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Abstract

Accurate determination of the water retention curve (WRC) of a soil is essential for the

understanding and modelling of the subsurface hydrological, ecological, and biogeochem-

ical processes. Volcanic ash soils with andic properties (Andosols) are recognized as

important providers of ecological and hydrological services in mountainous regions

worldwide due to their large fraction of small size particles (clay, silt, and organic matter)

that gives them an outstanding water holding capacity. Previous comparative analyses of

in situ (field) and standard laboratory methods for the determination of the WRC of

Andosols showed contrasting results. Based on an extensive analysis of laboratory,

experimental, and field measured WRCs of Andosols in combination with data extracted

from the published literature we show that standard laboratory methods using small soil

sample volumes (≤300 cm3) mimic the WRC of these soils only partially. The results

obtained by the latter resemble only a small portion of the wet range of the Andosols'

WRC (from saturation up to −5 kPa, or pF 1.7), but overestimate substantially their water

content for higher matric potentials. This discrepancy occurs irrespective of site-specific

land use and cover, soil properties, and applied method. The disagreement limits our

capacity to infer correctly subsurface hydrological behaviour, as illustrated through the

analysis of long-term soil moisture and matric potential data from an experimental site in

the tropical Andes. These findings imply that results reported in past research should be

used with caution and that future research should focus on determining laboratory

methods that allow obtaining a correct characterization of the WRC of Andosols. For the

latter, a set of recommendations and future directions to solve the identified methodo-

logical issues is proposed.
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1 | INTRODUCTION

Soils originating from volcanic ash, known as Andosols (IUSS Working

Group WRB, 2015) or Andisols (Soil Survey Staff, 1999), possess dis-

tinctive mineralogical, chemical, and physical properties

(Nanzyo, 2002; Wada, 1985). These soils have an atypical mineral-

ogy composed of allophane with subordinate imogolite and

ferrihydrite for allophanic Andosols or Al- and Fe-humus complexes

for non-allophanic Andosols (McDaniel, Lowe, Arnalds, & Ping, 2012;

Shoji, Nanzyo, & Dahlgren, 1993). Andosols also present a high affin-

ity for phosphate retention combined with high organic matter accu-

mulation (Dahlgren, Saigusa, & Ugolini, 2004). The mineralogical and

chemical features of these soils provide them with andic properties

(Soil Survey Staff, 2010), which in turn explain their unique physical

characteristics. The latter include low bulk density, high porosity, and

large surface area that gives them an outstanding water holding

capacity (McDaniel et al., 2012). Andosols are found worldwide, in

humid montane regions with past and present volcanic activity (Shoji,

Dahlgren, & Nanzyo, 1993), providing important hydrological and eco-

logical services (Terribile et al., 2018). Because of this, even though

Andosols cover only 1% of the Earth's crust, they represent an impor-

tant resource supporting the water supply of approximately 10% of

world's population (Neall, 2006; Ping, 2000; Shoji, Nanzyo, &

Dahlgren, 1993), including the densely populated tropics, where half of

the world population is projected to live by 2050 (Wright et al., 2017).

Given the increasing recognition of the hydrological services pro-

duced by Andosols such as water storage and flow regulation

(Buytaert, Célleri, et al., 2006; Buytaert, Wyseure, De Bièvre, &

Deckers, 2005; Mosquera et al., 2016; Mosquera, Lazo, Célleri, Wil-

cox, & Crespo, 2015), investigations about their hydraulic properties

increased during the last decades. The correct determination of these

properties, and of the water retention characteristics in particular, is

fundamental to improve the understanding of subsurface hydrological,

ecological, and biogeochemical processes (Selker, Keller, &

McCord, 1999) and to increase the predictive capability of numerical

models to accurately represent these processes (Vereecken

et al., 2016). As such, the water retention capacity of Andosols is one

of the most investigated features (81 publications with ≈3200 cita-

tions in the period 1982–2019; Figure 1a, see Appendix A for details).

The published literature regarding this topic focused predominantly

on the determination of the Andosols' physical and hydraulic proper-

ties (35%) and the assessment of the impacts of land use and land

cover change on these properties (25%; Figure 1b). Other authors

investigated the subsurface flow dynamics (6%), the hillslope stability

(6%), the derivation and use of pedotransfer functions (5%), the test-

ing of soil moisture sensors (5%), and the hydrological behaviour of

catchments using hydrological models (4%), among others (Figure 1b).

The soil water retention curve (WRC, also known as the moisture

release curve, moisture characteristic curve, or pF curve) represents

the change in the soil matric potential (tension) during drying and/or

wetting cycles (Hillel, 1998). A variety of methods that enable the

determination of the WRC were developed in the last 50 years, rang-

ing from laboratory to field approaches (Selker et al., 1999). The WRC

is typically measured on small undisturbed soil samples (usually

100 cm3 volume) in the laboratory (hereafter referred to as standard

laboratory methods), while the field methods consist of the simulta-

neous measurement of the soil water content and matric potential in

the soil profile (Hillel, 2004). The improvement of sensor technology

during the last few decades have resulted in a more accurate and

faster determination of the WRC of the soil. Despite these advances,

the assessment of the extent to which the samples used in laboratory

methods correctly mimic the hydraulic behaviour of the soils under

field conditions has been rarely addressed until now. Depending on the

soil type, it might be possible that standard laboratory methods prohibit

a correct estimation of the soil WRC (e.g., Bittelli & Flury, 2009; Solone,

Bittelli, Tomei, & Morari, 2012; van Lier, EAR, & Inforsato, 2019).

Therefore, we decided to conduct a comparative analysis of the WRC

of volcanic ash soils using laboratory and field methods, and to com-

pare the findings with the Andosols WRC data published worldwide.

For Andosols, the sandbox (Stakman, Valk, & Van Der

Harst, 1969) and pressure plate extractor (FAO, 2002) methods are

the most widely used laboratory methods (49% and 18%, respectively;

Figure 1c) to measure the water content of the soil at matric poten-

tials below field capacity (i.e., the amount of water that a soil retains

against gravity; Kirkham (2014)). To determine the soil water content

around field capacity, the pressure plate extractor and the multistep

(van Dam, Stricker, & Droogers, 1992) method are commonly used

(65% and 13%, respectively; Figure 1d). The pressure plate extractor

and the pressure membrane apparatus (Richards, 1941) are applied

(68% and 23%, respectively; Figure 1e) to measure the water content

at potentials above field capacity up to the permanent wilting point

(i.e., the matric potential that prevents plant roots to extract water

from the soil causing wilting; Kirkham (2014)). Despite the usefulness

of these hydrostatic equilibrium based methods, it is known that they

can yield an inaccurate representation of the water retention capacity

of the soils as compared to field conditions (Hillel, 1998), particularly

for fine-textured soils (i.e., soils composed mainly of clay and silt;

Bittelli & Flury, 2009; Solone et al., 2012). This issue results from an

inadequate soil–plate contact and a lack of hydrostatic equilibrium

(Bittelli & Flury, 2009; Solone et al., 2012; van Lier et al., 2019). The

magnitude of the discrepancy, however, depends on the specific prop-

erties of the soil (Solone et al., 2012). For instance, the magnitude

tends to be small in the absence of soil micro- and macrostructure

(e.g., sandy soils), whereas it can be substantial for structured soils

(Nimmo, 1997). Notwithstanding the variety of laboratory methods

used to determine the Andosols' WRCs (Figure 1c-e), knowledge

about whether these methods reflect correctly the hydraulic behav-

iour of these soils under field conditions, as well as the magnitude of

the potential discrepancy, is limited.

An important element in the accurateness of the determination of

the hydraulic properties of soils using standard laboratory methods,

including the WRCs, is the representativeness of the used soil sample

volume. What is the smallest representative elementary volume (REV)

of the soil to assure that laboratory measurements give a correct rep-

resentation of the properties in the field (Bear, 1972; Kutilek &

Nielsen, 1994)? The determination of the REV for a given soil depends
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largely on how well the sample volume captures the micro- and mac-

rostructure that controls the water movement. Based on measure-

ments of bulk density and water content in Japanese volcanic ash

soils, Sato and Tokunaga (1976) reported that the REV of Andosols is

100 cm3. That is, a cylindrical sample with a cross-sectional area of

20 cm2 (Ø = 5 cm, h = 5.1 cm). On the basis of saturated hydraulic

conductivity measurements using different laboratory methods only,

Buytaert, Wyseure, et al. (2005) confirmed that the REV to determine

the hydraulic properties of Andosols is 100 cm3. Regarding the water

retention capacity of these soils, the majority of laboratory analyses

have been conducted using soil samples with a volume ≤ 100 cm3

(63%; Figure 1f), with only 6% of the studies using volume samples

>300 cm3. Despite the general application of standard laboratory

methods using small sample volumes to determine the WRC of

Andosols, only a few studies compared laboratory results with field

measurements (e.g., Eguchi & Hasegawa, 2008; Fontes, Gonçalves, &

Pereira, 2004).

To investigate the hydrological behaviour of Andosols in the

Island of Terceira (Azores), Fontes et al. (2004) compared WRCs mea-

sured in the laboratory and in the field for allophanic Andosols under

grazed pasture. In the laboratory, they used the sand/kaolin box

method (Stakman et al., 1969) to measure the water content of

F IGURE 1 Synthesis of published literature presenting data on the water retention curves (WRCs) of Andosols. (a) Evolution of the number
of publications and cumulative number of citations of the consulted studies (81 in total). The pie charts summarize the research objectives of the
consulted studies (b), the applied laboratory methods (c-e), and the volume of the soil samples used for the determination of the WRCs (f) in the

consulted studies. The laboratory methods are classified according to different matric potential ranges (pF = logarithm of the matric potential in
cm H2O). Total = number of studies reporting results for each pie chart category. *others in subplot b) include carbon stocks, soil genesis, biosolid
application, ecological services, estimation of soil hydraulic parameters, soil description, spatial variability and spatial prediction of soil properties,
water conservation practices, and biogeochemical modelling. **acronyms of the laboratory methods in subplots c)-e) are as follows: SB=sandbox,
S/KB=sand/kaolin box, PPE = pressure plate extractors, HA = Haines apparatus, MS = multistep, PHT = pressure heads by tensiometers, TT = mini-
tensiometers, PC=pressure cells, SP=suction plate, PMA = pressure membrane apparatus, CT = centrifuge, FP=filter paper, DPP=dew-point potentiometer
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100 cm3 undisturbed soil samples for potentials below field capacity.

For potentials above field capacity, they used the pressure membrane

apparatus and determined the water content of disturbed soil samples

with a volume of 25 cm3. In parallel, they used neutron probes and

mercury tensiometers to measure soil moisture and matric potential in

large soil monoliths (2.5 m × 1.5 m × 1.20 m) to determine the WRC

under field conditions. These authors reported that the laboratory

measurements accurately described the field soil water retention for

potentials lower than field capacity, but overestimated significantly

the soil moisture content for potentials above field capacity. To

improve the understanding of preferential flow in unsaturated soil,

Eguchi and Hasegawa (2008) also compared the WRCs obtained via

laboratory analyses and field measurements for Hydric Hapludand

Andosols in a cropping field in Ibaraki, Japan. They applied the suction

plate method to 314 cm3 soil samples and used time domain reflec-

tometers and ceramic porous cups in the field to measure the WRC of

the soils for matric potentials below field capacity. These authors

found no difference between both methods. Despite these findings, it

is yet unknown if these differences/similarities are due to local land

use and/or management (i.e., both sites were impacted by different

land use), the laboratory method used, the volume of the soil sample;

and/or more importantly, if they are valid for all Andosols or only for

some specific subclasses/subgroups. Considering the variety of pur-

poses for which laboratory-obtained WRCs of Andosols have been

and are used (Figure 1a), the contrasting findings reported in past

investigations demand a thorough analysis of whether standard labo-

ratory analyses using small soil samples reflect field conditions

correctly.

How well do standard laboratory methods represent the field

water retention curve of volcanic ash soils? To address this important

question, we analysed the WRC of Andosols obtained through stan-

dard laboratory methods and direct field measurements. The soil sam-

ples were collected from and the in-situ measurements were

conducted at experimental sites in the Ecuadorian Andes. In parallel,

we reviewed the literature on this topic and compared our results

with published WRC data. Our findings will assist in the setting-up of

more efficient and cost-effective monitoring strategies of the soil

water relation in regions where Andosols are found. This information

is essential for the assessment of how changes in climate and land use

will affect the water storage and flow regulation in environments

dominated by Andosols.

2 | MATERIALS AND METHODS

2.1 | Description of the experimental sites

The field measurements and the soil sampling collection were con-

ducted at two experimental sites in the tropical alpine (Páramo) eco-

system in south Ecuador. The first site was the Zhurucay

Ecohydrological Observatory located on the west slope of the west-

ern Andean mountain range (3�040S, 79�140W). This site covers an

area of 7.53 km2 and is situated between 3400 to 3900 m a.s.l. The

second site is an experimental hillslope (3900–4000 m a.s.l.) located

at the Quinuas Ecohydrological Observatory on the east slope of the

western Andean Cordillera (2�47'S, 79�13'W), approximately 35 km

north of Zhurucay. The landscape in the region is of glacial origin,

resulting in the formation of a U-shaped geomorphology. The study

region is dominated by non-allophanic Andosols rich in Al- and Fe-

humus complexes (Buytaert, Sevink, De Leeuw, & Deckers, 2005).

These soils are typically found on the Páramo hillslopes, covering

nearly 75% to 80% of the extent of both observatories (Mosquera

et al., 2015; Pesántez, Mosquera, Crespo, Breuer, &

Windhorst, 2018), and are the result from the accumulation of ash

originated during Quaternary volcanic activity in combination with the

humid and cold local climate. The latter limits the microbial activity

and thus favours the accumulation of organic matter in the soil. As a

result, the little developed (0.4–0.65 m thickness) andic horizon of the

soil is humic and acidic (pH 4.4–5.6), has a typically low bulk density

(<0.9 g cm−3), and presents a porous and open soil structure with high

water holding capacity (Buytaert, Deckers, & Wyseure, 2006).

Andosols at both sites are mainly covered by tussock grass, commonly

in the genera Calamagrostis and Festuca, whose roots are found up to

around 10–15 cm depth (Mosquera, Célleri, et al., 2016; Mosquera,

Crespo, Breuer, Feyen, & Windhorst, 2020). The anthropogenic dis-

turbance in the Zhurucay Observatory is limited to light cattle grazing

in its lower part; whereas there is no disturbance at the Quinuas

experimental hillslope as it is located in a protected national park.

Detailed descriptions of the Zhurucay and Quinuas observatories are

available in Mosquera et al. (2015) and Pesántez et al. (2018).

2.2 | WRC determination from in situ (field)
measurements

An experimental plot (17 m × 23 m) was constructed at the upper,

conserved part (3770 m a.s.l.) of the Zhurucay Observatory to monitor

the subsurface flow dynamics. This plot was selected because the

Andosol soil was covered by tussock grass and unaffected by cattle

grazing (Figure 2a). To further ensure the latter, the plot was sur-

rounded by a barbed wire fence during the monitoring period. The

slope of the plot, 20% on average, was similar to the average gradient

of the observatory. The plot was instrumented with water content

reflectometers (WCR; Campbell Scientific CS616, accuracy ±2.5%,

measurement range 0% to 100% moisture content) and tensiometers

(UMS T8; accuracy ±0.5 kPa, measurement range �−85 to 0 kPa; or

pF 0 to pF �2.9). The WCR probes were calibrated to the local soil

conditions by Ochoa-Sánchez, Crespo, and Célleri (2018). The tempo-

ral variation of soil moisture and matric potential was monitored at

the middle of the slope (position C in Figure 2b). Two sets of WCR

probes and tensiometers, separated horizontally 12.8 m from each

other, were installed in the organic (andic) horizon of the Andosols

(the Ah horizon in Figure 2b, the black soil layer in Figure 2c). The pro-

bes were placed within the hydrologically active layer of this soil hori-

zon below the root zone. That is, 2 cm below the lower boundary of

the latter (Mosquera et al., 2020). The WCRs were placed horizontally
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so that the measurements represented the soil water content at a sin-

gle depth of interest. The tensiometer probes were installed vertically

from the top, with the ceramic cup located at the same depth as the

corresponding WCR. A correction factor was applied to the matric

potential measurements due to the tensiometer installation position

as recommended by the manufatrurer (UMS, 2011). The soil moisture

content and matric potential data were continuously recorded at

5-min intervals during the period January 2011–June 2018. The aver-

age soil moisture and matric potential values of the two sets of mea-

surements were used to construct the in situ WRC of the Andosols

within the range of measurement of the tensiometers (i.e., from pF

0 or saturation to pF �2.9). Given the high accuracy of the probes

used for measuring the soil water content and matric potential at

high-temporal frequency, the correct installation and calibration of

the instruments, and the fact that they were exposed to “real world”
environmental conditions during an 8-year period, the relation

between those measurements was considered in our study as the cor-

rect representation of the water retention capacity of the soils under

field conditions (hereafter referred to as the field WRC). Precipitation

was also recorded every 5-min during the same period using a

tipping-bucket rain gauge (Texas TE525MM; resolution 0.1 mm)

located approximately 10 m away from the experimental plot at

3780 m a.s.l.

2.3 | Collection of soil samples

Although field measurements were only conducted in the Zhurucay

Observatory, soil samples to determine the WRC of the Andosols

experimentally and in the laboratory were collected at both the

Zhurucay and Quinuas Observatories.

In the Zhurucay Observatory, three large undisturbed soil cores

(Ø = 40 cm, h = 32 cm; Figure 2d) were collected at the middle posi-

tion of the slope (C in Figure 2b) for the determination of the WRC

during a desiccation experiment. For direct comparison with the field

WRC, the large-size cores were randomly collected from a 5 m × 5 m

area centered around the site were the field measurements were con-

ducted within the plot shown in Figure 2a. The vegetation in the cores

was conserved to maintain field conditions during the desiccation of

the samples. We also collected samples from the andic horizon of the

Andosols across the Zhurucay Observatory. Small, undisturbed soil

samples with a volume of 100 cm3 were collected using standard steel

F IGURE 2 Study site and monitoring setup for determining the water retention curves of Andosols. (a) View of the experimental plot (marked
in red) located in the Zhurucay Ecohydrological observatory in South Ecuador; (b) conceptual diagram of the spatial distribution of Andosols in the
Zhurucay observatory hillslopes (Ah = andic horizon, C = mineral horizon, R = bedrock); (c) profile of an Andosol in the observatory; and d)
experimental setup for monitoring the soil water content and matric potential in the Ah horizon of undisturbed Andosol soil cores (Ø = 40 cm,
h = 32 cm) covered by tussock grass. Positions along the hillslope in subplot (b) correspond to: (A) = toe slope, (B) = lower slope, (C) = middle
slope, (D) = upper slope, and (E) = hilltop. (photo credits: (a) Galo Carrillo, (c) Pablo Borja, and (d) Giovanny M. Mosquera)
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rings (Ø = 5 cm, h = 5.1 cm; which at the start of the research was

considered as the REV of the Andosols) and approximately 500 gr of

disturbed soil for measuring the WRCs in the laboratory. Those sam-

ples were collected at approximately 14 sampling locations roughly

separated 150 m from each other along three transects across the

Zhurucay Observatory (41 sampling locations in total). The sampling strat-

egy was designed such that the soil samples were collected at different

positions along the hillslopes (Lazo, Mosquera, McDonnell, &

Crespo, 2019). Samples were collected accordingly at the toe, the lower,

the middle, and the upper sections of the hillslopes, as well as at the hill-

tops (i.e., the positions A-E in Figure 2b). The physiographic characteristics

and the properties of the soils collected at each sampling position are

described in Table 1. The samples collected at the middle slope position

(C in Figure 2b) were used for direct comparison with the field and experi-

mental WRCs of the Andosols in the Zhurucay Observatory. Given that

we also conducted a comparison of the WRCs of the Andosols obtained

via laboratory analysis with available data from the literature (Section 2.6),

the samples collected at different physiographic positions were used to

account for the potential variability in specific terrain conditions

(e.g., physiographic position and/or gradient) found in the compiled litera-

ture dataset. At each sampling site, undisturbed and disturbed soil samples

were collected in triplicate at the same depth in which the field and experi-

mental measurements in the large soil cores were made; that is, within the

hydrologically active layer of the Ah horizon below the root zone.

A similar soil sampling strategy was carried out in the experimen-

tal hillslope of the Quinuas Observatory. In the experimental hillslope,

however, the large soil cores and small undisturbed and disturbed soil

samples were only collected at the middle slope position.

2.4 | WRC determination on large soil cores via a
desiccation experiment

The large undisturbed soil cores were wetted by capillary rise from the

bottom for a period of two months to secure saturation before the start

of the desiccation cycle. Subsequently, a WCR probe (Campbell Scientific

CS616) and a tensiometer (UMS T8) were placed in each soil core at the

same depth where the field measurements were conducted and the small

soil samples collected (Figure 2d). The WCR probes were placed horizon-

tally through holes on the sides of the cores and the tensiometer probes

were installed from the top at an angle of 35� from the vertical line. A

correction for the inclination angle was applied according to the manufac-

turer's recommendations (UMS, 2011). Positive matric potential measure-

ments from the tensiometers in each of the samples indicated saturation.

After this check, we let the samples drain and recorded the soil moisture

content and matric potential at 5-min intervals throughout the entire des-

iccation process. During this process, duplicate small soil samples

(Ø = 2.5, cm h = 5 cm) were collected from each soil core to determine

the “real” moisture content of the soil in the laboratory. The small sam-

ples were collected every 1 to 4 days during the first 3 weeks of the

experiment, and every 10 to 15 days subsequently. These data were used

to construct the calibration curve for each of the WCR probes used in

the experiment. The experiment was carried out for about 50 days, until

the tensiometers' measurement range was reached. Thus, the soil water

content and matric potential values recorded during the desiccation pro-

cess represent the WRC of the Andosols (hereafter referred to as the

experimental WRC) from saturation to pF 2.9 (−85 kPa).

2.5 | WRC determination on small soil cores using
standard laboratory methods

The 100 cm3 undisturbed samples were used to determine the

soils' bulk density and soil water retention at matric potentials

(or pF, defined as logarithms of the matric potentials in cm water

column) below field capacity. The moisture contents were mea-

sured at pF 0 (saturation, −1 cm H2O or −0.1 kPa), pF 0.5 (−3.2 cm

H2O or −0.31 kPa), pF 1.5 (−32 cm H2O or −3.1 kPa), and pF 2.52

(field capacity, −330 cm H2O or −33 kPa). Sieved, disturbed soil

samples (Ø = 4 cm, h = 1 cm) were used to determine the water reten-

tion capacity at pF 3.4 (−2500 cm H2O or −245 kPa) and pF 4.2 (perma-

nent wilting point, −15 500 cm H2O or −1550 kPa). The WRCs were

determined using the sandbox apparatus (for pF-values 0.5–1.5) and the

low (pF 2.52) and high (pF 3.4 and 4.2) pressure plate extractors

(FAO, 2002) (Soil Moisture Equipment Corp., Goleta, CA, USA). We

selected these methods to determine the WRC of the Andosols (hereaf-

ter referred to as the laboratory WRC) because they are the most fre-

quently used in the analysed literature (Figure 1c-e). Although a direct

comparison between the laboratory WRC using the presently consid-

ered REV of the Andosols (undisturbed soil samples of 100 cm3) and the

field and experimental WRCs is possible up to pF �2.9 due to the mea-

surement range of the tensiometer probes, we also present the results

of the laboratory WRC for higher matric potentials (applying the stan-

dard laboratory method to the disturbed soil samples) for reference.

2.6 | Compilation of WRC data from the published
literature

We identified 81 studies that reported quantitative information

(in figures or tables) on the WRCs of Andosols or volcanic ash soils with

andic properties (i.e., pumice soils were excluded; see Appendix A for a

detailed description of the applied literature search procedure, and the

list of selected documents in Supplementary Material). From this data-

base, we selected the papers reporting the WRC for: (i) the organic

(andic) horizon of Andosols (up to a depth of 50 cm), (ii) Andosols cov-

ered by grassland vegetation, and (iii) Andosols situated in conserved

areas unaffected by changes in land use and cover. That is, for conditions

comparable to the Zhurucay Observatory. Sixteen papers that fulfilled

these criteria were selected for further analysis. Information from these

publications provided the data from which we reconstructed 71 WRCs.

The main details about the locations, features, the physical, chemical, and

mineralogical soil characteristics, and the methods and soil sample vol-

umes used to determine these WRCs are summarized in Table 2. Infor-

mation on the specific terrain conditions (e.g., physiographic position

and/or gradient) are not included in the table since the majority of
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studies did not provide this information. However, the dataset most

likely covers a wide range of terrain conditions. We will further refer to

these data as the “literature compiledWRC dataset”.

3 | RESULTS

3.1 | Comparison of the WRCs using standard
laboratory methods

Figure 3 summarizes the laboratory results of the WRCs determined

on the 100 cm3 undisturbed core samples collected across the
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F IGURE 3 Comparison of the water retention curves (WRCs) of
Andosols obtained using standard laboratory methods. Soil moisture
content versus matric potential relation (i.e., soil WRC, moisture
release curve, or pF curve) of the Ah horizon of Andosols at different
locations across the Zhurucay Ecohydrological observatory (Figure 2;
this study) and the WRCs of 16 published studies summarized in
Table 2 (compiled WRC data). All data correspond to the upper
horizon (depth < 50 cm) of the Andosol, all covered by pristine
grassland (i.e., forest cover and disturbed land use were excluded
from the compiled WRC dataset). Data were generated via laboratory
analysis using (i) steel rings (100 cm3 volume) in Zhurucay, and
(ii) steel rings of different volume (100–230 cm3 volume) in the

literature compiled WRC dataset (see Table 2 for details). The box
plots correspond to the median and the 25 and 75 percentiles, and
the whiskers to the maximum and minimum soil moisture values. The
dashed vertical lines represent field capacity (FC; pF 2.52, −330 cm
H2O, or − 33 kPa) and permanent wilting point (PWP; pF 4.2,
−15 500 cm H2O, or − 1550 kPa). N indicates the number of
moisture release curves used to construct the boxplots
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hillslopes of the Zhurucay Observatory (Table 1), and the

71 reconstructed WRCs from the 16 selected studies summarized in

Table 2. The WRCs of the Andosols in Zhurucay depicted that the soil

moisture content remained near saturation (0.77 ± 0.04 cm3 cm−3) up

to pF 1.5. A small decrease in soil moisture content was observed at

pF 2.52 (0.66 ± 0.03 cm3 cm−3), indicating that the soils at field capac-

ity lost only 14% of their water content. A continuous reduction of

the soils' water content was observed until pF 4.2 (permanent wilting

point). At this matric potential, the moisture content of the soils was

about 38% lower than at saturation (0.48 ± 0.09 cm3 cm−3). These

findings are in line with those reported for Andosols at nearby sites in

the south Ecuadorian Andes for WRCs determined in the laboratory

using 100 cm3 soil samples (Buytaert, Wyseure, et al., 2005; Iñiguez

et al., 2016; Marín et al., 2018; Quichimbo et al., 2012). These results

suggest that a sufficient number of samples were collected to repre-

sent the spatial variability at the study site and the regional soil condi-

tions across the northern Andes (Buytaert, Célleri, et al., 2006;

Buytaert, Deckers, & Wyseure, 2006).

Although the literature compiled WRC data were not in all cases

obtained using the same laboratory methods applied in our study,

they were remarkably similar to the WRCs of the Andosols in the

Zhurucay Observatory (Figure 3). Only a larger variability in moisture

content at different matric potentials was observed in the literature

compiled WRC dataset. This variability most likely reflects the differ-

ences in the site-specific conditions in this dataset (e.g., geographical

location; elevation and topographic position; physical, chemical, and

mineralogical properties of the Andosols; Table 2). Despite the small

differences, the similarity between both datasets depicts that the

WRC at the study site, using standard laboratory methods and small

soil samples, captured well the general hydraulic behaviour of

the soil.

The remarkable similarity between both datasets also suggests

that for Andosols different laboratory methods produce similar

WRCs irrespective of the method applied. This observation is in

line with the findings of Buytaert, Sevink, et al. (2005), who

reported that different laboratory methods for the determination

of the saturated hydraulic conductivity of non-allophanic Andosols

also produced similar results. Furthermore, it is worth noting that

although the Andosols in the Zhurucay Observatory are non-

allophanic, the literature compiled WRC dataset included both,

allophanic and non-allophanic Andosols (Table 2). This indicates

that standard laboratory methods yield similar WRCs of Andosols

regardless of their specific mineralogical composition. It is also

worth highlighting that although the volume of the samples

analysed in the majority of studies was 100 cm3 (Table 2), we did

not find differences in the Andosols' WRCs when larger sample

volumes were used (up to 230 cm3). Based on the analysis of the

bulk density and water content of the Andosols using soil samples

of different volume, Sato and Tokunaga (1976) concluded that the

REV of volcanic ash soils with andic properties is 100 cm3. Our

comparative analysis of the different standard laboratory methods

for determining the WRC of Andosols supports indirectly this

conclusion.

3.2 | Field and experimental WRCs

Our study yielded similar field and experimental (large core samples) WRCs

for the Andosols in the Zhurucay Observatory (red and green lines in

Figure 4a, respectively). That is, the soil moisture content hardly dropped

between saturation (≈0.77 cm3 cm−3) up to pF 1.5. Beyond this point,

both curves showed an abrupt and fast reduction in soil moisture content

as the matric potential of the soil increased. Similar observations were

reported by Ritter, Muñoz-Carpena, Regalado, Vanclooster, and Lam-

bot (2004) for volcanic ash soils in Tenerife (Canary Islands, Spain), who

determined theWRC using time domain reflectometer probes and ceramic

porous cups to monitor the soil moisture and matric potential directly in

large undisturbed soil cores (Ø = 45 cm, h = 85 cm). The field WRC pres-

ented larger error bars than the experimental one (Figure 4a). This observa-

tion complies with the hysteretic behaviour of the hydraulic properties of

the soils when exposed to a succession of wetting and drying cycles under

field conditions (Basile, Ciollaro, & Coppola, 2003); differently from the

desiccation experiment in which the soil cores were drained only once.

The field WRC did not reach field capacity (Figure 4a) as a result of the

local environmental conditions. On the one hand, the continuous input of

low-intensity precipitation (Padrón, Wilcox, Crespo, & Célleri, 2015) sus-

tains the recharge of soil water (Mosquera et al., 2015, 2016). On the

other hand, the high air humidity and the low temperatures year-round

(mean annual relative humidity and temperature are 91% and 6.0�C at

3780 m a.s.l.; Córdova, Carrillo-Rojas, Crespo, Wilcox, and Célleri (2015))

restrict soil moisture loss by evapotranspiration. In contrast, the soil cores

were dried to a matric potential beyond field capacity during the desicca-

tion experiment (until pF ≈ 2.8). As the experimental WRC resembled well

the field WRC in the Zhurucay Observatory, in the following we will refer

to the experimental curve as representative of both conditions.

3.3 | Comparison of laboratory, experimental, and
field WRCs

The laboratory WRC in Zhurucay approximated closely the experimen-

tal observations up to pF 1.5 (i.e., soil moisture contents remained near

saturation as shown in Figure 4a). These observations are similar to

those reported by Eguchi and Hasegawa (2008) and Fontes

et al. (2004) for Andosols in Japan and the Island of Terceira (Azores),

respectively. These authors reported that the WRCs obtained via labo-

ratory analysis and field measurements were similar up to pF 1.7. For

pF-values >1.5, the laboratory WRC in Zhurucay overestimated the

water content of the Andosols in comparison to the experimental

WRC. It is important to notice that the moisture content at field capac-

ity was notoriously different between both curves. That is, the labora-

tory WRC overestimated the water content (0.69 ± 0.03 cm3 cm−3) by

17% in comparison to the experimental curve (0.59 ± 0.01 cm3 cm−3).

The overestimation for the Andosols in the Quinuas experimental hill-

slope was even larger than in Zhurucay (33%; Figure 4b). Another sig-

nificant difference observed for the Andosols at both study sites was

that at the soil moisture content in which the laboratory WRCs reached

permanent wilting point (0.53 ± 0.10 cm3 cm−3 in Zhurucay and
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0.41 ± 0.07 cm3 cm−3 in Quinuas), the experimental WRCs only

exceeded slightly field capacity (Figure 4a-b). Similar discrepancies

between laboratory- and experimental-/field-derived WRCs have been

reported for allophanic Andosols under disturbed land use conditions

by Fontes et al. (2004). These authors reported that laboratory

methods failed to mimic field conditions for pF-values >1.7; and attrib-

uted the discrepancy to the presence of allophane in the soil. Our find-

ings for non-allophanic Andosols, however, suggest that the

differences in water retention characteristics cannot be attributed

solely to the allophane content of the soils. Moreover, the findings of

Fontes et al. (2004) at disturbed sites and ours at pristine sites also sug-

gest that the misrepresentation of the laboratory WRCs occurs inde-

pendently from the land use and/or management of the soils.

4 | DISCUSSION

4.1 | How well do standard laboratory methods
represent the field WRC of volcanic ash soils?

On the basis of the extensive comparative analysis we conclude that

standard laboratory methods (listed in Figure 1c-e) using soil sample

volumes ≤300 cm3 (corresponding to 94% of the sample volumes

used for determining the WRCs of Andosols; Figure 1f) do not mimic

accurately the water retention of Andosols under field conditions.

Our evaluation suggests that the observed differences occur

irrespective of site-specific land use and soil properties (e.g., clay min-

eralogy, organic matter content, texture; Table 2). The observed dis-

crepancies are probably the result of the fact that small-volume soil

samples do not represent correctly the soil micro- and macrostructure

that controls the water movement of the Andosols (Guzman

et al., 2019). In this sense, a recent study demonstrated that the

height of the soil sample used in standard laboratory analyses pro-

duced substantially different results on the determination of the WRC

of a clayey soil with a well- developed structure (Silva, Libardi, &

Gimenes, 2018), similar to that of the investigated Andosols. There-

fore, a similar assessment for volcanic ash soils could not only help

unveil the influence of the soil samples height on their laboratory

obtained WRC, but also to illuminate whether the size/height of the

soil samples presumably (at least partially) is responsible for the identi-

fied discrepancy.

Discrepancies can also be due to errors identified when applying

the pressure plate laboratory method for determining the WRC of fine

textured soils for pF values larger than 2 (e.g., Bittelli & Flury, 2009;

F IGURE 4 Comparison of laboratory, experimental, and in situ (field) water retention curves. (a) Soil moisture content versus matric potential
relation of the Ah horizon in the Andosols located in the middle position of the hillslope (position C in Figure 2b) obtained via standard laboratory
methods using 100 cm3 steel rings (n = 10), the experimental measurement of the soil moisture content-water potential relation (daily data
shown, n = 3) in large undisturbed soil cores (Ø = 40 cm, h = 32 cm), and field measurements of soil moisture content versus matric potential in
the experimental plot of the Zhurucay Ecohydrological observatory (data shown in Figure 5, n = 2). Subplot (b) shows the same results for the Ah
horizon of Andosol soils in the Quinuas Ecohydrological observatory located 35 km north of Zhurucay measured in the laboratory and
experimentally on large soil cores. Data shown are the mean (x symbols connected with a thick line) and standard deviations (vertical error bars)
of the measured soil moisture contents. Continuous vertical lines represent the matric potential at field capacity (FC; pF 2.52, −330 cm H2O, or
− 33 kPa) and permanent wilting point (PWP; pF 4.2, −15 500 cm H2O, or − 1550 kPa)
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Solone et al., 2012). Possible errors can be due to an inadequate soil-

plate hydraulic conductance, a lack of hydrostatic equilibrium, a lack

of soil–plate contact, and/or soil dispersion (Bittelli & Flury, 2009; Sol-

one et al., 2012; van Lier et al., 2019). In other words, methodological

limitations can cause that the measured soil moisture content is over-

estimated. Considering that the Andosols present a moderately fine to

fine texture in combination with a high organic matter content and a

strong shrinkage during drying (Bartoli, Begin, Burtin, &

Schouller, 2007; Dörner, Dec, Peng, & Horn, 2009a), it is likely that

the pressure membrane extractor and/or the incorrect use of it could

trigger the identified misrepresentation. Lastly, the similarities

between the laboratory curves in Zhurucay and the literature com-

piled WRC dataset (Figure 3) suggest that comparing only different

standard laboratory methods is insufficient to determine the cause of

the misrepresentation of the WRC of volcanic ash soils with andic

properties.

4.2 | Broader implications

Our findings have important implications in soil hydrological research

since the WRCs of Andosols obtained via standard laboratory

methods are commonly used to investigate water transport and

mixing in the subsurface (e.g., Blume, Zehe, & Bronstert, 2009; Dörner

et al., 2015). The data collected at the experimental hillslope of the

Zhurucay Observatory illustrate this issue when analysing and inter-

preting the dynamics of soil moisture (Figure 5b). The WRC obtained

in the laboratory (yellow line in Figure 4a) indicates that soil moisture

at the experimental hillslope decreases rapidly from levels above field

capacity to levels at or near permanent wilting point (blue and purple

dashed lines in Figure 5b) shortly after the beginning of dry periods. A

similar hydrological behaviour at the hillslope scale was observed by

Dörner et al. (2015) for Andosols in southern Chile. These authors

attributed this phenomenon to the high unsaturated hydraulic con-

ductivity of the soil. This explanation suggests that water molecules

tightly bound to soil particles with the smallest volumes could be emp-

tied as fast as gravitational water moving readily in the macropores of

the soil matrix. However, such a behaviour cannot be physically justi-

fied, particularly for soils rich in clay minerals with high surface areas

such as Andosols (Maeda, Takenaka, & Warkentin, 1977; McDaniel

et al., 2012). Our comparative analysis of the Andosols' WRCs pro-

vides a more feasible explanation for the observed dynamics. That is,

the field capacity of Andosols under field conditions is reached at a

much lower water content than that determined through standard

laboratory methods (Figure 4a). This explanation is further supported

by the matric potential observations in our experimental hillslope,

which show that field capacity was never reached during the study

period (solid orange line in Figure 5b). In other words, in wet areas

where undisturbed Andosols dominate (e.g., in wet regions across the

Andean highlands), the physiological activity of the vegetation is not

limited by water availability as soil moisture never falls below field

capacity. These findings do not only clearly demonstrate the misrepre-

sentation of the WRC of the Andosols using standard laboratory

methods, but also the need to determine it accurately for interpreting

soil moisture dynamics and inferring subsurface hydrological

behaviour.

The WRCs of Andosols obtained via standard laboratory methods

have also been used as input for the implementation of physically-

F IGURE 5 In situ measurements of daily precipitation (a), and soil moisture and matric potential within the hydrologically active layer of the
Ah horizon of the Andosols at the middle position (b) of the experimental plot of the Zhurucay Ecohydrological observatory (position C in
Figure 2b) during the period January 2012–June 2018. The matric potential and soil moisture data correspond to the average of two monitoring
stations in the experimental plot and were used to construct the “field” water retention curve (WRC) of the Andosol soil (red line in Figure 4a).
The dashed horizontal lines in b) represent the soil moisture values at saturation (green line), field capacity (blue line), and wilting point (purple
line) according to the WRC obtained using standard laboratory methods (yellow line in Figure 4a). The solid orange horizontal line in b) represents
the matric potential at field capacity (−33 kPa, −330 cm H2O, or pF = 2.52), which is not reached during the study period according to the field
measurements
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based numerical models at different spatial scales, from plot to catch-

ment, to simulate water and nutrient fluxes (Alavi & Tomer, 2001;

Asada et al., 2018), and to design landslide early warning systems

(Ferrari, Eichenberger, Fern, Ebeling, & Laloui, 2012; Frattini, Crosta,

Fusi, & Dal Negro, 2004). Alavi and Tomer (2001) reported that simu-

lations yielded by their hydrological model overestimated soil drainage

observations by 35–138% and attributed these large errors to the soil

WRCs determined in the laboratory on small volume soil samples

(68 cm3). Asada et al. (2018) showed that a modified soil water reten-

tion function was needed to improve the simulation of nitrogen loss

from soils using a biogeochemical model. These findings further indi-

cate that a correct determination of the WRC of Andosols is required

to improve the predictive capability of numerical models used to simu-

late hydrological, hydraulic, and biogeochemical processes (Fatichi

et al., 2016; Köhne, Köhne, & Šimůnek, 2009; Vereecken et al., 2016).

To facilitate the implementation of numerical models at larger

spatial scales, pedotransfer functions (i.e., relations between soil prop-

erties with different difficulty in measurement or availability;

Pachepsky and van Genuchten (2011)) and spatial predictions of the

water retention characteristics of Andosols have also been developed

using WRC information obtained from standard laboratory methods

(e.g., Guio Blanco, Brito Gomez, Crespo, & Ließ, 2018; Rustanto, Booij,

Wösten, & Hoekstra, 2017; Spilling, 2018; Yáñez, Dec, Clunes, &

Dörner, 2015). Since these functions are aimed to serve as input data

for the implementation of regional to global scale hydrological, ecolog-

ical, land surface, and earth system models (Fan et al., 2019;

Vereecken et al., 2010), the incorrect determination of the water

retention characteristics of soils will increase the uncertainty and

diminish the accuracy of the produced simulations (Vereecken

et al., 2016). Therefore, pedotransfer functions and spatial predictions

of the water retention of Andosols should be used with caution and

redefined when possible to better represent the hydrological and

hydraulic behaviour of these soils in large-scale models. This issue is

of particular importance in regions where data are scarce, such as in

the tropics where volcanic ash soils are an important resource

(Hodnett & Tomasella, 2002; Minasny & Hartemink, 2011).

Past research also focused on the investigation of the impacts of

land use change/management on the water retention capacity of

Andosols. The land use change or management practices included

crop and agroforestry (Abera & Wolde-Meskel, 2013), crop rotation

(Duwig et al., 2019), overgrazing (Buytaert, Wyseure, et al., 2005;

Podwojewski et al., 2002), forest/wetland conversion to grassland

(Dec et al., 2017; Dörner et al., 2016; Roa-García, Brown, Schreier, &

Lavkulich, 2011), native forest or grassland conversion to pasture,

exotic forest, or crops (Daza Torres, Hernández Flórez, &

Triana, 2014; Dörner, Dec, Peng, & Horn, 2009b, 2010; Farley, Kelly, &

Hofstede, 2004; Marín et al., 2018; Quichimbo et al., 2012), soil com-

paction due to tractor traffic (Gómez-Rodríguez, Camacho-Tamayo, &

Vélez-Sánchez, 2013), and biosolid application (Salazar et al., 2012).

Our findings indicate that although the results from such evaluations

are valid for the wetter portion of the WRC (from saturation to

pF � 1.7), they should be used with caution for the drier range of the

curve. Ideally, the magnitude and direction of the reported impacts

should be re-evaluated using an appropriate characterization of the

water retention of these soils.

5 | OUTLOOK AND FUTURE DIRECTIONS

The presented comparative analysis among laboratory, experimental,

and field WRCs of Andosols revealed that standard laboratory

methods using 100 cm3 soil samples match well with the experimental

curve (WRC measured on large soil cores or directly in the field) in the

wet range from saturation to a matric potential of 3–5 kPa

(pF 1.5–1.7). For higher matric potentials, including the field capacity

(pF 2.52), the laboratory-defined curve overestimates considerably

the water content of the soil in comparison to the experimental curve.

Moreover, the outstanding similarity between our laboratory-obtained

WRCs and the 71 WRCs reconstructed from the data extracted from

16 publications in high-ranked journals using small soil samples

(≤300 cm3) reinforces the suspicion that the standard laboratory

methods using small soil samples are incapable of mimicking field con-

ditions correctly. However, we cannot conclude whether this is due to

the applied laboratory method, the analysed volume of soil sample, or

both. Resolving this issue demands the identification of the factors

causing the discrepancy and likely an adjustment of the standard labo-

ratory methods.

Given the essential role the water retention of the soil plays in

the understanding of subsurface flow processes, appropriate methods

to characterize correctly their WRC should be used. Basile

et al. (2003) presented an experimental approach that reliably repre-

sented the hysteretic behaviour of the water retention capacity of

Italian volcanic ash soils in comparison to soil moisture and matric

potential measurements in the field. They used a controlled evapora-

tion experiment in combination with matric potential measurements

using mini-tensiometers to determine the wet range of the WRCs of

the soil. In this approach, a soil sample of 600 cm3 (Ø = 8.5 cm and

h = 11.0 cm) is placed on a load cell, and changes in the weight of the

sample during the evaporation process are used to calculate the

changes in soil water content. Simultaneously, the matric potential of

the soil sample is determined at two heights (3.5 and 6.5 cm from the

sample bottom) using mini-tensiometers (3 cm long porous ceramic

cups, Ø = 0.6 cm).

The use of mini-tensiometers presents the advantage that the

matric potential of the soil can be accurately determined in soil sam-

ples larger than the presently considered REV of the Andosols

(100 cm3), but smaller than the soil monoliths used in this study,

enabling to characterize simultaneously a larger number of sites/soil

profiles in comparison to the soil moisture and matric potential mea-

surements in the field or on large soil monoliths (e.g., Basile

et al., 2003; Eguchi & Hasegawa, 2008; Fontes et al., 2004; Ritter

et al., 2004; this study). Despite its advantages, the use of mini-

tensiometers is only suitable for reconstructing the wet range of the

WRC of Andosols. The latter is due to the limited measurement range

of the mini-tensiometers (from saturation to pF 2.5–3) and the strong

shrinkage of the Andosols during desiccation, which causes a
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premature loss of contact between the soil and the tensiometer and

thus limits the matric potential measurement range. These limitations

make this approach unsuitable for studies that require identifying the

soil water available for vegetation (e.g., in agricultural, ecohydrological,

eco-physiological, irrigation, and climate change research), which is

determined using the soil moisture content at field capacity and per-

manent wilting point. Other disadvantages are the relatively high cost

of the mini-tensiometers and high-precision load cells, and that the

described experimental setup can only analyse one sample at a time.

Thus, a tradeoff between the cost of the experimental setup and the

number of samples to be analysed is an issue to be considered. Even

though this method can be momentarily used to determine the wet

potion of the Andosols' WRC, its limited measurement range and

methodological constraints stress the need to investigate the REV of

the Andosols and define laboratory methods capable of determining

the WRC from saturation to permanent wilting point.

Preferably, the adaptation of the laboratory methods should be

such that after modification they are not only able to accurately mimic

field conditions, but also allow analysing multiple soil samples simulta-

neously in a relatively short time at an acceptable cost. A first step

towards addressing this issue will be the re-determination of the REV

of the Andosols and the identification of the cause behind the identi-

fied deviations. Results from the described evaporation experiment

(Basile et al., 2003) provide valuable information about these issues.

They suggest that the use of soil samples of 600 cm3 produce similar

hydraulic behaviour than the Andosols in the field. This could be

because a larger soil sample represents better the micro- and macro-

structure of the soil, shedding light on the REV issue. However, this

information is also linked to challenges ahead that must be overcome.

For instance, if the REV of Andosols would be several times bigger

than the one considered until now (100 cm3), further investigation

should examine whether commonly applied laboratory methods can

be accommodated to the analysis of larger soil samples.

Given that the evaporation method is not subject to the hydro-

static equilibrium issues identified for fine texture soils when using

the pressure apparatus could be an indication that alternative

approaches based on this principle could be considered in future stud-

ies. In this sense, options that are not based on the hydrostatic equi-

librium principle—e.g., the HYPROP2 instrument (METER

Group, 2015) based on the evaporation method (Schindler, 1980) for

determining the wet range of the WRC and the WP4C Dewpoint

PotentiaMeter device (METER Group, 2017) based on the chilled-

mirror dew point technique (Gee, Campbell, Campbell, &

Campbell, 1992) for the dry range of the curve—which have been

used to determine the WRC of soils with different textural class and

organic matter content (e.g., Bechtold et al., 2018; Schelle, Heise, Jän-

icke, & Durner, 2013; Shokrana & Ghane, 2020)—could also be worth

evaluating in future comparative analyses. Lastly, our results clearly

depict that for addressing this issue, the comparison between labora-

tory methods and experimental measurements in large soil cores or in

situ (field) measurements is needed, as our extensive evaluation

shows that the comparison between laboratory methods alone yields

equivocal results.

Resolving the methodological issues is essential to produce reli-

able information that can be used to enhance the management and

conservation of soil and water resources and to develop adaptation

strategies in light of changes in climate and land use, so that a sustain-

able provision of ecosystem services in regions where Andosols are

found can be maintained.

ACKNOWLEDGEMENTS

We thank INV Metals S.A. staff for their assistance in the logistics

during field work at the Zhurucay Experimental Observatory, and

ETAPA-EP and the Ecuadorian Ministry of Environment for providing

research permits to conduct this study at the Quinuas Experimental

Observatory. The authors also thank the researchers and students of

the Department of Water Resources and Environmental Sciences at

the University of Cuenca who provided assistance with the collection

of soil samples at both Experimental Observatories and the monitor-

ing of the long-term hydrometeorological data at the Zhurucay Obser-

vatory. Special thanks are due to Galo Carrillo for lending the probes

to conduct the desiccation experiments, and Jan Boll, the editor James

McNamara, and two anonymous reviewers for their valuable com-

ments on earlier versions of this manuscript. This manuscript is an

outcome of the Doctoral Program in Water Resources of the

Universidad de Cuenca.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ORCID

Giovanny M. Mosquera https://orcid.org/0000-0002-4764-4685

Marín Franklin https://orcid.org/0000-0002-9124-3889

Crespo Patricio https://orcid.org/0000-0001-5126-0687

REFERENCES

Abera, G., & Wolde-Meskel, E. (2013). Soil properties, and soil organic car-

bon stocks of tropical Andosol under different land uses. Open Journal

of Soil Science, 03(03), 153–162. https://doi.org/10.4236/ojss.2013.
33018.

Alavi, G., & Tomer, M. D. (2001). Estimation of soil hydraulic parameters to

simulate water flux in volcanic soils. New Zealand Journal of Forestry

Science, 31(1), 51–65 Available at:. https://www.scionresearch.com/

services/science-publications/new-zealand-journal-of-forestry-science/

nzjfs-volume-31 .

Asada, K., Eguchi, S., Ikeba, M., Kato, T., Yada, S., Nakajima, Y., &

Itahashi, S. (2018). Modeling nitrogen leaching from Andosols

amended with different composted manures using LEACHM. Nutrient

Cycling in Agroecosystems, 110(2), 307–326. https://doi.org/10.1007/
s10705-017-9899-x.

Bartoli, F., Begin, J. C., Burtin, G., & Schouller, E. (2007). Shrinkage of ini-

tially very wet soil blocks, cores and clods from a range of European

Andosol horizons. European Journal of Soil Science, 58(2), 378–392.
https://doi.org/10.1111/j.1365-2389.2006.00889.x.

Basile, A., Ciollaro, G., & Coppola, A. (2003). Hysteresis in soil water char-

acteristics as a key to interpreting comparisons of laboratory and field

measured hydraulic properties. Water Resources Research, 39(12),

1355. https://doi.org/10.1029/2003WR002432.

Bear, J. (1972). Dynamics of fluids in porous media. Mineaola, NY: Elsevier.

MOSQUERA ET AL. 15 of 18

https://orcid.org/0000-0002-4764-4685
https://orcid.org/0000-0002-4764-4685
https://orcid.org/0000-0002-9124-3889
https://orcid.org/0000-0002-9124-3889
https://orcid.org/0000-0001-5126-0687
https://orcid.org/0000-0001-5126-0687
https://doi.org/10.4236/ojss.2013.33018
https://doi.org/10.4236/ojss.2013.33018
https://www.scionresearch.com/services/science-publications/new-zealand-journal-of-forestry-science/nzjfs-volume-31
https://www.scionresearch.com/services/science-publications/new-zealand-journal-of-forestry-science/nzjfs-volume-31
https://www.scionresearch.com/services/science-publications/new-zealand-journal-of-forestry-science/nzjfs-volume-31
https://doi.org/10.1007/s10705-017-9899-x
https://doi.org/10.1007/s10705-017-9899-x
https://doi.org/10.1111/j.1365-2389.2006.00889.x
https://doi.org/10.1029/2003WR002432


Bechtold, M., Dettmann, U., Wöhl, L., Durner, W., Piayda, A., &

Tiemeyer, B. (2018). Comparing methods for measuring water reten-

tion of peat near permanent wilting point. Soil Science Society of Amer-

ica Journal, 82(3), 601–605. https://doi.org/10.2136/sssaj2017.10.

0372.

Bittelli, M., & Flury, M. (2009). Errors in water retention curves determined

with pressure plates. Soil Science Society of America Journal, 73(5),

1453–1460. https://doi.org/10.2136/sssaj2008.0082.
Blume, T., Zehe, E., & Bronstert, A. (2009). Use of soil moisture dynamics

and patterns at different spatio-temporal scales for the investigation

of subsurface flow processes. Hydrological Processes, 13(7),

1215–1233.
Buytaert, W., Célleri, R., De Bièvre, B., Cisneros, F., Wyseure, G.,

Deckers, J., & Hofstede, R. (2006). Human impact on the hydrology of

the Andean páramos. Earth-Science Reviews, 79(1–2), 53–72. https://
doi.org/10.1016/j.earscirev.2006.06.002.

Buytaert, W., De Bièvre, B., Wyseure, G., & Deckers, J. (2004). The use of

the linear reservoir concept to quantify the impact of changes in land

use on the hydrology of catchments in the Andes. Hydrology and Earth

System Sciences, 8(1), 108–114. https://doi.org/10.5194/hess-8-108-
2004.

Buytaert, W., Deckers, J., & Wyseure, G. (2006). Description and classifica-

tion of nonallophanic Andosols in south Ecuadorian alpine grasslands

(páramo). Geomorphology, 73(3–4), 207–221. https://doi.org/10.1016/
j.geomorph.2005.06.012.

Buytaert, W., Sevink, J., De Leeuw, B., & Deckers, J. (2005). Clay mineral-

ogy of the soils in the south Ecuadorian páramo region. Geoderma, 127

(1–2), 114–129. https://doi.org/10.1016/j.geoderma.2004.11.021.

Buytaert, W., Wyseure, G., De Bièvre, B., & Deckers, J. (2005). The effect

of land-use changes on the hydrological behaviour of Histic Andosols

in South Ecuador, 3997(August), 3985–3997. https://doi.org/10.

1002/hyp.5867.

Chen, Z. S., Asio, V. B., & Yi, D. F. (1999). Characteristics and genesis of

volcanic soils along a toposequence under a subtropical climate in Tai-

wan. Soil Science, 164(7), 510–524.
Córdova M, Carrillo-Rojas G, Crespo P, Wilcox B, Célleri R. 2015. Evalua-

tion of the Penman-Monteith (FAO 56 PM) Method for Calculating

Reference Evapotranspiration Using Limited Data. https://doi.org/10.

1659/MRD-JOURNAL-D-14-0024.1

Dahlgren, R. A., Saigusa, M., & Ugolini, F. C. (2004). The nature, properties

and Management of Volcanic Soils. Advances in Agronomy, 82,

113–182. https://doi.org/10.1016/S0065-2113(03)82003-5.
van Dam, J. C., Stricker, J. N. M., & Droogers, P. (1992). Inverse method

for determining soil hydraulic functions from one-step outflow experi-

ments. Soil Science Society of America Journal, 56(4), 1042–1050.
https://doi.org/10.2136/sssaj1992.03615995005600040007x.

Daza Torres, M. C., Hernández Flórez, F., & Triana, F. A. (2014). Efecto del

Uso del Suelo en la Capacidad de Almacenamiento Hídrico en el Pár-

amo de Sumapaz - Colombia. Revista Facultad Nacional de Agronomía,

67(1), 7189–7200. https://doi.org/10.15446/rfnam.v67n1.42642.

Dec, D., Zúniga, F., Thiers, O., Paulino, L., Valle, S., Villagra, V., Tadich, I.,

Horn, R., Dörner, J., et al. (2017). Water and temperature dynamics of

Aquands under different uses in southern Chile. Journal of Soil Science

and Plant Nutrition, 17(1), 141–154. https://doi.org/10.4067/S0718-
95162017005000011.

Dondeyne, S., Deckers, J. A., & Chapelle, J. (1993). The soils and vegeta-

tion of the Bisoke volcano (Rwanda): Habitat of mountain gorillas.

Pédologie, 43(2), 301–322.
Dörner, J., Dec, D., Peng, X., & Horn, R. (2009a). Change of shrinkage

behavior of an Andisol in southern Chile: Effects of land use and

wetting/drying cycles. Soil and Tillage Research, 106(1), 45–53. https://
doi.org/10.1016/J.STILL.2009.09.013.

Dörner, J., Dec, D., Peng, X., & Horn, R. (2009b). Efecto del cambio de uso

en la estabilidad de la estructura y la función de los poros de un

Andisol (typic hapludand) del sur de Chile. Revista de la ciencia del suelo

y nutrición vegetal, 9(3), 190–209. https://doi.org/10.4067/S0718-

27912009000300003.

Dörner, J., Dec, D., Peng, X., & Horn, R. (2010). Effect of land use change

on the dynamic behaviour of structural properties of an Andisol in

southern Chile under saturated and unsaturated hydraulic conditions.

Geoderma, 159(1–2), 189–197. https://doi.org/10.1016/J.

GEODERMA.2010.07.011.

Dörner, J., Dec, D., Thiers, O., Paulino, L., Zúñiga, F., Valle, S.,

Martínez, O., & Horn, R. (2016). Spatial and temporal variability of

physical properties of Aquands under different land uses in southern

Chile. Soil Use and Management, 32(3), 411–421. https://doi.org/10.
1111/sum.12286.

Dörner, J., Huertas, J., Cuevas, J. G., Leiva, C., Paulino, L., & Arumí, J. L.

(2015). Water content dynamics in a volcanic ash soil slope in south-

ern Chile. Journal of Plant Nutrition and Soil Science, 178(4), 693–702.
https://doi.org/10.1002/jpln.201500112.

Duwig, C., Prado, B., Tinet, A.-J., Delmas, P., Dal Ferro, N.,

Vandervaere, J. P., Denis, H., Charrier, P., Gastelum Strozzi, A., &

Morari, F. (2019). Impacts of land use on hydrodynamic properties and

pore architecture of volcanic soils from the Mexican highlands. Soil

Research, 57(6), 629. https://doi.org/10.1071/SR18271.

Eguchi, S., & Hasegawa, S. (2008). Determination and characterization of

preferential water flow in unsaturated subsoil of Andisol. Soil Science

Society of America Journal, 72(2), 320–330. https://doi.org/10.2136/
sssaj2007.0042.

Fan, Y., Clark, M., Lawrence, D. M., Swenson, S., Band, L. E., Brantley, S. L.,

Brooks, P. D., Dietrich, W. E., Flores, A., Grant, G., Kirchner, J. W.,

Mackay, D. S., McDonnell, J. J., Milly, P. C. D., Sullivan, P. L., Tague, C.,

Ajami, H., Chaney, N., Hartmann, A., … Yamazaki, D. (2019). Hillslope

hydrology in global change research and earth system modeling. Water

Resources Research, 55(2), 1737–1772. https://doi.org/10.1029/

2018WR023903.

FAO (2002). In L. P. van Reeuwijk (Ed.), Procedures for soil analysis. Roma,

Italy: FAO.

Farley, K., Kelly, E., & Hofstede, R. (2004). Soil organic carbon and water

retention after conversion of grasslands to pine plantations in the

Ecuadorian Andes. Ecosystems, 7, 729–739.
Fatichi, S., Vivoni, E. R., Ogden, F. L., Ivanov, V. Y., Mirus, B., Gochis, D.,

Downer, C. W., Camporese, M., Davison, J. H., Ebel, B., Jones, N.,

Kim, J., Mascaro, G., Niswonger, R., Restrepo, P., Rigon, R., Shen, C.,

Sulis, M., & Tarboton, D. (2016). An overview of current applications,

challenges, and future trends in distributed process-based models in

hydrology. Journal of Hydrology, 537, 45–60. https://doi.org/10.1016/
J.JHYDROL.2016.03.026.

Ferrari, A., Eichenberger, J., Fern, J., Ebeling, P., & Laloui, L. (2012). Experi-

mental and numerical analysis of an unsaturated volcanic ash deposit

for the establishment of an early warning system in a quarry in Costa

Rica. In GeoCongress 2012 (pp. 2512–2521). Reston, VA: American

Society of Civil Engineers. https://doi.org/10.1061/

9780784412121.257.

Fontes, J. C., Gonçalves, M. C., & Pereira, L. S. (2004). Andosols of Ter-

ceira, Azores: Measurement and significance of soil hydraulic proper-

ties. Catena, 56(1–3), 145–154. https://doi.org/10.1016/J.CATENA.

2003.10.008.

Frattini, P., Crosta, G. B., Fusi, N., & Dal Negro, P. (2004). Shallow land-

slides in pyroclastic soils: A distributed modelling approach for hazard

assessment. Engineering Geology, 73(3–4), 277–295. https://doi.org/
10.1016/J.ENGGEO.2004.01.009.

Gee, G. W., Campbell, M. D., Campbell, G. S., & Campbell, J. H. (1992).

Rapid measurement of low soil water potentials using a water

activity Meter. Soil Science Society of America Journal, 56(4),

1068–1070. https://doi.org/10.2136/sssaj1992.036159950056

00040010x.

Gómez-Rodríguez, K., Camacho-Tamayo, J. H., & Vélez-Sánchez, J. E.

(2013). Changes in water availability in the soil due to tractor traffic.

16 of 18 MOSQUERA ET AL.

https://doi.org/10.2136/sssaj2017.10.0372
https://doi.org/10.2136/sssaj2017.10.0372
https://doi.org/10.2136/sssaj2008.0082
https://doi.org/10.1016/j.earscirev.2006.06.002
https://doi.org/10.1016/j.earscirev.2006.06.002
https://doi.org/10.5194/hess-8-108-2004
https://doi.org/10.5194/hess-8-108-2004
https://doi.org/10.1016/j.geomorph.2005.06.012
https://doi.org/10.1016/j.geomorph.2005.06.012
https://doi.org/10.1016/j.geoderma.2004.11.021
https://doi.org/10.1002/hyp.5867
https://doi.org/10.1002/hyp.5867
https://doi.org/10.1659/MRD-JOURNAL-D-14-0024.1
https://doi.org/10.1659/MRD-JOURNAL-D-14-0024.1
https://doi.org/10.1016/S0065-2113(03)82003-5
https://doi.org/10.2136/sssaj1992.03615995005600040007x
https://doi.org/10.15446/rfnam.v67n1.42642
https://doi.org/10.4067/S0718-95162017005000011
https://doi.org/10.4067/S0718-95162017005000011
https://doi.org/10.1016/J.STILL.2009.09.013
https://doi.org/10.1016/J.STILL.2009.09.013
https://doi.org/10.4067/S0718-27912009000300003
https://doi.org/10.4067/S0718-27912009000300003
https://doi.org/10.1016/J.GEODERMA.2010.07.011
https://doi.org/10.1016/J.GEODERMA.2010.07.011
https://doi.org/10.1111/sum.12286
https://doi.org/10.1111/sum.12286
https://doi.org/10.1002/jpln.201500112
https://doi.org/10.1071/SR18271
https://doi.org/10.2136/sssaj2007.0042
https://doi.org/10.2136/sssaj2007.0042
https://doi.org/10.1029/2018WR023903
https://doi.org/10.1029/2018WR023903
https://doi.org/10.1016/J.JHYDROL.2016.03.026
https://doi.org/10.1016/J.JHYDROL.2016.03.026
https://doi.org/10.1061/9780784412121.257
https://doi.org/10.1061/9780784412121.257
https://doi.org/10.1016/J.CATENA.2003.10.008
https://doi.org/10.1016/J.CATENA.2003.10.008
https://doi.org/10.1016/J.ENGGEO.2004.01.009
https://doi.org/10.1016/J.ENGGEO.2004.01.009
https://doi.org/10.2136/sssaj1992.03615995005600040010x
https://doi.org/10.2136/sssaj1992.03615995005600040010x


Engenharia Agrícola, 33(6), 1156–1164. https://doi.org/10.1590/

S0100-69162013000600008.

Guio Blanco, C. M., Brito Gomez, V. M., Crespo, P., & Ließ, M. (2018). Spa-

tial prediction of soil water retention in a Páramo landscape: Methodo-

logical insight into machine learning using random forest. Geoderma,

316, 100–114. https://doi.org/10.1016/J.GEODERMA.2017.12.002.

Guzman, C. D., Hoyos-Villada, F., Da Silva, M., Zimale, F. A., Chirinda, N.,

Botero, C., Morales Vargas, A., Rivera, B., Moreno, P., &

Steenhuis, T. S. (2019). Variability of soil surface characteristics in a

mountainous watershed in Valle del Cauca, Colombia: Implications for

runoff, erosion, and conservation. Journal of Hydrology, 576, 273–286.
https://doi.org/10.1016/J.JHYDROL.2019.06.002.

Hillel, D. (1998). Environmental soil physics. San Diego, CA: Academic

Press.

Hillel, D. (2004). Introduction to environmental soil physics. Elsevier Aca-

demic Press.

Hodnett, M. G., & Tomasella, J. (2002). Marked differences between van

Genuchten soil water-retention parameters for temperate and tropical

soils: A new water-retention pedo-transfer functions developed for

tropical soils. Geoderma, 108(3–4), 155–180. https://doi.org/10.1016/
S0016-7061(02)00105-2.

Iñiguez, V., Morales, O., Cisneros, F., Bauwens, W., & Wyseure, G. (2016).

Analysis of the drought recovery of Andosols on southern Ecuadorian

Andean páramos. Hydrology and Earth System Sciences, 20(6),

2421–2435. https://doi.org/10.5194/hess-20-2421-2016.
IUSS Working Group WRB. (2015). World reference base for soil resources

2014. International soil classification system for naming soils and creating

legends for soil maps. Rome: FAO. https://doi.org/10.1017/

S0014479706394902.

Kirkham, M. B. (2014). Field capacity, wilting point, available water, and

the nonlimiting water range. In M. B. Kirkham (Ed.), Principles of soil

and plant water relations (pp. 153–170). Boston, MA: Academic Press.

https://doi.org/10.1016/B978-0-12-420022-7.00010-0.
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