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Abstract

Andosol soils formed in volcanic ash provide key hydrological services in montane
environments. To unravel the subsurface water transport and tracer mixing in these
soils we conducted a detailed characterization of soil properties and analyzed a
3-year data set of sub-hourly hydrometric and weekly stable isotope data
collected at three locations along a steep hillslope. A weakly developed
(52-61 cm depth), highly organic andic (Ah) horizon overlaying a mineral
(C) horizon was identified, both showing relatively similar properties and sub-
surface flow dynamics along the hillslope. Soil moisture observations in the Ah
horizon showed a fast responding (few hours) “rooted” layer to a depth of
15 cm, overlying a “perched” layer that remained near saturated year-round.
The formation of the latter results from the high organic matter (33-42%) and
clay (29-31%) content of the Ah horizon and an abrupt hydraulic conductivity
reduction in this layer with respect to the rooted layer above. Isotopic signa-
tures revealed that water resides within this soil horizon for short periods, both
at the rooted (2 weeks) and perched (4 weeks) layer. A fast soil moisture reac-
tion during rainfall events was also observed in the C horizon, with response
times similar to those in the rooted layer. These results indicate that despite
the perched layer, which helps sustain the water storage of the soil, a fast verti-
cal mobilization of water through the entire soil profile occurs during rainfall
events. The latter being the result of the fast transmissivity of hydraulic poten-
tials through the porous matrix of the Andosols, as evidenced by the exponen-
tial shape of the water retention curves of the subsequent horizons. These
findings demonstrate that the hydrological behavior of volcanic ash soils resem-

bles that of a “layered sponge,” in which vertical flow paths dominate.

KEYWORDS
Andosol/andisol, hillslope hydrology, soil moisture, stable isotopes, subsurface flow path,

transit time, tropical alpine (Paramo), vadose/unsaturated zone

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2020 The Authors. Hydrological Processes published by John Wiley & Sons Ltd.

2032 wileyonlinelibrary.com/journal/hyp

Hydrological Processes. 2020;34:2032-2047.


https://orcid.org/0000-0002-4764-4685
mailto:giovamosquera@gmail.com
mailto:giovanny.moquerar@ucuenca.edu.ec
mailto:giovanny.moquerar@ucuenca.edu.ec
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/hyp
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fhyp.13733&domain=pdf&date_stamp=2020-03-09

MOSQUERA ET AL.

WILEY_| 23

1 | INTRODUCTION

Hillslope soils in mountainous environments are essential providers of
hydrological services. They regulate the transport and mixing of water
and solutes in the subsurface (Fan et al., 2019; Lin, 2010). Most of
these soils are able to store large amounts of water in their matrix
(e.g., organic rich soils; van Huijgevoort, Tetzlaff, Sutanudjaja, &
Soulsby, 2016; Lazo, Mosquera, McDonnell, & Crespo, 2019) or to
deliver it rapidly to streams via preferential and/or shallow subsurface
flow (e.g., steep and forested catchments; Anderson, Weiler, Alila, &
Hudson, 2009; McDonnell, Owens, & Stewart, 1991; Uchida,
Kosugi, & Mizuyama, 1999). The hydrological behavior of mountain
soils depends on their specific physical, and chemical properties
(e.g., hydraulic conductivity, bulk density [BD], porosity, organic mat-
ter content, texture). Despite the importance of hillslope soils in the
provisioning of hydrological services, fundamental knowledge about
how their properties influence water transport and mixing in the sub-
surface is lacking (Fan et al., 2019).

Filling this knowledge gap is of particular importance in under-
studied hydrological systems, such as those in which subsurface flow
paths are influenced by the presence of soils of volcanic ash origin.
These soils are known as Andosols (IUSS Working Group WRB, 2015)
or Andisols (Soil Survey Staff, 1999). Andosols are characterized by
their high content of short-range order clays with high surface areas
(e.g., allophane, imogolite, ferrihydrite, and/or the Al- and Fe-humus
complexes) and organic matter (McDaniel, Lowe, Arnalds, & Ping,
2012), resulting in high water holding capacity (Neall, 2006). These
soils occur extensively in mountainous regions around the world with
active or recently extinct volcanos (Takahashi & Shoji, 2002) and
deliver important hydrological services such as water storage and flow
regulation for downstream water users. Therefore, knowledge about
how hillslopes underlain by Andosols store and release water is crucial
to improve the management of water and soil resources in these
regions. However, the understanding of how these soils and their
properties influence subsurface hydrological behavior has not yet
been sufficiently clarified.

One of the main factors behind this knowledge gap is the lack of
data sets that allows full disentanglement of water flow and mixing
processes in the subsurface (Vereecken et al., 2015). The use of
hydrometric information (e.g., soil moisture and/or matric potential
data) has been helpful to identify, for example, (a) spatial and/or tem-
poral dynamics of soil moisture (Blume, Zehe, & Bronstert, 2009;
Hasegawa & Eguchi, 2002), (b) hydrometeorological controls on soil
moisture response during rainfall events (Tenelanda-Patifio, Crespo-
Sanchez, & Mosquera-Rojas, 2018), (c) subsurface flow processes
(Eguchi & Hasegawa, 2008; Hasegawa & Sakayori, 2000), and (d) the
effects of land use and/or land cover change in soil moisture dynamics
(Dec et al., 2017; Montenegro-Diaz, Ochoa-Sanchez, & Célleri, 2019)
in plots and hillslopes underlain by Andosols. Nevertheless, hydromet-
ric observations alone are insufficient to shed light on water mixing
and aging within these soils.

In the last two decades, insights into subsurface mixing processes

and water ages improved thanks to the monitoring of the stable

isotopes of hydrogen and oxygen (H and '20) in soil waters
(Sprenger, Leistert, Gimbel, & Weiler, 2016). Tracer data do not only
allow to investigate how incoming precipitation mixes with water pre-
viously stored in the soils, but also for the estimation of the “age” or
mean transit time (MTT; i.e., the time it takes for a water molecule to
travel to the outlet of a hydrological system; McGuire & McDonnell,
2006) of water mobilizing within different soil layers/horizons (Asano,
Uchida, & Ohte, 2002; Lazo et al., 2019; McGuire & McDonnell,
2010; Muioz-Villers & McDonnell, 2012; Stumpp, Maloszewski,
Stichler, & Fank, 2009; Tetzlaff, Birkel, Dick, Geris, & Soulsby, 2014).
Soil water MTT evaluations at hillslope transects have shown either a
dominance of water aging with depth below the surface (Asano et al.,
2002; McGuire & McDonnell, 2010; Mufoz-Villers & McDonnell,
2012) or a combination of depth and upslope contributing area
(Kim & Jung, 2014; Stewart & McDonnell, 1991; Tetzlaff et al., 2014).
The former indicates that vertical flow paths are dominant, and the
latter that there is also a significant influence of lateral subsurface
flow paths. Although soil water isotopes (SWIs) in Andosols have been
used to investigate runoff generation (Mosquera et al., 2016; Mufoz-
Villers & McDonnell, 2012) and water storage (Lazo et al., 2019) in
catchments, their application in combination with hydrometric obser-
vations and detailed characterization of soil properties is still inexis-
tent. This situation hinders our ability to disentangle flow paths and
mixing processes in hillslopes dominated by volcanic ash soils.

To fill this knowledge gap, we present a unique data set of soil
properties in combination with hydrometric and water isotope mea-
surements in precipitation and soil water collected in an experimental
hillslope transect underlain by volcanic ash soils (Andosols). The
experimental hillslope is located within the tropical alpine (Paramo)
ecosystem in south Ecuador. This rich set of observations was ana-
lyzed to address the following overarching question: how does water
transport and mix in volcanic ash soils (Andosols) at the hillslope
scale? To this end, the two objectives of this research are: (a) to evalu-
ate how Andosols' properties influence water flow and mixing in the
subsurface, and (b) to conceptualize the subsurface hydrological
behavior and the dominant flow paths of water occurring within the
experimental hillslope.

2 | EXPERIMENTAL HILLSLOPE
DESCRIPTION

The study was carried out at a tropical alpine (Paramo) experimental
hillslope situated in the headwaters of the Quinuas Ecohydrological
Observatory in south Ecuador (2°47'S, 79°13'W) between 3,900 and
4,100 m a.s.l. The hillslope (Figure 1a) has a steep gradient (42%; simi-
lar to the average slope of the Quinuas Observatory; Pesantez,
Mosquera, Crespo, Breuer, & Windhorst, 2018) and is covered by the
dominant Paramo vegetation, consisting primarily of tussock grass
(Calamagrostis intermedia), locally known as “pajonal,” which covers
more than 75-80% of conserved Paramo areas (Mosquera, Lazo,
Célleri, Wilcox, & Crespo, 2015). The soils at the study region resulted
from the accumulation of volcanic ash deposits during Quaternary
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FIGURE 1 (a) Experimental
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activity in combination with the humid and cold local climate conditions
(Buytaert et al., 2006). These conditions have led to the formation of
organic and clay rich soils with high water holding capacity (i.e., Andosols).
The soils in the study region are characterized as nonallophanic (i.e., the
clay mineralogy is dominated by metal-humus complexes; Buytaert,
Deckers, & Wyseure, 2006). The climate is mainly influenced by continen-
tal air masses originating from the Amazon basin (Esquivel-Hernandez
et al,, 2019). Precipitation occurs throughout the year and is composed
mainly of drizzle (Padrén, Wilcox, Crespo, & Célleri, 2015). Annual precipi-
tation during the period 2015-2018 averages 1,021 mm, with low tempo-
ral seasonality (Carrillo-Rojas, Silva, Rollenbeck, Célleri, & Bendix, 2019;
Mufioz, Orellana-Alvear, Willems, & Célleri, 2018). Average temperature
and average relative humidity during the period 2011-2014 are 5.4°C
and 92.1% at 3,955 m a.s.l., respectively (Mufioz, Célleri, & Feyen, 2016).

3 | DATA COLLECTION AND METHODS
3.1 | Soil properties characterization

Soil pits were dug to characterize the soil profile at three locations
along the experimental hillslope. The upper position (UP) at
4,006 m a.s.l., the middle position (MP) at 3,958 m a.s.l., and the lower
position (LP) at 3,913 m a.s.| (Figure 1a,b). The length between the UP
and LP sampling sites was 208 m. The UP site was located 256 m
below the hilltop. The type, depth, and density of roots in each soil
horizon (including the densely rooted topsoil layer) were determined
according to the FAO guidelines (FAO, 2006). The distribution of
coarse and fine particles and the field characterization of soil texture

monitoring the groundwater level
at the bottom of the hillslope
(GW, blue square); (b) hillslope
drainage area and monitoring
stations; and (c) soil profile and
horizons at the UP of the
hillslope. Ah = Andic horizon,

C = mineral horizon

were carried out according to ISO 11277:2009 International Standard
(ISO 11277, 2009). Soil carbon content (CC) was determined via com-
bustion of two undisturbed soil samples collected at each sampling
position and depth using a Vario EL cube device (Elementar, Ger-
many). CC was used as an indicator of soil organic matter content
(OM% = CC% x 1.72; Guo & Gifford, 2002).

The hydraulic properties of the soils were also characterized at
5, 20, 45, and 75 cm depths at the same positions as the soil pits. The
saturated hydraulic conductivity (ks,:) of the soils in the vertical direc-
tion was measured in situ via the inverse auger-hole method
(Oosterbaan & Nijland, 1994). The measurements were repeated
three times at each position and depth, and the average ks, values are
reported. Three undisturbed soil samples were collected using
100 cm? steel rings to determine BD and soil moisture content at sat-
uration. The latter was determined gravimetrically as the weight dif-
ference of the samples saturated via capillary rise and subsequently
oven-dried at 105°C for 24 hr. The BD and soil moisture at saturation
values are reported as average values for the three replicates.

The moisture release curves of the organic and mineral horizons of
the soils were also determined. Given the highly organic nature of the
shallow horizon of the hillslope soils, their moisture release curves were
determined from direct soil moisture content and matric potential mea-
surements (Vereecken et al., 2008) using time domain reflectometers
(Campbell Scientific CS616) and tensiometers (UMS T8), respectively.
For this purpose, we took three randomly selected undisturbed soil
cores (@ = 40 cm, h = 32 cm) located in a 5 m x 5 m area around each
of the sampling sites along the hillslope to capture the spatial variability
of the moisture release characteristic. The samples were wetted from

the bottom of the cores via capillary rise for 2 months to assure they
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were completely saturated. Once the samples were fully saturated, we
installed one reflectometer and one tensiometer at a depth of 15 cm
below the vegetation layer in each soil core. The samples were then
drained freely by gravity and their soil moisture content-water potential
relations were measured at 5-min intervals until the tensiometer probes
lost contact with the matrix due to desiccation.

The stoniness of the mineral horizon of the soils did not allow col-
lecting large undisturbed soil cores to determine moisture release
characteristics as described above. Thus, the soil moisture-matric
potential relations were determined using 100 cm® undisturbed soil
samples by applying traditional laboratory analyses using sandboxes
(Topp & Zebchuk, 1979) and pressure chambers (FAO, 2002). Soil
moisture was determined at matric potentials of 1, 3, 10, 31,
330, 2,500, and 15,000 cm H,0, which span a range from saturation
(1 cm H,0) to theoretical permanent wilting point (~15,000 cm H,0).
Given the similarities among the water retention curves collected at
each soil horizon along the hillslope, we report these results as the
average * 1 SD of all analyzed samples.

3.2 | Hydrometric data collection

The hillslope was equipped for the monitoring of hydrometric fluxes
(rainfall, soil moisture, and groundwater level) and tracer fingerprints
(SWI) at the same three positions as the soil pits. A Texas TE525MM
tipping bucket rain gauge with an accuracy of +1% was used to record
precipitation amounts 1.5 km from the experimental hillslope at an
elevation of 3,955 m a.s.l. Soil moisture content was measured using
Decagon Devices 5TE capacitance probes. The capacitance probes
were installed at the UP, MP, and LP sampling sites (Figure 1a,b) at
5, 20, 45, and 75 cm depths. The probes were calibrated for the soils'
local conditions for each of the identified horizons following the pro-
cedures described by Blume et al. (2009). Through calibration, an
improved accuracy of +1-2% (r?> = .95, p-value <.05) was obtained
(Tenelanda-Patifio et al., 2018). Rainfall amount and soil moisture con-
tent data were simultaneously monitored every 5-min during the
period January 2015-December 2017.

We also used a monitoring well to measure groundwater level
fluctuations at the bottom of the experimental hillslope (GW site in
Figure 1a,b). The well consisted of 1.5 m long, 2-in. (5.1 cm) diameter
galvanized tube, with a 1.05 m screen with holes of 0.8 mm diameter
separated 10 mm vertically and 5 mm horizontally. Given the highly
organic nature of the local soils, we designed a filter system following
the recommendations of the Minnesota Board of Water & Soil
Resources for hydrologic monitoring of wetlands (Minnesota Board of
Water & Soil Resources, 2013). The well was wrapped with a perme-
able nylon textile and a 5 cm sand and gravel filter (1-20 mm diame-
ter) to prevent sediment accumulation in the tube. Approximately
70% of the filter was composed of fine sand particles (1 mm diameter)
to increase the surface area where organic matter particles could be
retained. Pressure transducers (Schlumberger DI500) with a precision
of 5 mm recorded groundwater level fluctuations every 5-min during

the period January-December 2017.

3.3 | Isotopic data collection and analysis
Precipitation water samples were collected from a rainfall collector
installed at the location of the rain gauge. The rainfall collector was
covered with aluminum foil and a 5 mm mineral oil layer was added to
the collector to reduce possible isotopic fractionation due to evapora-
tion. A portion of the mobile water fraction of the soils was collected
using wick samplers (Mertens & Vanderborght, 2007). The wick sam-
plers consisted of a 30 cm x 30 cm polypropylene plate surrounded
by 5 cm walls, on which a piece of 0.5 m long woven and braided
3/8" fiberglass wick (Amatex Co., Norristown, PA) was unraveled
and covered with parent soil material. Below the polypropylene plates,
the remaining part of the wicks were placed inside a flexible silicon
tube and protected with a 60 cm long and 3/4” diameter plastic pipe
to ensure an unhindered and constant vertical suction of approxi-
mately 60 hPa (Windhorst, Kraft, Timbe, Frede, & Breuer, 2014). Each
silicon tube was routed to a centralized collection pipe (@ = 50 cm)
where it was connected to a 1.5-L glass bottle where collected water
was stored until analysis (Pesantez et al., 2018). The wick samplers
were installed at 10, 35, and 65 cm depths at each sampling site.

The precipitation and soil water samples were collected weekly
for the period January-December 2016. The collected samples were
filtered in the field using 0.45 pm polytetrafluorethylene membranes
and stored in 2-mL amber glass bottles in the dark to prevent evapo-
rative fractionation until analysis (Mook, 2000). The samples were
analyzed for 2H and 20 using a Picarro L2130-i isotopic water vapor
analyzer with a precision of 0.5%. for 2H and 0.2%. for 80. The
ChemCorrect software (Picarro, 2010) was used to check the samples
for organic contamination. Samples that showed evidence of contami-
nation were excluded from data analysis. The isotopic values are
reported in the & notation in reference to the Vienna Standard Mean
Ocean Water V-SMOW for both measured isotopes (Craig, 1961).

3.4 | Spatiotemporal variability of hydrometric
data: Hydrological dynamics and response times

The transport of water in the subsurface was characterized through
the temporal variability of hydrometric observations and the response
time of soil moisture and groundwater level to rainstorm events. We
first plotted and compared hourly data of precipitation, soil moisture
content, and groundwater level, and carried out an examination of the
response times to reach the peak value (tpea) of soil moisture or
groundwater level during rainstorm events (Zhu, Nie, Zhou, Liao, & Li,
2014). Rainfall events were defined using the minimum inter-event
time criteria (Dunkerley, 2008). That is, the minimum time span without
rain between two consecutive events. Given that precipitation occurs
frequently in the study region, with only few consecutive dry days
throughout the year (Padrén et al., 2015), a time-lapse of 6 hr without
rain was used to characterize rainfall events (Tenelanda-Patifio et al.,
2018). The manufacturers' accuracy of the instruments, 0.3% volume
for soil moisture and 0.5 cm H,O for groundwater level, was applied as

minimum threshold changes to differentiate instruments noise from



2% | WILEY

MOSQUERA ET AL.

response to rainfall during the events (Lozano-Parra, Van Schaik,
Schnabel, & Gémez-gutiérrez, 2015). Only events in which data were
available at all sampling locations were considered. Under these condi-
tions, 74 rainfall events were identified. The tpeqx information was used
to compare the timing of soil moisture response along the experimental
hillslope. For this purpose, scatter plots of ty.x between pairs of contig-
uous sampling positions at the same sampling depth (e.g., between
the UP and MP at 5 cm depth) and contiguous sampling depths at the
same sampling position (e.g., between 20 and 45 cm depths at the MP)
were constructed and analyzed. The same approach was carried out to
compare the tyeac between soil moisture at different depths at the LP
site and the groundwater levels at the bottom of the hillslope. In these
analyses, scatter points falling closely to the 1:1 ratio indicate similar
response times, whereas the ones falling outside this relation indicate
delays in response time between different sampling positions/depths

or groundwater levels.

3.5 | Soil water stable isotopes: Tracer mixing and
soil water ages

The mixing of tracer in the system was evaluated via the attenuation
of the isotopic composition of soil water (at different positions and
depths) in relation to the composition of precipitation. For this pur-
pose, we compared the weekly collected stable isotopic composition
of rainfall and soil water samples. This analysis permitted a qualitative
characterization of how the water within the soils mixes with rainfall
water. In addition, we used §?H-50 isotope plots of precipitation
samples (i.e., the local meteoric water line, LMWL; Rozanski et al.,
1993) and soil waters to evaluate potential evaporation effects in the
isotopic fractionation of soil water (i.e., nonequilibrium fractionation).

We applied a lumped convolution approach (LCA; Maloszewski &
Zuber, 1996) to estimate the MTT (age) of soil water. The LCA approach
aims to reproduce the attenuation of the geochemical composition of a
given tracer (e.g,, 2H, *20, Cl) at the outlet of a hydrologic system based
on the tracer's input signal assuming steady state conditions. Even though
alternative methods for the investigation of water ages under non-
stationary conditions exist (Benettin et al., 2017; Harman, 2015; Kirchner,
2016), since our objective is not to investigate long-term changes in sub-
surface hydrological conditions, the LCA provides a valuable metric that
allows for a quantitative comparison of the attenuation of the isotopic
composition of soil water at different sampling positions and depths.
Since it can be assumed that our experimental hillslope is subjected to
the same meteorological conditions along the whole monitoring transect,
such a comparison permits to identify the dominant flow paths of water
in the subsurface.

Transit time distributions (TTDs) are used in the LCA to convert
inputs tracer signals into output ones. TTDs are predefined mathematical
functions that represent the internal transport and mixing processes
within hydrologic systems (Hrachowitz et al., 2016). We applied the
exponential model (EM) TTD as it has outperformed at catchment
(Mosquera et al., 2016; Muioz-Villers, Geissert, Holwerda, & Mcdonnell,
2016) and hillslope (Lazo et al., 2019; Mufoz-Villers & McDonnell, 2012)

scales in the Paramo and other tropical montane ecosystems in compari-
son to other TTDs. The model performance was evaluated using the
Kling-Gupta efficiency (KGE; Gupta, Kling, Yilmaz, & Martinez, 2009).
The model was run 10,000 times using a Monte Carlo sampling proce-
dure to calibrate the only parameter of the EM TTD, that is, the MTT
of the system. The range of calibration parameters was 0-250 weeks
(0-5 years). Simulations that yielded at least 95% of the highest KGE
were considered behavioral solutions. The 5 and 95% bounds of the
range of behavioral solution parameters were used as uncertainty limits
for the model simulations. Further details about the modeling proce-

dure can be found in Mosquera, Segura, et al. (2016).

4 | RESULTS

4.1 | Soil properties characterization

The general characteristics of the soil profiles along the experimental
hillslope are shown in Table 1. These were generally consistent with
those reported for nearby Paramo hillslopes (Buytaert, Deckers, &
Wyseure, 2006; Mosquera, Célleri, et al., 2016) and in a tropical forest
catchment dominated by Andosol soils in central eastern Mexico
(Munoz-Villers & McDonnell, 2012). There were two well-differentiated
soil horizons (Figure 1c). The shallow horizon corresponded to an andic
horizon (Ah) with relatively comparable characteristics at all sampling
sites. Its depth varied little (52-61 cm) along the hillslope. The Ah
horizon contained a high density of fine roots (@ < 2 mm), with the
highest density in the first 10-15 cm below the ground surface due
to the presence of the root system of the overlying tussock grass
vegetation. The density of large roots (@ > 2 mm) was lower than
the density of fine roots. In this horizon few coarse particles, most of
them with @ < 200 mm, were present. Its texture was classified as clay
loam. The distribution of fine particles in the Ah horizon was similar at
all sampling sites (sand 29-39%, silt 32-42%, and clay 29-31%). The
CC in the Ah horizon was high at all hillslope positions (19.5-24.5%,
corresponding to organic matter contents of 33.5-42.1%).

The underlying horizon corresponded to a mineral horizon (C) with
more heterogeneous characteristics. The depth of the C horizon was
higher at the LP site compared to the UP and MP sites. The density of
fine roots was very low and there were no large roots. The proportion
of coarse particles was higher than for the Ah horizon. The majority of
particles (48-57% of the total) had @ > 200 mm, regardless of the posi-
tion along the hillslope. The texture of the C horizon was classified as
sandy loam. The distribution of fine particles revealed a dominance of
sand (70-73%) and low clay content (7-8%). The CC was much lower
than in the Ah horizon and decreased with sampling site elevation from
4.4% at the UP site to 1.7% at the LP site.

The hydraulic properties of the soils along the experimental hill-
slope are summarized in Table 2. The BD of the Ah horizon was rela-
tively similar at all depths (5, 20, and 45 cm) at each sampling position,
with typically low values (<0.90 g cm™3) expected for the Ah horizon
of Andosol soils (Takahashi & Shoji, 2002). The BD varied between
0.37 £ 0.07 g cm™ and was least variable with depth at the UP site.
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TABLE 1
along the experimental hillslope

Root content
Altitude

Coarse particles distribution

Physical characteristics and carbon content of the soil profiles monitored at the upper (UP), middle (MP), and lower (LP) positions

Fine particles distribution®

Upper Lower Fine s ‘ Carbon A
boundary boundary (@ <2 mm] [ > 2 mm] 2-63 mm 63-200 mm >200 mm Sand Silt Clay content
Hillslope Horizon (roots (roots
position (masl) type  (cm) (cm) perdm?® perdm? (%) (%) (%) (%) (%) (%) (%)
up 4,006 Ahprz O 10 224 0 0 0 0 29 42 30 24.4
Ahgprz 10 57 63 7 4 2 0 24.5
C 57 89 4 0 5 8 12 73 20 7 44
MP 3,958 Ahprz O 10 280 0 0 0 34 35 31 33.8
Ahgprz 10 52 57 3 4 2 0 19.5
C 52 77 11 0 10 5 20 71 22 7 2.3
LP 3913 Ahprz O 10 200 0 0 0 0 39 32 29 27.3
Ahgprz 10 61 58 9 5 1 1 21.2
C 61 116 4 0 10 2 12 70 23 8 1.7

Abbreviations: Ah, andic horizon; C, mineral horizon; DRZ, densely rooted zone; BDRZ, below densely rooted zone; @, diameter of the roots.
2The distribution of fine particles in the andic (Ah) horizon was only characterized at half the depth of the soil horizon at each sampling site.
bThe soil samples for carbon content analysis were taken at depths corresponding to half the horizon/layer thickness (i.e., the average between the upper

and lower boundaries reported in the table).

TABLE 2 Mean values of the

hvdrophvsical . ¢ th i Altitude Depth BD Ksat Osat
ydrophysica pro.pert|es of the soil at Hillslope position (m as.l.) (cm) Horizon (gcm™) (cm hr™?Y) (em® ecm™3)
the upper (UP), middle (MP), and lower
(LP) positions along the experimental up 4,006 5 Ah 0.29 141 0.84
hillslope 20 Ah 0.29 0.45 0.80
45 Ah 0.30 0.25 0.85
75 C 1.12 1.12 0.59
MP 3,958 5 Ah 0.37 1.88 0.82
20 Ah 046 0.65 0.78
45 Ah 0.51 0.31 0.78
75 C 1.37 2.28 0.48
LP 3,913 5 Ah 0.33 191 0.84
20 Ah 0.39 0.42 0.84
45 Ah 0.35 0.30 0.84
75 C 0.96 2.73 0.55

Note: The presented values correspond to the average of three measurements of each of the properties
and each sampling location and depth.

Abbreviations: BD, bulk density; K., saturated hydraulic conductivity in the vertical direction; 0, soil
moisture content at saturation.

The BD in the C horizon (75 cm depth) was consistently higher than
in the Ah horizon at all sampling sites (0.96-1.37 g cm™3). The K.y of
the Ah horizon in the vertical direction generally decreased with depth,
with values up to 1.91 cm hr~* at 5 cm depth, and as low as 0.25 cm hr™!
at 45 cm depth. The Ky, of the C horizon (1.12-2.73 cm hr™%) was higher
than for the Ah horizon and was highest downslope. The BD and Kg,;
values for both horizons are consistent with those previously reported
along hillslopes in nearby Paramo areas (Buytaert, Deckers, &
Wyseure, 2006; Mosquera, Célleri, et al., 2016). The soil moisture
content at saturation was high, as expected for soils rich in organic

matter (Boelter, 1969; Letts, Roulet, Comer, Skarupa, & Verseghy,
2000), and similar at all soil depths within the Ah horizon at all sam-
pling positions (0.78-0.84 cm® cm™3). The soil moisture content at
saturation in the C horizon was substantially lower than in the Ah
horizon (Buytaert, Deckers, & Wyseure, 2006), and varied little along
the hillslope (0.48-0.59 cm® cm™3).

The moisture release curve of the organic horizon of the hillslope
soils depicted an exponential decrease in soil moisture as matric
potentials increased from saturation to ~330 cm H,O (Figure 2a),

resembling the soil moisture retention curve of peat soils (Schwarzel



MOSQUERA ET AL.

(@)
0.8 — Ah horizon (this study) -
o ' - Peat (Schwirzel et al., 2002)
- 4 T T T T
c
2 o7
S ~
O
©E
£ 06
5
5 =
13 0.5
=
(/2]
0.4

-500

-400
Matric potential (V) in cm H,O

-300 -200 -100 0

FIGURE 2

(b)
0.8 Ah horizon (this study) - — — — ’
@ 1| % C horizon (this study) |
0.7 ‘ ‘ ‘
= _ | | |
[
& o064 - d L
g 5 i | | |
ssosr
- 4
350_4,,,,,\,,,J,,,L,,
6 4 | | |
£ 0.3 - ! ‘ ‘
= | | | |
8 0.2 ,,,,,\,,,J,,,L,",,
4 | | |
0.1 —
16000 -12000 -8000  -4000 0

Matric potential (V) in cm H,O

Moisture release curves of the (a) organic (Ah) horizon (including the curve for a peat soil reported by Schwarzel, Renger,

Sauerbrey, & Wessolek, 2002 for reference) and (b) the mineral (C) horizon (including the curve of the Ah horizon for reference) of the
experimental hillslope soils. The black lines in subplots (a) and (b) show the exponential relation between the matric potential and soil moisture
content of the Ah horizon (Eq: In [6] = 1.076e™2 x Wy — 0.3548). Note the different ranges of the x- and y-axes values in subplots (a) and (b). Data
shown represent the mean (x symbols) and standard deviation (error bars) of all samples collected at the upper (UP), middle (MP), and lower
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et al, 2002) and those obtained for Andosol soils in the Terceira
Island, Portugal (Fontes, Gongalves, & Pereira, 2004). The water reten-
tion curve of the mineral horizon resembled that of the organic horizon
at potential values above field capacity, but with lower moisture contents
for the same potentials (Figure 2b). This relation further showed a
decrease in soil moisture with decreasing potentials to a soil moisture of
0.24 + 0.11 cm® cm™2 at permanent wilting point (~15,000 cm H,0).

4.2 | Hydrological dynamics and response times

Hourly rainfall, soil moisture content, and groundwater level data are
shown in Figure 3. Precipitation was uniform during the study period
—1

)

and fell typically as low intensity events (<2 mm hr™), although few

rainstorm events had a maximum intensity that exceeded 5 mm hr~!
(Figure 3a).

The soil moisture dynamics at 5 cm depth (the densely rooted zone
of the Ah horizon; hereafter referred to as the “rooted layer”) varied
along the hillslope (grey lines in Figure 3b,d). At the UP site, soil mois-
ture varied between 0.46 cm® cm™ during periods of low intensity pre-
cipitation and saturation (0.84 cm® cm™3) in response to high intensity
precipitation events (Figure 3b). A similar hydrological dynamic was
observed at the MP site, but at higher soil moisture than at the UP site
(Figure 3c). Soil moisture at the LP site varied little and remained near
saturated (0.84-0.82 cm® cm™3, respectively), except during relatively
long dry periods (e.g., October-December 2016; Figure 3d).

At 20 cm depth, the soil moisture dynamic at all hillslope posi-
tions was very different than in the rooted layer (black lines in
Figure 3b,d). That is, there was no apparent soil moisture response to
the temporal variability in precipitation. Soil moisture remained high
and near saturation (0.72 * 0.05 cm® cm™3) during the entire study

period, even during extended dry periods. These conditions resemble

a perched water layer in the Ah horizon, and as such, this layer will
hereafter be referred to as the “perched layer.” Although soil moisture
at 45 cm depth (the Ah horizon layer near the organic-mineral hori-
zons interface; hereafter referred to as the “transition layer”) was
more responsive to the temporal variability of precipitation (brown
lines in Figure 3b,d), it showed a similar behavior as the perched layer.
Soil moisture varied little at the UP site during the study period
(0.68-0.71 cm® cm™3). At the MP site, soil moisture varied between
0.53 cm® cm™2 during low intensity precipitation periods and was
0.71 cm® cm™2 during high intensity precipitation events (Figure 3c).
Soil moisture at the LP site was higher (>0.72 cm® cm™3) than at UP
and LP sites during the whole study period, and reached saturation
during precipitation events of high intensity (Figure 3d). Regardless of
the monitoring position, soil moisture in the transition layer decreased
only slightly during dry periods.

The soil moisture dynamics at a depth of 75 cm depth (i.e., within
the C horizon), hereafter referred to as the “mineral layer,” differed at
each of the hillslope positions (orange lines in Figure 3b,d). At the UP
site, soil moisture was low and remained below saturation
(<0.59 cm® cm™3), but was very responsive to precipitation inputs
(Figure 3b). At the MP site, soil moisture remained higher in compari-
son to the UP site and reached saturated conditions (0.48 cm® cm™2)
during some rainy periods (Figure 3c). Soil moisture was the highest at
the LP site and often reached saturation (0.58 cm® cm~3; Figure 3d) in
comparison to the other hillslope positions. Soil moisture showed only
a slight decrease during dry periods at all hillslope positions.

The groundwater level at the bottom of the hillslope responded
rapidly to precipitation events, but reached the surface only few times
mainly during the wettest months (March-May). Groundwater levels
were also more sensitive to relatively long (>1 month) periods of no to
low rainfall (Figure 3e). During one of the longest dry periods (August

3-October 5, 2017), groundwater levels steadily decreased to the
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lowest level recorded during the monitoring period (i.e., 97 cm below
the ground level) and changed at a faster rate than the soil moisture
levels uphill (Figure 3b,d).

The response times to the peak values of soil moisture and
groundwater level during precipitation events varied between 1 and
35 hr along the hillslope (Figures 4 and 5). These times were normally
short, with an average variation of 7.2 + 1.6 hr among all sampling
sites. The response times at contiguous sampling positions and depths
were very similar and fell mostly under the 1:1 relation (Figure 4 and
5c-h). The only exception was in the rooted layer, where we observed
a short delay in soil moisture response at the MP site in comparison
to the UP site (Figure 5a). We could not evaluate the response times
at the LP site in the rooted layer as the soil usually became saturated
before the other sampling positions/depths reached maximum soil

moisture/groundwater level (Figures 4g and 5b).

Date (mm/yy)

4.3 | Tracer mixing and soil water ages

The temporal variability of the isotopic composition of precipitation
and soil water is shown in Figure 6. The isotopic composition of soil
water in the rooted and perched layers (at 10 and 35 cm depths,
respectively; gray and black dots in Figure 6) followed closely the iso-
topic composition of precipitation. Conversely, the isotopic composi-
tion of soil water in the mineral layer (at 65 cm depth; orange dots
in Figure 6) was more attenuated than the isotopic compositions of
precipitation and soil water in the Ah horizon. The dual plots of 880
and 82H showed that regardless of the horizon type (i.e., organic or
mineral), all soil water samples at all sampling sites plotted within the
range of variation of the samples in precipitation (Figure éb,d,f). These
observations indicate that evaporative fractionation of soil water is

negligible. Although transpiration does not usually modify the stable
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isotopic composition of water (White, 1989), it could affect soil water
MTT estimations by removing important amounts of water from the
soil. Transpiration of the tussock grass vegetation that covers the
experimental hillslope only affects the rooted layer of the soil profile
(up to 10-15 cm depth). However, this water flux represents only a
small fraction of evapotranspiration in the study region (Ochoa-
Sanchez, Crespo, Carrillo-Rojas, Marin, & Célleri, 2020). Evaporation
and transpiration effects on the isotopic composition of soil water are
likely suppressed by the local environmental conditions. That is, high
relative humidity (annual average = 90%; Mufoz et al., 2016), low net
radiation (annual average = 100 W m~2; Ochoa-Sanchez et al., 2020),
and sustained input of low intensity precipitation (Padrén et al., 2015)
throughout the year. Thus, the soil water MTT estimations were unaf-
fected by evaporation and transpiration effects. Soil water MTTs
increased consistently from the rooted layer to the mineral layer at all
hillslope positions (Figure 7 and Table 3). MTTs varied little at all mon-
itored positions in the rooted (14.3 + 6.1 days) and perched (26.3
+ 7.4 days) layers within the Ah horizon. On the contrary, there was a
larger MTT variation in the mineral layer (from 256.7 + 34.3 days at
the UP to 83.8 + 13.4 days at the LP; Table 3).

5 | DISCUSSION

5.1 | Hydrological dynamics and response times

Hydrometric observations showed higher moisture contents toward
the bottom of the hillslope (Figure 3b-d). This effect likely results

10 20 30 40 0
t,cak(LP-45 cm)

o

10 20 30 40
toea(GW)

from an increase in the contributing drainage area toward the bottom
of the hillslope, possibly combined with a decrease in slope gradient
for the sampling sites closer to the valley bottom. These factors prob-
ably explain the larger changes in soil moisture contents to occur at
the UP site, as soil layers at this position (particularly the rooted and
mineral layers) remain drier than those at the MP and LP sites where
saturated conditions occurred more frequently. Apart from this differ-
ence, soil moisture dynamics was relatively similar at each soil layer
along the experimental hillslope.

The rapid response of soil moisture to precipitation inputs in the
rooted layer of the Ah horizon (from the ground surface to 10-15 cm
depth; Table 1 and gray lines in Figure 3b-d) indicates that this soil
layer was highly influenced by the temporal dynamics of incoming
precipitation. The fast hydraulic response can be explained by the
combination of two factors. First, the activation of preferential flow
paths through the layer's large density of roots, as has been previously
observed in Japanese Andosol soils (Eguchi & Hasegawa, 2008). This
rapid response can be further explained by the fast mobilization of
water via matric flow through the porous soil matrix (Hasegawa &
Sakayori, 2000; Neall, 2006). A similar hydrological behavior in the
unsaturated zone of an organic rich soil layer was observed in a steep
hillslope in Coos Bay, OR (Torres, Dietrich, Montgomery, Anderson, &
Loague, 1998). There, the observed subsurface flow dynamics were
explained by the shape of the soils' water retention curves, which
suggested that small changes in hydraulic potentials caused large
changes in soil moisture at low matric potentials. The exponentially
shaped moisture release curve of the organic horizon of the soils in

the experimental hillslope (Figure 2a) behaves similarly for the same
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FIGURE 5 Relation of the response times in hours (t,eai) to the
peak value of soil moisture during rainfall events between contiguous
sampling positions (UP, MP, and LP sites) at a depth of 5 cm (a and b),
20 cm (c and d), 45 cm (e and f), and 75 cm (g and h). The orange line
in each subplot represents the 1:1 ratio

reason, reflecting a fast hydraulic dynamic in the soil system. The
combination of these effects in turn result in a rapid mobilization of
water during precipitation events, explaining the flashy response of
soil moisture in the Ah horizon.

Deeper in the subsurface (from 10-15 cm to 30-35 cm depth),
the sustained near saturated conditions year-round (black lines in

Figure 3b-d) indicate a perched water layer. These findings are in line

with those reported for organic rich soils in the Scottish highlands
(Tetzlaff et al., 2014). The formation of this layer likely results from
the abrupt vertical K, reduction in this soil layer compared to the
overlying rooted layer (Table 2), caused by the lower density of fine
roots (Bonell, Cassells, & Gilmour, 1983). Moreover, the high moisture
(soil water storage) likely results from the high organic matter and clay
content of the andic horizon (Table 1), to which water molecules can
be easily bound (Yang et al., 2014).

The underlying transition layer (from 30-35cm to 40-55cm
depth) also maintained a high moisture content throughout the year
due to the high content of organic matter and clay of the Ah horizon
(Table 1), but at a lower level than the perched layer above (brown
lines in Figure 3b-d). The available pore space was quickly recharged
during precipitation events, leading to a fast soil moisture response as
in the rooted layer. This response likely results from the exponential
soil moisture-matric potential relation of the soils' organic horizon
(Figure 2a) that allows incoming water to fill rapidly the available pore
space in the soil matrix (Hasegawa & Eguchi, 2002; Torres et al.,
1998). This effect is likely due to the precipitation intensity
(<2 mm hr™1), which is generally lower than the vertical K., of the
organic soil horizons (Table 2), thus enhancing the transmissivity of
hydraulic potentials during rainfall events. A noteworthy difference in
this layer was observed between the UP and MP sites. This difference
reflects possibly the higher content of mineral and coarse particles at
the MP site, as observed in the field and indicated by the higher BD
and a lower soil moisture content at saturation compared to the UP
site (Table 2). This factor is also likely responsible for the observed
lower moisture (water storage) at the MP site in comparison to the
UP site (brown lines in Figure 3b,c, respectively).

The fast soil moisture dynamics in the underlying mineral layer
(from 40-55 cm to 70-80 cm depth) indicate that this layer is quickly
recharged by water from the Ah horizon during rainfall events (orange
lines in Figure 3b,d). This effect is likely explained by the steep gradi-
ent of the water retention curve of the mineral horizon at high matric
potentials (Figure 2b), similar to that of the organic horizon. This soil
moisture-matric potential relation facilitates a rapid transfer of
hydraulic potentials through the mineral horizon, which in turn causes
a fast soil moisture response to precipitation inputs of water that infil-
trated through the Ah horizon during rainfall events (Torres et al.,
1998). The observed soil moisture variations, however, occurred at
lower water content than those within the Ah horizon. This lower
moisture content reflects the lower clay fraction and organic matter
content in the mineral horizon, which decreased to about a third to
fourth of those in the Ah horizon (Table 1).

As lateral flow is more prone to be activated under high moisture
conditions, hypothetically, if upper hillslope portions would contribute
substantial moisture downslope via lateral subsurface flow, a delay in
the response times in downhill positions with respect to uphill posi-
tions during rainfall events would be observed. However, the strong
synchronization of response times to the peak values of soil moisture
and groundwater level along the entire experimental hillslope
(i.e., most scatter points in Figures 4 and 5 plot near the 1:1 ratio) indi-

cates that during rainfall events a dominance of vertical flow paths of
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water persists. These findings are further supported by soil moisture
(eg.,
September-October 2017; Figure 3). During these periods, not surpris-

and groundwater level observations during dry periods
ingly, groundwater levels showed a very sharp and steady reduction at
faster rates than soil moisture observations did. These findings indicate
that the aforementioned hydrological dynamics, enabled by the proper-
ties of the Andosol soils, facilitate the vertical percolation of water
throughout the year despite the perched layer formed below the
rooted zone. Nevertheless, it is worth noting the likely occurrence of
lateral subsurface flow in the thin transition zones (<few centimeters)
between soil layers with marked differences in hydraulic conductivity
(e.g., the transitions between the rooted and perched layers, and the C
horizon and the compact bedrock), which we observed during field
work, but whose hydrological dynamics could not be captured through

our monitoring system.

5.2 | Tracer mixing and soil water ages

Precipitation affected greatly the mixing of water in the rooted
layer, as evidenced by the little attenuation of the stable isotopic
composition of soils water (grey dots in Figure 6). These observa-
tions further indicate that water molecules residing in this soil layer
are rapidly replaced by incoming water during precipitation events
(Mosquera, Célleri, et al., 2016), thus explaining the short MTT
of water in this soil layer (about 2 weeks at all sampling sites;
Figure 7a and Table 3).

8130 (%o)

Past research suggested that a perched water layer in the subsur-
face implies that vertical percolation in a soil-regolith-bedrock con-
tinuum is substantially reduced, while lateral subsurface flow in the
overlaying layer is favored (Dykes & Thornes, 2000; Hardie, Doyle,
Cotching, & Lisson, 2012). Thus, solely based on soil moisture obser-
vations, we expect that the time water resided in this soil layer
was much longer than the one in the fast reacting rooted layer above.
Surprisingly, however, results from the SWI data and MTT analyses
indicate that the isotopic composition of the water stored in the
perched layer is highly influenced by the isotopic composition of pre-
cipitation (black dots in Figure 6a,c,e) and resides in the subsurface for
a short time (about a month at all sampling sites; Figure 7b and
Table 3). Similar MTTs have been previously reported for Andosols in
a nearby Paramo catchment at 25 cm depth (35 days; Lazo et al.,
2019; Mosquera, Célleri, et al., 2016) and in a temperate humid forest
catchment in central eastern Mexico at 30 cm depth (36 + 10 days;
Mufoz-Villers & McDonnell, 2012).

The soil water MTTs at this soil horizon increased with depth at
each hillslope position, but were consistently similar at each depth
among all sampling sites, similar to the vertical aging of water in a
tropical forest catchment dominated by Andosol soils (Mufioz-Villers &
McDonnell, 2012). The sole vertical aging of soil water indicates that
water from upslope areas does not significantly contribute to lower
hillslope positions, and thus, that vertical flow paths of water are
dominant (Asano et al., 2002; McGuire & McDonnell, 2010; Mufoz-
Villers & McDonnell, 2012). These findings are concomitant with the
aforementioned fast transfer of hydraulic potentials across the entire
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FIGURE 7 Observed and simulated soil water 80 isotopic
composition at (a) 10 cm, (b) 35 cm, and (c) 65 cm depths at the upper
position (UP) of the experimental hillslope. The open circles represent
the observed isotopic composition in soil water; the blue lines
represent the precipitation isotopic composition; the black lines
represent the best simulated isotopic composition in soil water
according to the KGE objective function; and the shaded areas
represent the 5-95% confidence limits of the simulated soil water
MTTs presented in parenthesis (Table 3). KGE, Kling-Gupta
efficiency; MTT, mean transit time

organic (andic) horizon of the hillslope soils, being the result from the
fast movement of water through the porous soil matrix. Moreover,
the transport and mixing of water throughout the whole Ah horizon
suggests that the perched layer is hydrologically active, balancing out
gains and losses of moisture during rainfall events. This behavior can
be explained by the combined effect of two characteristics of the soil.
On the one hand, the high content of organic matter and clay of the
soil that allow water molecules to be bound to the large surface area
of the soil particles. On the other hand, the rapid transport of water
through the soil that enables the replacement of stored moisture by
“new” water molecules during rainstorms.

Despite the fast transfer of hydraulic potentials from the organic
horizon to the mineral horizon during rainfall events, soil water stored
within the mineral layer was less influenced by the isotopic composition
of incoming precipitation and had longer MTTs (2.8-8.5 months;
Table 3) than in the organic horizon. Similar SWI signals for the mineral
layer of Andosols have been reported in a nearby Paramo catchment
(Lazo et al., 2019; Mosquera, Célleri, et al., 2016) and in a tropical forest
catchment in Veracruz, Mexico (Mufioz-Villers & McDonnell, 2012).
Even though the dominance of rapid infiltration of incoming precipita-
tion across the Ah horizon toward the mineral layer is consistent with
the relatively short MTT observed at the LP site (2.8 months), this
mechanism cannot explain the longer MTT at the UP site (8.5 months).
A potential explanation for the long MTT at the latter could be the
reduced lateral inflow at upper hillslope positions within the mineral
layer due to smaller upslope contributing area in relation to the down-
slope sites. This effect could result in an overall lower exchange of the
water stored at upslope sampling positions and hence explain (a) the
generally longer MTTs of soil water in the mineral layer in relation to
the organic horizon and (b) the longer MTT and slower response times
to the peak values of soil moisture during rainfall events (Figure 5g,h) at

TABLE 3  Summary statistics of the 520 isotopic composition of precipitation (QP1) and soil water and the soil water mean transit times
(MTTs) at the upper (UP), middle (MP), and lower (LP) positions along the experimental hillslope

Altitude Depth
Sample type Sampling station (m as.l.) (cm)
Precipitation QP1 3,955 n/a?
Soil water UP 4,006 10
35
65
MP 3,958 10
35
65
LP 3,913 10
35
65

580 (%o)

MTT
n Mean SE Max Min (days)
58 -10.0 0.6 -25 -21.8 n/a?
41 -9.7 0.5 —5.4 -16.4 15.8 (10.3-22.2)
38 -10.7 0.5 -55 -16.7 29.0 (22.3-37.3)
32 -9.9 0.2 -85 -133 256.8 (227.5-296.2)
47 -9.3 0.5 —42 -16.2 15.2 (9.6-22.2)
47 -9.6 0.4 -61 -16.5 25.5(19.0-33.2)
13 -9.9 0.5 -7.6 -12.3 n/p®
53 -9.7 0.5 -5.0 -17.9 11.8 (6.9-18.9)
27 -10.2 0.6 -53 -16.8 24.5 (17.4-32.8)
53 -9.9 0.2 -67 -15.8 83.8 (72.2-99.0)

Note: MTT values in parenthesis represent the 5-95% confidence limits of the simulated soil water MTTs.
Abbreviations: Max, maximum; Min, Minimum; n, number of samples; SE, standard error.

®Not applicable.

PNot possible to estimate the soil water mean transit time since there were not enough samples to run the model due to malfunctioning of the wick

sampler during the study period.
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FIGURE 8 “A wet, layered sloping sponge”. Conceptual model of
the subsurface hydrological system of the experimental hillslope
underlain by volcanic ash soils (Andosols) located in the headwaters of
the Quinuas Ecohydrological Observatory. The size of the blue arrows
represents the relative importance of vertical and lateral flow paths

of water at different soil layers. The relative size of the white symbols
indicates differences in the magnitude of the soil properties at each of
the soil layers (values in Tables 1 and 2). K., saturated hydraulic
conductivity in the vertical direction

the UP site in comparison to the LP site. The activation of lateral flow
paths in this soil layer is likely favored by the compacted underlying

geology observed during the excavation of the soil pits.

5.3 | Volcanic ash soils as wet, layered sloping
sponges?

The hydraulic properties of household cellulose sponges were experi-
mentally examined and compared to soils with different characteristics
by Richardson and Siccama (2000) to investigate whether the forest
hydrology analogy of soils behaving like “sponges” is a fair comparison
from a soil physics point of view. Their findings suggested that sponges
(O-Cel-O cellulose sponges, 3M) had similar water retention and release
characteristics as soils rich in organic matter, that is, topsoil and peat.
Ouir field observations and soil properties characterization suggest that
the organic layer of the Andosol soils are able to store large amounts of
water and to rapidly transfer hydraulic potentials in a similar manner
to the cellulose sponges. Thus, our findings provide novel field evidence
to support the experimental observations reported by Richardson and
Siccama (2000) and indicate that volcanic ash soils (rich in organic mat-
ter and clay) resemble a “sponge-like” hydrological behavior.

Our natural soil system, however, presents some particularities
with respect to the “ideal” sponge behavior. Even though the organic
matter and clay content of the organic horizon of the soils are homog-
enous along the experimental hillslope, Ks,; decreased consistently
with depth at all positions. These factors allow incoming water to rap-
idly fill and empty the porous matrix of the unsaturated layers with
high K¢ (the rooted layer), but tend to promote a sustained storage
of high amounts of water and to transport it steadily to deeper soil
layers with low K, (the perched layer). The latter phenomenon is also
possible at our study site given that precipitation is distributed fairly
even throughout the year, with generally low intensity compared to
the Ki,¢ of the soil, thus maintaining near saturation conditions in the

organic layers below the highly conductive root zone. This results in

the formation of a “layered sponge” system, in which a fast-
conducting organic layer underlain by a lower conductivity layer
helps conserve high soil moisture near saturated conditions year-
round in the latter (Figure 8). This situation, in turn, provides water
for vegetation throughout the year, creating a positive hydrological
service. Even though topography has been found an important
factor controlling subsurface flow processes (Bachmair & Weiler,
2012; Famiglietti, Rudnicki, & Rodell, 1998), our findings illustrate
clearly the dominance of vertical flow paths independent of the
position along the steep hillslope. Thus, it is not unlikely that the
conceptual system representation can be used to mimic the hydro-
logical functioning of hillslopes dominated by volcanic ash soils
with similar to lower slope gradients.

6 | CONCLUSIONS

The experimental evaluation of water transport and tracer mixing hel-
ped to conceptualize the subsurface hydrological behavior of a steep
experimental hillslope underlain by volcanic ash soils (Andosols). Find-
ings reveal that the behavior resembles that of a “layered sponge” in
which vertical flow paths are dominant. That is, on the one hand, the
formation of a perched water layer that maintains high moisture near
saturated conditions year-round due to the presence of a low conduc-
tivity layer below a layer with a higher conductivity. On the other
hand, a fast vertical transport of water due to the rapid transfer of
hydraulic potentials along the entire soil profile facilitating water
mobilization through the porous soil matrix. Despite the dominance of
vertical flow paths, lateral flow likely develops during high intensity
rainstorm events above hydraulically restrictive layers (e.g., the
perched layer) due to the steep slope of the hillslope. Given that the
“sponge-like” hydrological behavior of these soils largely depends on
their high organic matter and clay content, the rapid breakdown of
the soil organic-mineral components due to changes in land use and
climate could cause severe changes in the hydrological services pro-
vided by ecosystems in which these soils dominate. The findings of
this study provide crucial information that can be used to improve the
representation of the physical processes in hydrological models, which
in turn will lead to a better management of the soil and water

resources in these ecosystems.
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