (2016) and 

Zhang et al. (2019). 

 

Summits and hillslopes have well-drained soils covered by bunch or tussock grasses, whereas toeslopes and valley bottoms 120 

are characterized by permanently waterlogged areas covered by cushion-forming plants. Forest patches are present on poorly 

accessible and steeper terrain in the upper part of the catchment. The vegetation pattern may result from local differences in 

microclimate and anthropogenic disturbances (Bader and Ruijten, 2008). Plant communities in the tussock-grass páramo 

consist mainly of bunch-grasses of the genera Stipa and Calamagrostis (Poaceae) (Jantz and Behling, 2012) and include 

Poaceae (Paspalum, Cortaderia), Hypericaceae (Hypericum), and Valerianaceae (Valeriana). Páramo wetlands are covered 125 

by cushion-forming plants, which comprise species of Plantaginaceae (Plantago rígida) and Cyperaceae (Uncinia) (Jantz and 

Behling, 2012; Coblentz and Keating, 2008). Woodlands contain small trees of 3 to 5 m height with the dominant species 

Polylepis reticulate (Fig. 1). Extensive grazing (by cattle and horses) had an impact on the landscape, but slowed down after 

2010 when the land was declared a protected area. Traditional burning of grasslands is still practised in the wider region to 

remove old grass and allow nutritious, vigorous, new shoots to grow (White, 2013).  130 

 

The nonallophanic Andosols developed on andesitic parent material from the Mio‐Pliocene (Beate et al., 2001; Podwojewski 

and Poulenard, 2000; Buytaert et al., 2006). Soil formation started after the parent material was exposed following the retreat 

of glaciers during the late Pleistocene (Hansen et al., 2003). The young, postglacial soils experienced intense weathering with 

strong depletion of the Ca, Na, and K base cations throughout the soil depth (Molina et al., 2019). The presence of allophane 135 

is very limited, and soils are dominated by metal-humus complexes. The organic horizons have soil bulk densities as low as 

0.28 g cm-3 and an organic carbon content up to 21%. Beyond the hillslope-scale topographic control on soil development, 

chemical and physical properties of soils differ by the soil weathering intensity and the type of vegetation. Soil depth (defined 

as depth to C horizon) varies across the vegetation communities, with average (± 1 SD) soil depths of 65 ± 19 cm for tussock 

grasses, 61 ± 17 cm for forest, and 42 ± 6 cm for cushion plants. Using a chemical mass balance approach where mass losses 140 

or gains in soil are compared to parent material using Ti as a conservative element, Molina et al. (2019) showed that forest 

soils are strongly depleted in base cations (with total mass losses of 1440 kg.m-2) followed by soils under tussock grasses (1210 

kg.m-2) and under cushion plants (1170 kg.m-2). Soil acidity is enhanced by weathering, with a soil pHH20 of 4.8 under forests, 

5.0 under tussock grasses and 5.6 under cushion plants. Detailed information on the chemical weathering and soil development 

was reported earlier (Molina et al., 2019). 145 
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3. Materials and methods  

3.1. Soil sampling strategy 

Within the 4.2 km² study area, 33 sampling locations were selected: 9 under native polylepis forest, 9 under cushion-forming 

plants and 15 under the dominant vegetation cover, tussock grasses. An automatic weather station (Cancan Refugio, 3690 m 

a.s.l., ETAPA EP) records rainfall, air temperature and relative humidity at a height of 2.5 m above the ground. Soil pits were 150 

excavated to a depth of more than 15 cm below the soil weathering front, reaching depths of 57 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 

(Food and Agriculture Organization, 2006). Information on plant rooting depth was derived from field measurements during 

soil profile descriptions, and a distinction was made between the effective and the maximum rooting depth. The effective 

rooting depth corresponds to the zone where most of the roots grow in the upper horizons, and the maximum rooting depth to 155 

the deepest rooting depth observed in the C horizons. Soil and rock chemical analyses are described in Molina et al. (2019), 

and we re-used here the data on the exchangeable base cations and mass transfer coefficients (Table 1 and 3 in Molina et al., 

2019) to assess the retention of rock-derived nutrients in the soil system. As the soil profiles have variable thicknesses, the 

bulk soil data were recalculated for multiple depth intervals of 20 cm each to facilitate inter-site comparison following the 

approach of Jobbágy and Jackson (2001). 160 

 

3.2. Determination of soil hydro-physical properties 

We derived the volumetric soil moisture content, bulk density and water retention for a selection of 12 profiles: 3 under 

polylepis forest, 3 under cushion-forming plants, and 6 under tussock grasses. The A and C horizons of these profiles were 

sampled by taking undisturbed samples of 100 cm³ (in triplicate) in stainless steel rings and disturbed samples (700 g) in zip 165 

lock bags. Soil water retention curves were then determined from the experimental data on soil water retention for different 

matric potentials at the soil hydro-physical laboratory of PROMAS at the Universidad de Cuenca. Soil water retention at lower 

matric potentials (-100, -300, and -1500 kPa) was measured on saturated disturbed samples. Samples were mixed with water 

to a saturated soil paste which was then preserved in a closed container for 1 week. The soil paste was then placed in PVC 

rings on a pressure membrane in a container in which different pressures were applied, and samples are left for 7 days to 170 

equilibrate before measurement (Klute, 1986). At high matric potentials (0, -3, -6, -10, -24, and -46 kPa), the water retention 

was determined on undisturbed samples by the multi-step apparatus (van Dam et al., 1994). To estimate the gravimetric water 

content (g g-1) for a given matric potential (kPa), the samples were weighted. At the end of the experiment, the samples were 

oven-dried at 80°C during 48 hours, and weighted again to obtain the soil bulk density (g cm-3). This information was then 

used to convert the gravimetric water content (g g-1) into volumetric water content (cm³ cm-3). The soil water retention curves 175 

(12 sites × 2 horizons) were obtained by fitting a bimodal Van Genuchten model (Van Genuchten, 1980) through the measured 

soil water retention data following the approach described in Páez-Bimos et al. (2023). 
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Saturated hydraulic conductivity (Ks) of soils was measured in-situ on the A and C horizons of the 12 selected profiles using 

the inverse auger hole or so-called Porchet method (van Hoorn, 1979). We selected this method because of its extensive use 180 

in soils of páramo ecosystems (e.g. Buytaert et al., 2005; Marín et al., 2018, Páez-Bimos et al., 2022). The measurements were 

performed in fresh bore holes with 3 replicates per site. For further analyses, the average of the three measurements was taken. 

3.3. Soil and rain water sampling 

We sampled soil pore water using suction cup lysimeters (P80 ceramic, maximum pore size 1 μm; CeramTec AG, 

Marktredwitz, Germany). The 33 lysimeters were installed sub-horizontally at 50 cm depth, about 1 m upslope of the soil pits. 185 

At this depth, they collect soil solutions from the overlying A and AC horizons of the strongly weathered nonallophanic 

Andosols that are rich in organic matter as a result of biological activity including bioturbation and root growth (Molina et al., 

2019). Rain water was sampled at the Cancan Refugio meteorological station where samples were collected with a plastic 

funnel connected to a 1 L bottle that was wrapped in aluminum paper and stored in a closed plastic bucket underground. The 

top of the funnel was covered with a 1 mm mesh, and a 20 µm nylon mesh was placed between the funnel and the hose. 190 

Lysimeters, tubes, and collection bottles were acid-washed and rinsed with deionized water before installation. The collection 

bottles (from dark glass) were closed with rubber stoppers, placed in plastic buckets with lids and buried in the ground 

approximately 2 m downslope of the lysimeters. After an initial 2-month equilibration period, soil water was sampled every 2 

to four weeks from October 2012 to September 2013. Soil water was collected by applying a vacuum of 40 kPa to the collection 

bottles (Schwendenmann and Veldkamp, 2005; Kurniawan et al., 2018). During sample collection, the collected water was 195 

transferred to a clean high-density polyethylene bottle of 100 mL.  

 

We measured the soil moisture potential in-situ using tensiometers (P80 ceramic, maximum pore size 1 μm; CeramTec AG, 

Marktredwitz, Germany). They were installed at the same depth as the lysimeters (50 cm) and at short distance (1 to 2 m). Soil 

water potential in the field was measured at the same time as soil water sampling, over the period October 2012 to September 200 

2013. The data were converted into volumetric soil moisture values using measured soil water retention curves. 

3.4. Soil water chemistry 

Water samples were taken to the soil laboratory of the Faculty of agricultural sciences at the University of Cuenca (Ecuador) 

and frozen immediately. The frozen samples were transported by air to the University of Göttingen (Germany) where the 

chemical analyses were conducted. Analyses of total dissolved N (TDN), NH4
+, NO3

- and Cl- were conducted using continuous-205 

flow injection colorimetry (AA3; SEAL Analytical, Norderstedt, Germany); Dissolved organic C (DOC) was analyzed using 

a total organic carbon analyzer (TOC-Vwp; Shimadzu Europe, Duisburg, Germany). Analysis of base cations and total 

dissolved Al, Fe, Mn S, P and Si was done using an inductively coupled plasma-atomic emission spectrometer (iCAP 6300; 

Thermo Fischer Scientific, Dreieich, Germany). For details and detection limits we refer to Kurniawan et al. (2018). We 
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reported all solute concentrations in µmolc L-1 (molar concentration multiplied by the equivalent charge of the solute). A partial 210 

cation-anion charge balance of the major solutes (i.e., those with concentrations > 2 µmolc L-1) was performed, considering all 

pore water samples of a given vegetation type following the methods described in Kurniawan et al. (2018). The contribution 

of bicarbonates (HCO3
-) and organic acids (RCOO-) were estimated by subtracting the total anion charge from the total cation 

charge, whereby the charge contributions of the total Al were assumed to be 3+. Solute concentrations that exhibited very low 

levels (i.e., total Fe, Mn, and P), and thus had minimal charge contribution were excluded from the calculations (following the 215 

method used by Hedin et al., 2003). 

 

Given the lack of Cl-bearing minerals in the parent material, the pore water Cl concentrations were used to estimate 

evapotranspiration rates and soil water fluxes. We used the approach of White et al. (2009) and Buss et al. (2017) to estimate 

soil hydrological fluxes from the chloride concentrations in rain and soil water. Assuming 1D vertical flow, the fluid flux 220 

density is calculated as the net difference between annual precipitation and evapotranspiration fluxes, and equal to the product 

of precipitation and the ratio of volume-weighted Cl concentration in precipitation to that in soil pore waters (Buss et al., 2017). 

The average infiltration rate was then calculated by dividing the fluid flux density by the product of the average porosity and 

saturation, and the average fluid residence time by taking the ratio of the profile thickness and the infiltration rate.  To evaluate 

the role of vegetation uptake on plant nutrient concentrations in the soil solution, we analyzed nutrient/Cl ratios. Chloride is 225 

not an essential nutrient and not actively assimilated by the vegetation (Boxman et al., 2008) and changes in the soil water Cl 

concentrations are thus mainly caused by difference in soil water balance if we assume that the Cl input through weathering 

and deposition does not vary between sites. An increase in nutrient/Cl ratios indicates an enrichment of the nutrient relative to 

Cl, and a decrease a removal of the nutrient relative to Cl.  

3.5. Statistical Analysis 230 

We used linear mixed-effects (LME) model (Crawley, 2009) to assess whether solute chemistry and soil hydrology are 

different in soils covered by cushion-forming plants, tussock grasses and polylepis forest. The model used the vegetation type 

as the fixed effect, and the spatial replication (experimental sites) and monitoring time (biweekly or monthly measurements) 

as random effects. In total, 360 samples from 31 experimental sites were used for the statistical analysis, as we excluded the 

data from two forested sites (FR1 Middle, FR3 Upper) where exceptionally high solute concentrations were measured, larger 235 

than two standard deviations above the average. Differences between vegetation types (fixed effects) were assessed based on 

analysis of variance at p ≤ 0.05. Correlation between explanatory variables was tested with Spearman’s rank correlation 

statistics, and we reported the strength and type of association by the Spearman’s rho and p-values. The R software version 

3.1.2 (R Development Core Team, 2014) was used to perform all the statistical analysis. 
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4. RESULTS  240 

4.1. Variations in soil and vegetation rooting depth in páramo ecosystems 

The young volcanic soils were generally thin and the depth to the C horizon ranged from 27 to 100 cm. Soils under cushion-

forming plants were thinner (i.e., 42 ± 6 cm) than under forests (61 ± 17 cm) and tussock grasses (65 ± 19 cm, Table 1 in 

Molina et al., 2019). The effective rooting depth of the vegetation was lower under cushion-forming plants than under forests 

or tussock grasses with depths of 33 ± 4 cm under cushion plants, and about 10 cm more in forests (44 ± 6 cm), and tussock 245 

grasses (41 ± 8 cm, Fig. 2). The maximum rooting depth followed the same pattern with 51 ± 8 cm under cushions, 82 ± 16 

cm under forest, and 75 ± 17 cm under tussock grasses (Table S1). The root systems of trees and tussock grasses allow the 

plants to acquire water and nutrients at significantly greater depths than cushion-forming plants. Some of the deepest roots 

extended to more than 1 m in well-drained soils developed under forest or tussock grasses. Effective and maximum root depths 

were positively associated to the soil depth, illustrating the strong link between soil development, plant growth and root 250 

development (Spearman’s rho = 0.78 and 0.75 resp., p-value < 0.01, n = 31). 

 

 

Figure 2: Depth-distribution of root development in forests (n=9, green), under tussock grasses (n=15, red) and cushion-forming 

plants (n=9, blue).   The effective rooting depth contains > 90% of the root biomass and corresponds to the maximum depth at which 255 
vegetation effective uses plant-available water. The maximum rooting depth refers to the deepest rooting depth observed in the C 

horizons. 

4.2. Nutrient distribution in the soil profile 

All soils experienced intense chemical weathering with significant elemental depletion throughout the soil profile (Fig. 3). 

Total weight losses by chemical weathering for the 30 profiles ranged between 793 and 1610 kg.m-2, with a mean value of 260 
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1240 ± 210 kg.m-2 (Table 3 in Molina et al., 2019). Depletion profiles did not show a clear trend in base cation loss with depth 

and had a rather uniform depletion of Ca, Na, K, and Mg throughout all horizons. The chemical mass losses were significantly 

different between vegetation types: soils covered by cushion-forming plants had the lowest chemical mass losses. Being 

significantly less depleted in Ca, Na, and K, their remaining stock of rock-derived nutrients was higher than in soils under 

forests and tussock grasses. The lithogenic elements that were biotically cycled by plants - Ca, K and Mg - had the highest 265 

concentrations of mean exchangeable cations in the upper 20 cm of the profiles, and then decreased with depth up to 60 cm 

(Fig. 3). This pattern was observed under all vegetation types and we inferred that they were being biotically pumped to the 

surface horizons. The lowest concentrations of exchangeable and total Ca and K were measured between 60 and 80 cm depth 

which corresponds to the average maximum rooting depth. The exchangeable Ca and Mg concentrations varied between 

vegetation types (Table 1). Soils under cushion plants had 82% higher exchangeable Ca and ~72 to 62 % higher exchangeable 270 

Mg concentrations than under forests or tussock grasses (Table 2). In contrast to the Ca, K and Mg soil cations, the Na cation 

concentration increased with soil depth under cushion plants although the absolute depth-variations were small. Similar to the 

other biotically cycled elements, the exchangeable Na concentrations were significantly higher under cushion-forming plants. 

 

 275 

Figure 3: Depth-variation of the mean exchangeable Ca, K, Mg, and Na concentrations, and their mean elemental mass transfer 

coefficients in soils under forests (n=7, green line), tussock grasses (n=15, red line) and cushion-forming plants (n=9, blue line).  
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Table 1. Summary of the linear mixed-effect model, with indication of the significance level of the fixed effects (vegetation type). The 

mean annual concentrations of the major elements and pH per vegetation type are given in Table 2. 280 

Nutrient/Element in soil 

solution 

Cushion plants vs 

tussock grasses 

Cushion plants vs 

forest 

Tussock grasses 

vs forest 

Calcium (Ca) < 0.001 < 0.001 0.991 

Potassium (K) 0.827 < 0.050 < 0.010 

Magnesium (Mg) < 0.001 < 0.010 0.845 

Sodium (Na) < 0.001 < 0.001 0.906 

Total silica (Si) < 0.001 < 0.001 0.740 

Total phosphorus (P) 0.801 0.596 0.774 

Total aluminum (Al) < 0.010 < 0.001 < 0.010 

Total Iron (Fe) < 0.010 < 0.001 < 0.010 

pH < 0.001 < 0.001 < 0.001 

 

Table 2: Mean annual concentration (± 1 SD) of the major elements and pH in the soil solution under forest, tussock 

grasses and cushion-forming plants measured monthly from October 2012 till September 2013.  

 
 Ca K Mg Na Si P Cl S Al Fe pH 

 µM (mean ± 1 SD)  

Forest 28±18 38±28 14±7 69±50 18±22 0.2±0.1 20±4 11±4 13±8 1±0 5.7±0.6 

Tussock grasses 19±7 11±8 9±3 58±29 39±38 0.3±0.3 15±10 4±1 2±1 1±2 6.5±0.2 

Cushion plants 82±36 17±10 24±10 181±81 291±135 0.2±0.1 20±9 4±2 1±1 3±3 7.1±0.2 

 285 

4.3. Soil hydrological properties 

4.3.1. Spatiotemporal variation in soil moisture content 

The annual rainfall measured at Cancan Refugio was 546 mm, about 40 % less than the mean annual rainfall in this region 

(ETAPA EP). The monitoring period (October 2012 to September 2013) coincided with a severe drought and 2012 and 2013 

were amongst the driest years on record. Most of the rain (71%) fell during the wet season (i.e., between November 2012 and 290 

May 2013, Fig. 4) although April was unusually dry. The soil moisture pattern followed the overall rainfall seasonality with 

highest volumetric soil water contents (SWC, in cm3.cm-3) in the wet season between November and June, and the lowest 

values between July and October. Despite the unusually low precipitation amount registered over the monitoring period, the 

volumetric soil water content remained high in all 33 soil profiles (i.e. above 0.40 cm3.cm-3, Table S1) and rather constant over 

the wet season and it declined only gradually during the dry months. The temporal variation in soil moisture content was 295 

similar for all vegetation types, with below-average SWC values over the dry months. Clear differences were observed in the 

absolute soil moisture content between vegetation types: over the monitoring period, the volumetric soil water content under 

cushion-forming plants was, on average, 7% higher than under tussock grasses and 16% higher than in forests (Fig. 4). Forests 

experienced the lowest soil water availability, with SWC approaching the wilting point during the driest month.  
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 300 

 
Figure 4: Mean monthly rainfall (mm) and mean monthly soil moisture content (cm³.cm-3) in soils under cushion-forming plants 

(mean annual SWC ± 1 SD: 0.61 ± 0.08 cm³.cm-3), tussock grasses (0.57 ± 0.04 cm³.cm-3) and forest (0.51 ± 0.03 cm³.cm-3). 

 

4.3.2. Saturated hydraulic conductivity and water residence time 305 

The saturated hydraulic conductivity (Ks) differed between vegetation types and between A and C horizons. The Ks was highest 

in the A horizons of forest soils, followed by cushion-forming plants and tussock grasses (Fig. 5, Table S2). The Ks of the C 

horizons was highly variable between vegetation types, with the highest values under forests and the lowest under cushion-

forming plants. The saturated hydraulic conductivity was close to 0 mm.h-1 in the C horizons under cushion-forming plants, 

indicative of the presence of an impermeable layer at the contact between soil and weathered parent material. Calculated water 310 

residence time in the soils was overall high (i.e., above 200 days). Forest and tussock grasses had similar residence times of 

about 202 and 203 days, while soils covered by cushion-forming plants showed a longer water residence time of 231 days 

(Fig. 5). This points to the fact that cushion-forming plants were abundant in soils that were prone to undergo waterlogging or 

saturation during the rainy season, even in unusually dry years (Table S3). Given that the monitoring period was unusually 

dry, the differences in water residence time can be higher during normal rainfall years, and further monitoring is necessary to 315 

study the potential effect of drought on water residence time. 
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Figure 5: Mean saturated hydraulic conductivity (mm h-1) and mean water residence time (yr) under forest, tussock grasses and 

cushion-forming plants for period between October 2012 and September 2013.  320 

 

4.4. Soil solute chemistry 

The mean pH in water of the soil solutions differed between vegetation types with acidic conditions under forests (5.7 ± 0.6) 

and tussock grasses (6.5 ± 0.2), and near neutral conditions under cushion-forming plants (7.1 ± 0.2, Table S4). The total ionic 

charge of the soil solution under cushion-forming plants was about twice the concentration measured under forests and three 325 

times the concentration under tussock grasses (Table 2). The major ions contributing charge in the soil solutions were rather 

similar between vegetation types, with Na > Ca > >Mg or K cations, and HCO3
- >> Cl anions, although NO3

- and K 

contributions were higher under forests than under cushion-forming plants and tussock grasses (Fig. S1). On annual basis, the 

concentrations of solute Ca, Mg, Na and Si were higher under cushion-forming plants, whereas the solute K concentration was 

higher under forest (Table 2). Solute Al showed the highest concentrations under forest and lowest concentrations under 330 

cushion plants, whereas solute Fe showed the opposite pattern (Fig. S2). Dissolved P concentrations were close to the detection 

limit in the soil solution and we did not detect significant differences between vegetation types. When accounting for the 

difference in soil water balance between vegetation types, the Ca/Cl and Mg/Cl ratios under cushion plants were at least twice 

as high as under forests and tussock grasses (Fig. 6). Over one hydrological year, we noticed only minor temporal variation in 

Ca, Mg, Na and Si solute concentrations under forest and tussock grasses, whereas there existed large variation in these 335 

concentrations under cushion plants (Fig. 7). Seasonal variation in nutrient/Cl ratios was stronger, particularly under cushion 

plants, where it showed clear variations throughout the year with peaks during the rainy season (Fig. S3). Solute K 

concentrations behaved differently than the other cations, with forests having the highest K/Cl ratio and peaks in K/Cl ratio 

during the rainy season. Unlike other mineral solutes, temporal variations of solute P were similar in all vegetation types. 

 340 
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Figure 6: Ratio of Ca, Mg and K nutrients to Chloride in the soil solution of forests (n=7), tussock grasses (n=15) and cushion plants 

(n=9). An increase in the ratio indicates an enrichment of the nutrient relative to Cl, and a decrease a removal of the nutrient 

compared to Cl.  345 

 

 

4.5. Relationship between soil moisture and solute concentrations 

Soil solute concentrations varied between vegetation types and with soil moisture levels, with the exception of solute P 

concentrations that were consistently low at all soil moisture levels and under all vegetation types (Fig. 8). Cushion plants 350 

colonized the wettest zones where the highest Ca, Mg, Na and Si solute concentrations were measured. Tussock grasses were 

dominant in soils with intermediate soil moisture contents and were characterized by the lowest soil solute concentrations 

(except Si). Forest soils had the lowest soil moisture contents over the hydrological year, and they had particularly high solute 

K and low Si concentrations. For all vegetation types combined, the volumetric soil water content was positively related (r ≥ 

0.6, n = 36) to the soil solute Ca, Na, and Si concentrations, and negatively related (r = -0.6, n = 36) to the soil solute K 355 

concentrations. Soil solute Mg and P concentrations were independent of the soil moisture content.  
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Figure 7: Temporal variation in soil solute concentrations under forest (n=7), tussock grasses (n=15) and cushion plants (n=9). The 360 
mean monthly values for the period October 2012 till September 2013 are plotted in the graphs. Even after a 2-month equilibration 

period, we cannot entirely exclude that the first cation concentration measurements under forest (October 2012) are higher-than-

expected due to incomplete stabilization of the lysimeters after installation (e.g. preferential flow because of lysimeter insertion).  
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 365 

Figure 8: Relation between soil solute concentrations and soil moisture contents under forest, tussock grasses and cushion plants.   

5. DISCUSSION 

5.1. Soil moisture regulation by plant rooting depth  

Plants employ different mechanisms to acquire water and mineral nutrients that are required for their adequate growth. 

Adaptation mechanisms include changes in the rooting depth so that the plants can access new sources of water and nutrients 370 

from within the weathering mantle (Schenk and Jackson, 2002). Plant rooting depth plays a key role in regulating soil-water 

processes (Fan et al., 2017). In the High Andes, vegetation patterns covary with slope morphology, and plant rooting depth 

varies with soil drainage, topographic position, and soil development.  
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5.1.1. Soil moisture-regulated rooting depth under cushion plants 

Cushion plants are prevalent in topographic concavities and hollows where soils are seasonally waterlogged or saturated. 375 

Although dense vegetation cover facilitates rapid soil water infiltration in the organic-rich A horizons, the water percolation 

was limited by very low saturated hydraulic conductivity of the C horizon. As a result, lateral soil water flow was important 

under cushion plants, and it deprived the deeper subsoil of water, resulting in shallower soils due to lower weathering rates 

(Molina et al., 2019). In the poorly conductive subsoil, water stagnation was evidenced by long water residence times, and 

reducing conditions occurred as shown by high levels of dissolved Fe in soil solutes. Cushion plants are favored in these 380 

environments where the plant rooting depth is often limited by prolonged soil saturation and anoxia during the wet season. At 

the same time, the colonisation by cushion-forming plants leads to a positive feedback as the relative shallow rooting of cushion 

plants minimizes the depth of root expansion of soil pores, enhances runoff production and nutrient transfer operating within 

the upper soil horizons.  

  385 

5.1.2. Soil moisture-regulated rooting depth under forests and tussock grasses 

Forest and tussock grasses typically colonized linear and convex slopes that were characterized by soil water infiltration rates 

above 2 mm.h-1 in A and C horizons. In these well-drained soils, the rooting depth followed infiltration depth and deep roots 

were found at more than 1 m depth. Deep soil water infiltration enabled plant root systems to develop and mine water at depth. 

As shown for temperate (Rempe and Dietrich, 2018) and humid (Jobbágy and Jackson, 2007) environments, deep root systems 390 

can gradually deplete soil moisture storage due to higher transpiration losses during the dry season. The difference in soil 

moisture content between forests and tussock grasses was not related to the effective root depth, but likely to be related to plant 

water status, i.e. the balance between water uptake by roots and water loss through transpiration from leaves. Compared to 

forests, the canopy interception and evapotranspiration was lower under tussock grasses (Páez-Bimos et al., 2023), which 

makes them more tolerant to water stress. Rada et al. (2019) showed for the Venezuelan páramos that grasses were more 395 

tolerant to water stress than shrubs or trees at moments when soil water availability was limited due to high temperatures and 

evaporative demand. 

5.2. Spatiotemporal variations in soil solution chemistry 

As a result of strong depletion of rock-derived mineral nutrients in the nonallophanic andosols, biological processes may play 

an important role in controlling soil solution chemistry. Spatial patterns of vegetation types and plant rooting depths co-occur 400 

with variations in chemical weathering intensity (Molina et al., 2019) and soil solution chemistry.  
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5.2.1. Soil solute dynamics under cushion plants 

Soil solutes under cushion-forming plants had the highest concentrations in Ca, Mg, Na and dissolved Si, as a result of low 

plant root uptake, and low saturated conductivity at depth. As a result of low subsoil conductivity, soils became waterlogged 

during the wet season as shown by long water residence times and reduced conditions. Consequently, soils under cushion 405 

plants had the lowest soil weathering intensities and neutral soil pHH
2

0. The plant-generated effects on soil chemistry were 

visible in the distribution of exchangeable Ca, Mg, and Na in the top 80 cm of the soil. Exchangeable Ca and Mg were enriched 

in the upper soil horizon, indicating that these cations were highly biocycled. Contrary to expected (Jobbagy and Jackson, 

2004; White et al., 2012), sodium was slightly enriched in the upper horizons which can be indicative of evaporation 

concentration of Na or biocycling of Na by cushion-forming plants.  Pools of available Ca and Mg are influenced by plant 410 

biocycling, but nutrient/Cl ratios were disproportionally large in the waterlogged soils underlying the cushion plants. On an 

annual basis, the Ca/Cl and Mg/Cl ratios in soil solutions under cushion-forming plants were 3.1 and 2.3 times higher than 

under forest and 3.2 and 2.5 times higher than under tussock grasses. Differences in Si/Cl ratios were even larger between 

vegetation types, with Si/Cl ratios under cushion-forming plants being 14.0 times higher than under forest and 6.2 times higher 

than under tussock grasses. Solute K and P showed different patterns, possibly due to the importance of near-surface supply 415 

of those two cations and minimal deep leaching under cushion-forming plants. 

 

5.2.2. Soil solute dynamics under forests and tussock grasses 

The water movement through deep weathering profiles, deep roots, and plant biocycling exert strong controls on solute 

concentrations in forest and grassland soils. The soil exchangeable Ca, Mg, and K showed the highest concentrations in the 420 

top 20 cm of soil, indicating that these cations were strongly cycled and retained by plants. Biocyling of potassium can be 

particularly important in forest because of the relatively high nutrient demand of trees such as Polylepis reticulata for their 

physiological activities. Potassium is typically found in highest concentrations in plant tissues (Jobbagy and Jackson, 2004) 

and plays a major role in the osmotic balance and photosynthesis (Tripler et al., 2006).   

Under forest, the soil pore waters contained remarkably high K concentrations and K/Cl ratios, given their relatively low K 425 

availability in the soil exchangeable phase and bulk soil (compared to cushion plants and tussock grasses, Fig. 3). Forest soils 

experienced the driest soil water conditions throughout the hydrological year, and tree roots effectively pump water and 

nutrients from deeper horizons than grasses and cushion plants. Deep biological pumping of K resulted in elevated near-surface 

concentrations of K in forest topsoil that were 2 to 3 times higher than under tussock grasses and cushion plants.  

Other soil solutes (Ca, Mg, Na and Si) had similar concentrations under forest as under tussock grasses. In these well-drained 430 

soils, the pool of plant available nutrients (e.g., Ca and Mg) are largely controlled by water percolation and leaching losses. 

The importance of such processes in soil nutrient depletion in volcanic soils was shown earlier by e.g., Chadwick et al. (2003). 
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The remaining soil exchangeable Ca and Mg was strongly concentrated in the topsoil horizons, and the result of strong biogenic 

control on Ca and Mg distributions. Calcium is a vital structural component of plant tissues and important for cell synthesis 

(McLaughlin and Wimmer, 1999), and Mg is a critical constituent of chlorophyll and many cellular enzymes and, therefore, 435 

important for photosynthesis (Shaul, 2002). In contrast to the soil exchangeable Ca and Mg distributions, Na was more 

concentrated at depth indicating that it was not retained in the topsoil but leached to deeper horizons. Sodium is not an essential 

plant nutrient and tends to be excluded by plant roots, typically resulting in greater Na concentrations in deeper soil horizons 

(Jobbagy and Jackson, 2001; White et al., 2012). Under tussock grasses, there was a slight increase in exchangeable Na in the 

deeper horizons while there was no change in exchangeable Na concentrations under forest. Deep leaching of Na is important 440 

under forest and tussock grasses, and resulted in low Na concentrations in soil solutions. This is further confirmed by the fact 

that soil solute Na concentrations decreased with increasing soil moisture, i.e., during the wetter months when higher leaching 

losses occurred.   

Amongst the nutrients derived from lithogenic sources, P and K are often limiting plant development and use to be strongly 

biocycled (Jobbagy and Jackson, 2001). The very low soil solute P concentrations (i.e. below 1 µM) manifest a high vegetation 445 

demand of P and low solubility. The highly weathered Andosols are nonallophanic and contain high levels of organometallic 

(Al-humus) complexes (Molina et al., 2019). Previous work in nonallophanic Andosols showed that P retention is high (i.e., > 

95%) in topsoil and subsoil (Poulenard et al., 2003; Buytaert et al., 2006), which strongly limits the amount of soluble P in the 

soil solution, and reduces plant P uptake (Bol et al., 2016). The low soil solute P concentrations can be attributed to the strong 

P sorption on the Al-humus complexes. Furthermore, the formation of metal-humus complexes in nonallophanic Andosols 450 

increases the P fixing capacity by protecting it from microbial and enzymatic decomposition (Delfim et al., 2018; Borie et al., 

2019), and no differences in P availability or solute concentrations were observed between vegetation types (Fig. S2).  

6. CONCLUSION 

The páramo landscape in the High Andes forms a vegetation mosaic of bunch-grasses, cushion-forming plants and forests. 

This study on soil-water-vegetation interactions evaluated the association between vegetation, soil hydrology and mineral 455 

nutrient availability at the landscape scale. In the highly nutrient-depleted nonallophanic Andosols, the plant rooting depth 

varies with drainage and soil moisture conditions. Topographic depressions that are seasonally waterlogged mainly comprise 

shallow soils, and shallow-rooted plants such as cushion-forming vegetation. In comparison, hillslopes contain deeper and 

better drained weathering profiles, and are colonised by bunch grasses and trees whose rooting systems extend to more than 

100 cm depth. The type of vegetation is a relevant indicator of the availability of rock-derived nutrients in the soil solutions. 460 

Soils under cushion-forming plants had more than 2.5 times higher solute concentrations of Ca, Mg, Na and Si than forest and 

tussock grasses, where intense cation leaching and plant nutrient retention depressed the lithogenic solute concentrations. 

Potassium clearly showed different behaviour than the before-mentioned cations: while the total K stock and exchangeable K 

in the soil were lowest under forests, their soil solute K concentrations and K/Cl ratios were 2 to 3 times higher than under 
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cushion-forming plants or tussock grasses. The soil solute chemistry revealed patterns in plant available nutrients that are not 465 

solely mimicking the distribution of total rock-derived nutrients or the exchangeable nutrient pool, but that clearly resulted 

from strong biocycling of cations and removal of nutrients from the soil by plant uptake or deep leaching.  

Our findings have important implications for future management of Andean paramo ecosystems where vegetation type 

distributions are dynamically changing as a result of warming temperatures and land use policies with regard to livestock 

grazing, soil labor and use of fire. Our results put forward that vegetation communities are related to soil chemical weathering 470 

extent, hydro-physical properties and hydrochemistry of soil pore waters. As such, changes in vegetation distributions will not 

only lead to changes in soil hydrology and solute geochemistry but may also lead on to complex changes in weathering rates 

and solute export downstream with effects on nutrient concentrations and, hence, aquatic ecology of Andean rivers and high-

mountain lakes. Our results ask for further evaluations of vegetation-related soil water and solute fluxes, including coupling 

of soil moisture and solute chemistry with water fluxes and upscaling of hydrochemistry from soil profile to ecosystem scale. 475 
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