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Abstract
The influence of soil structure dynamics on spatiotemporal variability in soil water

flows and distribution is generally omitted in hydrological modeling across scales.

Soils like Andosols exhibit important structural dynamics, which affects the accu-

rate representation of soil water distribution and solute transport. This study aimed to

describe spatiotemporal variability of soil water retention (SWR) functions in a vari-

ably compacted Andosol. Laboratory and field observations were conducted at 10-,

20-, and 60-cm depths in a grassland in southern Chile. We studied 10-min resolution

time series from 48 soil moisture contents and 18 matric potential sensors across six

monitoring stations from June 2020 to June 2022. Wet and dry period dynamics were

delineated based on soil moisture states. Wetting/drying cycles were identified using

time derivatives of soil moisture content. Unimodal (vG) and bimodal (dualvG) for-

mulations of the van Genuchten equation were fitted. This study provides insights

into how soil structural dynamics, as affected by variable water-filled pore volumes,

influence the SWR parameters across different compaction levels and depths. Lab-

oratory and field observations represented different conditions, describing expected

contrasts. The dualvG performed better than vG for lab data, showing lower Akaike

information criterion (AIC) and root mean squared error (RMSE), and high R2. Soil

compaction influenced the dualvG parameters and decreased the diversity of field

SWR behavior. Wetting and drying cycles did not affect model parameters. How-

ever, it allowed for describing peaks of homogeneity and heterogeneity when wet

and dry period dynamics were considered. Non-systematic hysteretic behaviors in

the data suggested the occurrence of non-uniform flows.

Abbreviations: PF, preferential flow; SWRC, soil water retention curve; vG, van Genuchten equation; VWC, volumetric water content.
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Plain Language Summary
This research focuses on how the soil pore structure and moisture state variations

over time and at different depths in a compacted volcanic ash soil affect the soil water

retention (SWR) characteristics. We aimed to understand this interplay by analyzing

soil moisture and tension data collected in different soil layers every 10 min over two

years in a grassland. We found that compacted soils affected some SWR parameters

and showed less variability in SWR data because of soil pores degradation. However,

this led to more extreme SWR behaviors. During wet periods, the water distribution

was mostly uniform, while dry periods showed uniform drying but highly variable

wetting cycles. Wetting and drying cycles did not affect model parameters. Under-

standing the dynamics of soil pore structures is crucial for accurately representing

soil water properties and distribution.

1 INTRODUCTION

The heterogeneity of soil hydraulic properties across differ-
ent spatial and temporal scales leads to complex subsurface
water flows, making it challenging to predict soil water dis-
tribution and solute transport (Beven & Germann, 2013; N.
Jarvis et al., 2016; Vereecken et al., 2022). Soil water is
influenced by highly nonlinear interactions within the soil–
plant–atmosphere continuum. At the pore scale, water flow
through diverse pore networks creates variable relationships
between water contents and retention forces. This is known
as hysteresis and has been researched for almost a century
(Haines, 1930). This phenomenon depicts variation in the
water retention function depending on the initial soil moisture
state and the following wetting or drying process (Basile et al.,
2003; Diamantopoulos et al., 2012; Poulovassilis, 1962).

To describe soil water status in porous media, the soil water
retention curve (SWRC) is widely used. The SWRC pro-
vides valuable information about pore-size distribution, water
storage, plant-available water, and soil air capacity (Hartge
et al., 2016). To fit this function mathematically, a diver-
sity of analytical equations can be used (Brooks & Corey,
1966; Kosugi, 1996; van Genuchten, 1980). Generally, the
water retention properties are represented by a single and
time-invariant SWRC, being the unimodal van Genuchten
(vG) equation (van Genuchten, 1980) one of the most recog-
nized in hydrological modeling. This representation is valid
under non-hysteretic hydraulic equilibrium conditions, mean-
ing that a moisture content observation represents a unique
matric potential at every point and direction along this func-
tion (Hannes et al., 2016; Vogel et al., 2023). This model
overlooks possible temporal dynamics in soil physical prop-
erties or flow phenomena commonly observed under field
conditions. Nevertheless, due to its compatibility with the the-
ories of Mualem (1976) and Burdine (1953), the unimodal vG

model and its closed-form conductivity functions have been
widely and successfully used in hydrological studies across
scales. Even though its original form is non-hysteretic, this
model can be accurately fitted to observations along indi-
vidual wetting or drying processes (van Genuchten, 1980),
resembling a pseudo-hysteresis approach.

When soils exhibit a more structured pore system, several
inflection points can be found along the SWRC, represent-
ing hierarchical aggregation between primary and secondary
pore systems (Dörner et al., 2010). To account for this, the
pore-size distribution can be characterized by bimodal or mul-
timodal SWRCs. Similarly to other numerical solutions, the
vG equation was adapted to integrate multiple weighted sub-
functions, producing more complex curvatures to represent
water retention in structured soils (Durner, 1994). Water dis-
tribution in the unsaturated zone exhibits complex behavior
due to both uniform and preferential flows dynamically occur
under several circumstances. The occurrence of preferential
flow (PF) depends on several factors, such as precipitation
frequency and intensity, land cover and roots spatial con-
figuration, soil water repellency, initial soil moisture state
(Blume et al., 2009; N. Jarvis et al., 2016; Nimmo, 2021),
or mechanical stresses such as soil compaction (Kulli et al.,
2003). This leads to spatial and temporal heterogeneity in the
soil moisture distribution (N. Jarvis et al., 2016), and there-
fore, variability in the water retention properties described by
continuous field observations. This spatiotemporal variabil-
ity, and its influence on the derivation of appropriate SWRCs,
has been a persistent challenge for soil hydrologists (Basset
et al., 2023; Beck-Broichsitter et al., 2023; N. Jarvis et al.,
2024; Vereecken et al., 2022; Vogel et al., 2023; Wang et al.,
2023).

Soil structure dynamics are an important omission in
Earth system models (Fatichi et al., 2020). Recently, efforts
have been made to quantify their hydrological effects across
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spatial and temporal scales (Bonetti et al., 2021; N. Jarvis
et al., 2024). At the catchment scale, soil properties contribute
to the spatiotemporal variability of soil water between wet and
dry periods (Hendrickx et al., 2023; Rosenbaum et al., 2012).
At plot scale, natural processes such as soil shrinkage/swelling
cause dynamics in soil structure (Dörner et al., 2009; Horn
et al., 2014; Peng & Horn, 2005) and thereby spatial and
temporal variability in SWR. Although one might assume a
more homogenized system in agricultural soils, continuous
field observations on SWR describe temporal variations as
affected by agricultural management (e.g., type of tillage)
and growing seasons (Huang et al., 2021; Pečan et al., 2023;
Zhang et al., 2017). These studies provided evidence of tem-
poral dynamics in SWR capacity, primarily focusing on the
drying processes. However, studies on temporal dynamics of
SWR parameters during wetting and drying cycles using high-
resolution continuous field observations are scarce. Moreover,
little is known about how field SWR dynamics are affected
by the functional degradation of soil pores and its subsequent
influence on soil water distribution.

Realistic soil hydraulic properties might then be described
by dynamic functions that could represent the system’s tempo-
ral behaviors as influenced by environmental patterns. Hannes
et al. (2016) accurately described SWR dynamics using dif-
ferent hysteresis models. Nevertheless, the incorporation of
time-domain information on the environmental conditions to
discern when these dynamics are likely to occur remains
understudied. N. Jarvis et al. (2016) accurately anticipated
that model parameterization would remain a major challenge
in soil hydrology. More recently, researchers have stressed
the need for a new generation of pedo-transfer functions to
address the complexity of temporal variations of soil proper-
ties and flow phenomena (Vereecken et al., 2022; Weber et al.,
2024).

In our study, we hypothesize that both temporal changes
in pore space—driven by soil structure dynamics and
compaction—and the variability of soil water distribution
influence the temporal dynamics of SWR points observed
in the field, and consequently, the derived soil water reten-
tion parameters. To assess temporal variations, in SWRCs,
we studied wetting and drying cycles over 2 years and ana-
lyzed the effect of contrasting water-filled pore volumes
during wetter and drier seasons dynamics. To account for
different soil structure conditions, monitored soil moisture
content and potential were studied under three different
degrees of soil compaction. We additionally hypothesize
that soil-pore functional degradation due to compaction
decreases the diversity of active pore networks, impacting
the soil water distribution and thereby the SWR observations.
Particularly, we aim to describe the impacts of spatiotem-
poral variability of continuous field observations on widely
used equilibrium-based SWR functions using a dual-porosity
approach.

Core Ideas
∙ Soil water retention variability is temporally

dynamic in agricultural grasslands.
∙ Aligning the process and observation scales is key

to recognizing heterogeneous flows.
∙ Soil structure and water distribution dynamically

shape soil water retention functions.
∙ Soil compaction decreases the diversity of possible

scanning curves.
∙ The collapse of pore networks provokes extreme

nonequilibrium relations.

2 METHODS

2.1 Study area

The Universidad Austral de Chile’s experimental field sta-
tion (Estación Experimental Agropecuaria Austral [EEAA],
39˚ 46′ S, 73˚ 13′ W, 12 m.a.s.l.) is in Valdivia city, southern
Chile. This area is under a humid-temperate climate with a
mean annual temperature of 12˚C and a mean annual precipi-
tation of 2440 mm between 1901 and 2005 (González-Reyes
& Muñoz, 2013). The soil corresponds to a volcanic ash-
derived soil classified as Petroduri-Silandic Andosol (WRB,
2014), which describes strong structural dynamics (Dörner
et al., 2022). Bravo et al. (2020) presented a morphological
description of the soil profile until 200-cm depth. In the upper
38 cm (Ap and B1 horizons), clay content is around 29%.
This content decreases to 12% in the next 38 to 57 cm (B2
horizon) and consecutively increases to 30% between 57- and
93-cm depth (B3 horizon). Finally, it decreases to 10% at 203-
cm depth (2BCE horizon). The soil presents a large amount
of organic matter that varies from 12.7% (Ap horizon) to
2.9% (2BCE horizon). The soil bulk density (Bd) ranged from
0.79 (Ap horizon) to 0.56 g cm−3 at the deepest layer (2BCE
horizon). The topography in the area is highly variable, with
dominant slopes from 3% to 8%.

The experimental site belongs to the research project
FONDECYT 1191057: “Assessing the effect of the physico-
chemical quality of a volcanic ash soil on pasture productivity
and soil resilience capacity.” A set of six monitoring sta-
tions collected high-resolution observations of soil–water
state variables since September 2019. Plots of 1728 m2 with
three different compaction levels (T0: Bd = 0.65 g cm−3, T1:
Bd = 0.75 g cm−3, and T2: Bd = 0.85 g cm−3) were stab-
lished using rollers (two types: 1.20 and 1.37 Mg over working
widths of 3 and 6 m, respectively) to assess the soil physical
degradation of pore functional properties. The vegetation over
the experimental area is a sown diverse pasture which includes
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F I G U R E 1 Schematic overview of soil moisture (blue stars) and
matric potential (light-brown starts) sensors location and their
integration volume (squares and hexagons, respectively) at each
monitoring station. Circles represent a designed grid where nodes with
observed (white) and estimated (gray) values can be assigned in
two-dimensional representations. The horizontal distance between
nodes is 45 cm.

Lolium perenne, Trifolium repens, Festuca arundinacea, Hol-
cus lanatus, Dactilys glomerata, and Bromus valdivianus. A
detailed description of the experimental design and the agri-
cultural managements can be found in Dörner et al. (2022,
2023).

2.2 Soil water and environmental variables
time series

The study of 2-year soil moisture dynamics (June 1, 2020
to June 1, 2022, 10-min resolution, N = 105,121 observa-
tions) used six monitoring stations; two were located at each
compaction treatment (Dörner et al., 2022). Within the com-
paction treatments, these two stations are located in differently
fertilized plots. Nevertheless, we do not expect substantial
impact from fertilization as it started during the last quarter of
the studied period. Since our focus is on soil physical dynam-
ics, monitoring stations will be referred to as Station 1 and
Station 2. Each monitoring station (Figure 1) is provided with
eight soil moisture sensors (TEROS 11, METER Group; res-
olution: 0.001 m3 m−3, range: 0.00–0.70 m3 m−3) installed

at 10-, 20-, and 60-cm depth. The number of TEROS 11 sen-
sors per depth are 3, 3, and 2, respectively. At each depth,
one soil matrix potential sensor (TEROS 21 Gen 1, METER
Group; resolution: 0.01 kPa, range: ≈−9 to −100,000 kPa)
is also installed. The air entry potential of the largest pores
in the ceramic of sensors TEROS 21 is about −9 kPa, which
may have two main consequences: (i) the sensor might not
respond in case the soil has a lower (more negative) air-entry
potential than the sensor’s ceramic and (ii) it limits the mea-
surement from ≈−9 kPa toward full saturation (wet-end). On
the one hand, we believe the soil’s air-entry value would not
affect the measurements since it increases (less negative) in
well-structured soils with very high total porosity (>60%) as
Andosols. For more details, Dörner et al. (2022) measured
field air permeability and air capacity (at−6 kPa) at the exper-
iment site. On the other hand, near saturation conditions were
not reached due to the constant drainage and high-hydraulic
conductivity of these soils. After examining the time series
over the wettest conditions, observations of pressure head
vary according to the VWC dynamics. The latest did not reach
saturation levels such as the ones determined at the labora-
tory (𝜃𝑠 > 0.64 m3 m−3). We did not find a lack of response
from the sensor, suggesting that the range of our observa-
tions is not affected by the wet-end limitations provided by
the manufacturer (Figure S1).

All data were recorded by dataloggers in a raw form. Since
no facilities were available for the calibration of TEROS 21
over its entire range, matric potential raw data were trans-
formed to kPa unit using the manufacturer calibration. Water
content raw data were transformed to soil water content (m3

m−3) by using a gravimetric calibration for each soil depth
(Dec et al., 2022). The volumetric water content (VWC, %)
was used in this research.

The time scale attributes of in-situ observations at each
monitoring station are composed of (i) 2-year temporal extent
and (ii) 10-min resolution. The spatial scale attributes at each
monitoring station cover a two-dimensional soil profile (≈0.7
m2, Figure 1), and the integration volume/area at each sensor
location is 1000 cm3 for VWC and ≈16 cm2 contact area (at
the two faces of the sensor disks) for pressure head.

Since only one replicate of TEROS 21 is available
per depth, VWC observations from three TEROS 11 per
depth were averaged at each time step, resulting in a one-
dimensional vertical profile. Following the filtering scheme
and data processing recommendations from Hannes et al.
(2015), a smoothing routine was conducted to both VWC and
pressure head observations. We manually discarded outliers
as well as decreased the noise in the time series by (i) cor-
recting observations based on the sensors resolution and (ii)
applying a moving average with a seven-observation window
(considering 30 min before and after the central observation).
Precipitation (P) measurements were collected by a high-
resolution rain gauge (ECRN-100, METER Group; 0.2-mm
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resolution) located in the experimental field. The accumu-
lated P for 2020 and 2021 were particularly low compared to
the historical mean, being 1682 and 1410 mm, respectively.
Reference Evapotranspiration (ET0, mm day−1) data were
consulted from the online agrometeorological monitoring net-
work repository: “Red de Estaciones Agrometeorológicas
de INIA” (https://agrometeorologia.cl), using the “Austral”
station, located in the EEAA experimental field. The accu-
mulated ET0 for 2020 and 2021 were 786 and 833 mm,
respectively.

2.3 Soil hydraulic properties in laboratory
conditions

2.3.1 Soil hydraulic functions and derived
pore-size distribution

The data were provided by the project FONDECYT 1191057.
The laboratory soil water retention curves (SWRClab) were
measured over main drying curves using undisturbed soil
samples in stainless steel cylinders (v = 230 cm3, h = 5.6 cm,
ø = 7.2 cm). Describing wetting curves over a wide range
of matric potentials in Andosols was not performed since
it is practically difficult. Due to their high organic matter
content and shrinkage capacity, soil samples generally show
irreversible changes in soil volume after exposed to extreme
hydraulic stress. The samples (n = 7 for each depth) were
collected at the site of each monitoring station during their
installation and were carefully saturated from beneath. Sub-
sequently, samples were equilibrated and weighed (on an
electronic balance, Precisa, 0.01 g accuracy) at the following
pressure heads: 0, −1, −2, −3, and −6 kPa (in sand boxes)
and −15 and −33 kPa (in pressure chambers). Each sample
height was measured in five points (using a Vernier Caliper,
0.001 mm accuracy) to correct the VWC due to shrinkage
(Dörner et al., 2015). To determine the permanent wilting
point (𝜃𝑃𝑊 𝑃 ) and the fine pores volume, samples (n= 5) of 20
cm3 were equilibrated at −1543 kPa (in a pressure chamber).

The pore-size classes consist of structural pores as macrop-
ores (MaP: h ≥ −1 kPa) and wide coarse pores (wCP: −1 > h
≥ −6 kPa), textural pores as the narrow coarse pores (nCP:
−6 > h ≥ −33 kPa), available water pores as the medium
pores (MP: −33 > h > −1543 kPa), and fine pores (FP: h
≤ −1543 kPa) following Beck-Broichsitter et al. (2020). To
define the VWC, the samples were first weighted and then
oven-dried at 105˚C for 24 h to calculate the bulk density.

The scale triplet attributes of our laboratory samples col-
lected per depth at each of the six monitoring stations are then
composed of (i) 1-m2 spatial extent, (ii) 10–20 cm random
spacing between seven samples per depth, and (iii) 230 cm3

total volume of each undisturbed soil sample.

2.4 Soil hydraulic properties at field
conditions

2.4.1 Defining wet and dry period dynamics

The temporal variation of soil moisture states presents a
bimodal distribution as a result of land surface–atmosphere
feedback (Eagleson, 1994). Since soil hydraulic prop-
erties are influenced by these states, a straightforward
alternative to shed light on the time-variable behavior
is assessing soil wetting and drying processes at differ-
ent water-filled pore volumes. Therefore, we defined wet
and dry period dynamics focused on the soil moisture
observations.

Due to more intense moisture dynamics taking place toward
the surface, directly influencing the infiltration process to
deeper layers, the present research used the mean VWC (𝜃𝜇) at
10-cm depth (with the time series length being the total num-
ber of observations N) to determine the transition between
wet and dry dynamics. This way, any observation 𝜃𝑖 ≥ 𝜃𝜇
remaining longer than a certain time length threshold (𝜏) is
defined as part of a wet period (WP) dynamic. When a wetting
cycle during a WP ends, the observations measured along the
subsequent drying cycle remain assigned to the WP until 𝜃𝑖 <
𝜃𝜇. After separating all WP dynamics, the remaining wetting
cycles beginning at 𝜃𝑖 < 𝜃𝜇 are consequently defined as part
of a dry period (DP) dynamic. For this case, as the peaks of
moisture increment surpass the 𝜃𝜇 and remain over it for a
time shorter than a set threshold (Δ𝑡 < 𝜏), the observations
along the wetting and subsequent drying cycle starting at 𝜃𝑖 >
𝜃𝜇 are considered part of the DP. Considering a VWC obser-
vation in a specific time 𝜃𝑡, the abovementioned conditions
are defined as follows:

𝑃𝑒𝑟𝑖𝑜𝑑 =
{
𝜃𝑡+1 = 𝑊𝑃 𝑖𝑓 𝜃𝑡 ≥ 𝜃𝜇 𝐴𝑁𝐷 𝜃[(𝑡−𝜏)∶𝑡] ≥ 𝜃𝜇
𝜃𝑡+1 = 𝐷𝑃 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒.

}
,

(1)
where 𝜃[(𝑡−𝜏)∶𝑡] represents a consecutive sequence of obser-
vations with a length 𝜏 preceding the evaluated 𝜃𝑡. In our
research, 𝜏 = 10 days was enough to discriminate the peaks
of soil moisture occurring during the dry periods when high
precipitation events took place. To simplify the conditions
in the present approach, the transition point (𝜃𝑖 = 𝜃𝜇) was
considered part of WP dynamics since we are evaluating a
humid-temperate condition.

Once VWC dynamics are separated, the shape of WP
and DP data sets distributions were analyzed using the gen-
eral probability density function (pdf, Equation 2), which is
formally written as follows:

𝑃
[
𝜃0 < 𝜃𝑖 ≤ 𝜃1

]
=

𝜃1
∫
𝜃0

𝑓 (𝜃) 𝑑𝜃 = 1, (2)
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where 𝜃𝑖 is a VWC observation within a DP or WP. The
terms 𝜃0 and 𝜃1 are the extremes of the cumulative distribu-
tion function of VWC, 𝑓 (𝜃), corresponding to the values 0
and 1.

2.4.2 Separating wetting and drying processes

Since the soil water retention dynamics vary along wet-
ting and drying cycles, resulting in soil hydraulic properties
changes both at laboratory and field conditions (Bodner
et al., 2013), the time derivative of the volumetric water
content (Equation 3) was used to define these cycles as
follows:

Cycle =
⎧⎪⎨⎪⎩

θ𝑡 = Wetting if θ𝑡+1 − θ𝑡 > 0
θ𝑡 = Drying if θ𝑡+1 − θ𝑡 < 0

θ𝑡 = Transition if θ𝑡+1 − θ𝑡 = 0

⎫⎪⎬⎪⎭ . (3)

Due to the large number of observations in the high-
resolution data set, the abovementioned transition (rep-
resenting no change in VWC between two consecutive
observations in time) was discarded from the parameter
estimation.

2.4.3 Dynamic soil hydraulic functions from
field observations

Once time series were divided into WP and DP dynamics,
as well as into wetting and drying cycles, observations of
VWC (𝜃𝑖) and pressure head (ℎ𝑖) were used to obtain field soil
water retention curves (SWRCfld). Hereafter, the averaged soil
moisture content (𝜃̄) of the total number of replicates (N) per
depth (z) and the respective pressure head (ℎ𝑧) were used as
follows (Equation 4):

𝜃 (ℎ) = SWRCf ld
(
ℎ, 𝜃̄

)
,

ℎ = ℎ(𝑥, 𝑧𝑛); 𝜃̄ = 1
𝑁

∑𝑁

𝑖=1 𝜃(𝑥𝑛, 𝑧𝑛) .
(4)

In this way, different functions can describe (i) the influ-
ence of the moisture state, also referred to as water-filled pores
volume, in wetter and drier conditions, and (ii) the effect of
specific soil pore networks during wetting and drying cycles
on soil hydraulic properties. Laboratory SWR parameters
were derived numerically using unimodal (van Genuchten,
1980) and bimodal (Durner, 1994) solutions, while field SWR
parameters were obtained using the bimodal function only. A
detailed explanation of the numerical approaches is given in
Section 2.5.

2.5 Modeling approaches for SWRC

To explore the influence of soil structure dynamics and the
heterogeneity of water flows during WP and DP dynamics, as
well as wetting and drying cycles, we assessed four strategies
to derive the soil water retention curve (SWRC; 𝜃(ℎ)):

1. Laboratory observations: unimodal and bimodal parame-
terization.

2. Field observations: complete time series length with
bimodal parameterization.

3. Field observations: wetting and drying cycles with
bimodal parameterization.

4. Field observations: dynamic-based bimodal parameteriza-
tion considering wetting and drying cycles during WP and
DP.

2.5.1 Fitting numerical models to laboratory
and field observations

The soil water retention (SWR) functions 𝜃(ℎ) at labora-
tory conditions were described using the van Genuchten
(vG) model (van Genuchten, 1980) defined as follows (Equa-
tions 5–7):

𝜃𝑖 (ℎ) = 𝜃𝑟 +
𝜃𝑠−𝜃𝑟

(1+|𝛼ℎ|𝑛)𝑚 ; ℎ < 0
𝜃 (ℎ) = 𝜃𝑠; ℎ ≥ 0
𝑚 = 1 − 1

𝑛
; 𝑛 > 1,

(5)

where 𝜃𝑟 and 𝜃𝑠 represent the residual and saturated volumet-
ric water content (L3 L−3), respectively, while α (kPa−1) and n
[-] are shape parameters. To obtain a relative SWR function,
the effective saturation 𝑆𝑒 [-] as a function of the pressure
head is given by:

𝑆𝑒 (ℎ) =
𝜃𝑖 (ℎ) − 𝜃𝑟

𝜃𝑠 − 𝜃𝑟
, (6)

substituting Equation (5) into Equation (6), the 𝑆𝑒(ℎ) can be
described by the vG parameters:

𝑆𝑒 (ℎ) =
(

1
1 + |𝛼ℎ|𝑛

)𝑚

. (7)

Since Andosols present strong aggregation, which nor-
mally induces bi- or multi-modal SWR functions (Dörner
et al., 2015), we included the bimodal (or dual-porosity)
function for heterogeneous pore systems defined by Durner
(1994). The equation is constructed by a linear superposition
of effective saturation sub-curves as follows (Equation 8):

 15391663, 2025, 3, D
ow

nloaded from
 https://acsess.onlinelibrary.w

iley.com
/doi/10.1002/vzj2.70021 by W

ageningen U
niversity and R

esearch B
ibliotheek, W

iley O
nline L

ibrary on [17/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



BRAVO PEÑA ET AL. 7 of 21Vadose Zone Journal

F I G U R E 2 Graphical scheme: Fitting water retention functions
using unsatfit. Boundaries for 𝜃𝑠, 𝜃𝑟, and 𝛼 are denoted by the prefix
“b_”. The water content at saturation represents the total porosity (Φ).

𝑆𝑒 =
𝑘∑
𝑖=1

𝑤𝑖

[
1

1 + ||𝛼𝑖ℎ||𝑛𝑖
]𝑚𝑖

, (8)

where 𝑘 is the number of sub-functions that form the total
pore-size distribution and 𝑤𝑖 are the weighting factors for the
sub-curves, subject to 0 < 𝑤𝑖 < 1 and

∑
𝑤𝑖= 1.

The Python library “unsatfit” developed by Seki et al.
(2022) was used to determine and optimize the hydraulic
parameters. This package includes the program “SWRC Fit,”
which performs a nonlinear fitting of soil water retention
curves by a Levenberg–Maquardt optimization method (Mar-
quardt, 1963). A more detailed evaluation of this general
model for multimodal unsaturated soil hydraulic properties
is provided by Seki et al. (2023). As reaching total satura-
tion at field conditions is not possible in a constantly draining
system, the values of water content at saturation (𝜃𝑠) were fit-
ted and constrained using confidence intervals of laboratory
observations as boundaries. The laboratory determinations of
𝜃𝑠 (n = 7 per treatment) presented a Gaussian distribution
(not shown). Therefore, the 𝜃𝑠 boundaries were considered a
range of±2 standard deviation from the mean value (Figure 2)
to consider 95% of the probability distribution. Additionally,
the laboratory determinations of 𝜃𝑃𝑊 𝑃 were included during
the fitting of all data sets to provide information on the driest
extreme.

Regarding the vG parameters optimization, the maximum
value for the 𝑛 parameter was prescribed to 8 (Hohenbrink
et al., 2023; Seki et al., 2022). The minimum and maximum
boundaries of the 𝛼 [kPa−1] parameter were set as b_α =
(0.001, 5) following Hohenbrink et al. (2023). This range for 𝛼
provoked numerical instabilities that interrupted convergency
during the iterative optimization of specific cases. This was
encountered a few times when applied to too complex field
SWR behaviors and the large number of observations. To
overcome this during the iterative process, two error exemp-

tions were included to try achieving convergence: (i) the
maximum boundary of 𝛼 was incremented by imposing b_α =
(0.001, 20) for both subfunctions, and if this was not useful,
(ii) bounds of b_α2 and b_n were made free. These exemp-
tions were useful to identify unreliable outliers in the analysis.
Based on Hohenbrink et al. (2023), the boundaries for 𝜃𝑟 in
unimodal functions were set to b_θr = (0, 0.25*Φ), being the
total porosity (Φ) the mean values determined from our lab-
oratory experiments. For bimodal functions, 𝜃𝑟 is prescribed
to 0 by default.

2.5.2 Statistical analysis

We analyzed the laboratory determinations for the complete
profile. Nevertheless, since compaction effects were reported
within the first 20 cm in the field (Dörner et al., 2023, 2022)
and the highest temporal variability occurs toward the soil sur-
face, the statistical analysis for continuous field observations
was focused on 10- and 20-cm depths only. After applying
the Shapiro–Wilk normality test, Levene’s test for homo-
geneity of variance was conducted when residuals met the
normality assumption. In such cases, the analysis of variance
(ANOVA) was performed to identify differences between
hydraulic parameters obtained from different soil water and
structure dynamics. The test included all factors: treatment
(T0, T1, and T2), sub-treatments (Station 1 and Station 2),
depths (10, 20, and 60 cm, accordingly), periods (WP and
DP), and cycles (wetting and drying). When data were not
normally distributed, the Kruskal–Wallis test was performed
over the multiple independent groups. To discern differences
between two independent groups, the Mann–Whitney U test
was automatically executed, facilitating pairwise compar-
isons. All statistical analyses, data processing, and plotting
were performed in RStudio 2024.04.1+748 (Posit team, 2023)
and corresponding libraries. The model performance was
assessed by the Coefficient of Determination (R2), the Root
Mean Squared Error (RMSE), and the Akaike Information
Criterion (AIC). The summaries and statistical results are
presented in the Supporting Information.

3 RESULTS

3.1 Soil water dynamics in a volcanic
ash-derived soil

The amplitude of soil water dynamic varies from upper to
deeper layers. The VWC show higher variation close to the
soil surface due to higher exposure to atmospheric condi-
tions. In Figure 3, larger boxes and longer whiskers denote
more variability in the amplitude of data oscillation at 10-
cm depth for all treatments. No outliers were depicted beyond
the whiskers range after the smoothing routine. Despite the
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8 of 21 BRAVO PEÑA ET AL.Vadose Zone Journal

F I G U R E 3 Boxplot of volumetric water content [VWC, %] time series at three depths (10, 20, and 60 cm) at each monitoring station.
Additional colored dots describe mean values.

F I G U R E 4 Boxplot of pressure head [|kPa|] time series at three depths (10, 20, and 60 cm) at each monitoring station. Additional colored dots
describe mean values. Extreme values are presented by gray dots.

decreased variation toward deeper layers, mean and median
values remain similar throughout the soil profiles. Mean VWC
values ranged between 38.5% and 39.1% at 10 cm, 40.0%–
43.9% at 20 cm, and 39.6%–46.7% at 60 cm (Table S1)
including all stations.

In terms of pressure head, Figure 4 describes highly vari-
able dynamics, where no clear trends can be observed. The
median is similar at all monitoring stations and depths, rang-
ing between −17.7 and −23.9 kPa. The mean values are
strongly affected by extreme pressure heads that vary up
to three orders of magnitude. Particularly, T0-station 1 at
20 cm described highly negative values that reach up to
−99,999 kPa. In this individual case, observations are not
reliable and considered artifacts, probably produced by soil
shrinking/cracking and the subsequent detachment of the
sensor ceramic disk from the soil during extreme dryness.
Considering the time series full length, the range of pres-
sure head observations represented by the second and third
quartiles varied approximately between −12 and −1200 kPa
(Table S2).

Both VWC and pressure head time series describe the large
storage capacity and high median pressure head of these soils,
representing a generally wet status under the humid-temperate
conditions. Additionally, time series data show that these

soils hold high water contents at very strong matric suction
(i.e., VWC > 20% at ≈−1000 kPa) at the three described
depths.

3.2 Soil water content bimodal distribution
into wet and dry periods

Figure 5 presents histograms (gray bars) of VWC time series
from each station (Stations 1 and 2) at each compaction treat-
ment (T0, T1, and T2). In addition, the pdf is computed and
presented. As expected, the red-solid line pdf calculated from
the total number of observations (N = 105,121) describes a
bimodal distribution with two main peaks: a high relative fre-
quency of observations at the left-hand side (between ≈22%
and 55%), which represents the dry period dynamics (DP;
peak at VWC ≈25%), and a high relative frequency at the
right-hand side (between ≈39% and 62%), corresponding to
the wet period dynamics (WP; peak at VWC ≈47%). To rep-
resent each WP (blue-dashed line) and DP (orange-dashed
line) observations, the figure includes the resultant propor-
tion of the pdf for each period. The area under the curve
is colored accordingly. Implementing the 𝜃𝜇 to separate wet
and dry conditions allowed for obtaining Gaussian-shaped
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BRAVO PEÑA ET AL. 9 of 21Vadose Zone Journal

F I G U R E 5 Histogram (gray bars) and probability density function (pdf) of the total number observations per time series (red line). Blue and
orange lines represent the separated distributions for WP and DP, respectively.

distributions in the case of WP dynamics. Regarding DP
dynamics, the distribution does not have a Gaussian shape.
This distribution contains a third smaller and smoother peak
that overlaps the WP distribution (at ≈36%). This third small
distribution represents important wetting and drying pro-
cesses in the dry season, as well as VWC observations in the
slow transition from wetter to drier conditions in spring.

3.3 Soil water dynamics and pore-size
distribution

In Figure 6, a VWC time series is presented as an example
(a complete presentation of time series is included in Figure
S2). When analyzing the VWC as a function of time, rapid
responses to precipitation events can be discerned. When
including information on the pore-size distributions obtained
at laboratory conditions (colored background), an approxima-
tion to water-filled pore volumes as contrasted to the soil water
dynamic is presented. The separation of observations into wet
and dry period dynamics is included, where blue and orange

segments describe WP and DP, respectively (Figure 6). WP
soil water dynamics generally occur through a larger radii
porosity, while most of medium (MP) and fine (FP) pores
are filled with water. Therefore, rapid variations of VWC
would be mainly affected by the properties of macropores
(MaP), narrow (nCP), and wide (wCP) coarse pores. Dur-
ing WPs, the dynamics exhibit a higher frequency and less
amplitude, since the range of variation is constrained to the
remaining empty space between a large volume of water-
filled pores and the saturation point (0 kPa; 𝜃𝑠). Therefore, it
results in high variability with lower magnitude changes. On
the other hand, DP soil water dynamics mainly occur in the
medium pores (MP) range, where VWC changes face higher
retention forces. Nevertheless, it is expected that new inflows
were distributed through larger pores such us nCP, where
peaks of VWC increments are rapidly dissipated due to high
hydraulic conductivity in the infiltration/drainage process.
During DPs, the range of VWC variation is larger because
of a greater volume of empty pores. Thus, the soil water
dynamics describe a larger amplitude and a lower variability
due to less precipitation events.
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10 of 21 BRAVO PEÑA ET AL.Vadose Zone Journal

F I G U R E 6 Volumetric water content (VWC; %) corresponding to T0, Station 1, at 10-cm depth, as an example, with colored segments for wet
(WP, dark blue) and dry (DP, orange) period dynamics separation. Each period presents the mean VWC (red solid line) and the respective standard
deviation (red dashed line). The colored background areas delineate the VWC range for the pore-size distribution classes determined at laboratory
conditions. The volume of FP corresponds to the permanent wilting point (𝜃𝑃𝑊 𝑃 ), and the summation of all classes to the saturation water content
(𝜃𝑠). Gray bars represent precipitation (mm). Data temporal resolution is 10 min. FP, fine pores; MP, medium pores; MaP, macropores; nCP, narrow
coarse pores; wCP, wide coarse pores.

3.4 Laboratory-based soil water retention
functions

Since we focus on the influence of soil structure dynam-
ics on hydraulic properties represented by SWR models, for
a detailed description regarding short-term impacts of the
compaction treatments on soil mechanical properties and
pore functionality, we refer to Dörner et al. (2022, 2023).
In short, the experimental field described (i) a reduction of
macropores volumes and air conductivity leading to critical
values of air capacity, (ii) differences in penetration resis-
tance that dissipated by equilibrating to external stresses due
to animal trampling and wetting/drying cycles, and (iii) a lim-
ited effect on soil precompression stress and plant available
water.

Figure 7 depicts the SWRCs obtained in laboratory condi-
tions and the fitting of both unimodal and bimodal formula-
tions of the van Genuchten equation. In general, no significant
differences between unimodal and bimodal fits were detected
(Table S3). The characteristic multimodal shape of the SWRC
of Andosols was smoothed when averaging soil sample repli-
cates (n = 7). In some cases, such as T0 at 10-cm depth (e.g.,
Figure 7, left column, top-row), the bimodal SWRCs captured
a pronounced inflection point between−6 and−33 kPa. In this
case, the bimodal curves also erratically deviated over more
negative matric potentials. This is produced by an incipient
secondary inflection point around −15 to −33 kPa and the
lack of observations toward −1543 kPa in the available labo-
ratory approach. In other cases, such as T0 and T1 at 60 cm
(Figure 7, left and middle column, bottom row, respectively),
the bimodal formulation is able to represent the curvature

between −3 and −33 kPa, describing a marked change in
the properties from structural to textural porosity. Data points
describe remarkable inflection points occurring at −6 and
−15 kPa at all depths and treatments, which suggest a hier-
archy between three groups: (i) macroporosity (MaP) and
wide-coarse pores (wCP), (ii) narrow-coarse pores (nCP), and
(iii) MP to FP. When considering 60-cm depth, the FP volume
increases to around 30%.

In all other treatments and depths, the unimodal van
Genuchten numerical solution did not differ substantially
from its bimodal form, both yielding high-fitting performance
(R2 > 0.96 and RMSE < 2.42 kPa for unimodal, and R2 >

0.99 and RMSE < 1.39 kPa for bimodal). Additionally, the
Akaike information criterion (AIC) values were slightly lower
for the bimodal formulation, generally for T0. The unimodal
function presented lower AIC in T1 and T2 at 10- and 20-cm
depth (Table S3). Considering a balance between the R2 and
AIC values, the unimodal function meets the expectations of
being the best representation for laboratory determinations.
The parameters of this function presented statistical differ-
ences. 𝜃𝑠 and 𝛼 increased toward deeper layers, describing
strong statistical differences at 60-cm depth (p-value< 0.001).
The 𝑛 parameter only showed differences between 10- and
60-cm depth, being lower at the deepest layer. 𝜃𝑟 was statisti-
cally higher (p-value < 0.01) at 60-cm than 10- and 20-cm
depth (Table S4). The bimodal function described similar
statistical differences for 𝜃𝑠. Regarding other parameters, no
differences were found other than 𝛼1 being statistically lower
in 60 than 20-cm depth (Table S5). No statistical differences
in SWR parameters for both functions were found between
compaction treatments using laboratory samples.
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BRAVO PEÑA ET AL. 11 of 21Vadose Zone Journal

F I G U R E 7 Unimodal (vG) and bimodal (dualvG) van Genuchten models fitted (lines) to laboratory water retention observations (symbols) at
three depths (rows) for stations 1 (solid black circles) and 2 (solid gray triangles) at each compaction treatment. Left, middle, and right columns
correspond to T0, T1, and T2, respectively. Straight-head and arrow-head error bars are included for station 1 and 2 measurements respectively.

3.5 Dynamic soil water retention functions
at field conditions

3.5.1 Influence of wetting/drying cycles and
compaction treatments

Figures 8 and 9 describe bimodal SWRCs considering wetting
and drying cycles in the two upper layers of each compaction
treatment. The fitted parameters area are visualized in Figures
S4 and S5. The model’s performance was very high (0.91 ≤ R2

≤ 0.97) excepting when fitted to drying cycle observations in
T1, Station 1, at 20-cm depth (R2 = 0.67). The RMSE varied
from 0.92 to 2.90 kPa, being generally higher when fitting to
drying cycles (Table S6).

There were no statistical differences in the parameters when
including wetting and drying cycles (Table S7). The mean 𝜃𝑠
predicted by the models is 67.7%. The weighing factor (𝑤) is
about 0.44, which describes a relatively balanced contribution
from both subfunctions representing structural and textural
pore volumes. The first subfunction described lower values
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12 of 21 BRAVO PEÑA ET AL.Vadose Zone Journal

F I G U R E 8 Bimodal van Genuchten model (dashed-lines) fitted to wetting (light-blue) and drying (orange) cycles data for station 1 at each
compaction treatment. The horizontal red dashed-line in the zoomed-in plots describes the absolute value of the sensor-s air-entry potential (−9 kPa).

for the parameter 𝛼 and higher for 𝑛, being the mean values
of 𝛼1, 𝛼2, 𝑛1, and 𝑛2 around 0.11 kPa−1, 0.45 kPa−1, 3.3, and
1.2, respectively (Figure S3). Compaction treatment showed
statistical differences (Figure S4). The 𝜃𝑠 parameter was sta-
tistically higher in T2 (p-value < 0.01). The 𝛼1 parameter was
significantly lower at T0 (p-value < 0.01). Regarding the sec-
ond subfunction, 𝛼2 was statistically lower in T1. In T0 at
20 cm, the 𝛼2 parameter was fitted at the upper bound (𝛼2 = 5
kPa−1), which probably influenced the statistical differences
respect to T1 (Figure S4).

Focusing on the SWRCs, Figures 8 and 9 show the good
performance of the bimodal (or dual-porosity) model to
describe important inflection points observed in field data.
Important hysteretic loops are described, which suggest the
influence of strong hydraulic non-equilibrium. The observa-
tions over these loops (or scanning curves) did not influence
the fitting of bimodal wetting curves, which parameters did
not statistically differ from the drying curves. An impor-
tant amount of scanning curves follows a non-systematic
behavior, showing faster changes of VWC followed by a
delayed re-equilibration of the pressure head. These loops
are not hysteretic behaviors. Instead, they may be produced
by the asynchrony of sensors readings when reacting to a

wetting front. This suggests that heterogenous water flows
may be reaching moisture sensors faster than matric poten-
tial sensors. Figure 8, bottom plots the left and right column,
describes some deviations in the model fitting at the extremes
of the function, when drying and wetting curves misfit
toward the wet and dry ends, respectively. Further analysis is
required since this does not happen in Station 2 under similar
conditions of data availability.

The top-right zoomed-in plots presented for each condition
in Figures 8 and 9 describe SWR observations at the wettest
ranges observed at field conditions. A clear inflection point
is found between −10 and −14 kPa. Nevertheless, neither
wetting nor drying fitted curves were able to represent this
curvature.

3.5.2 Influence of soil moisture states and
wetting/drying cycles on dynamic SWR
parameters

Figures 9 and 10 show SWRCs derived by bimodal functions
for wetting and drying cycles at each compaction treatment
for WP and DP dynamics. WP and DP dynamics showed
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BRAVO PEÑA ET AL. 13 of 21Vadose Zone Journal

F I G U R E 9 Bimodal van Genuchten model (dashed-lines) fitted to wetting (light-blue) and drying (orange) cycles data for station 2 at each
compaction treatment. The horizontal red dashed-line in the zoomed-in plots describes the absolute value of the sensor-s air-entry potential (−9 kPa).

statistical differences in all parameters of the first subfunc-
tion (𝛼1 and 𝑛1), as well as in the weighing factor 𝑤. Due to
the possible impact of the data availability on the parameters
of dual-porosity model subfunctions, we focus on describing
this effect from a model fitting perspective, rather than seek-
ing for physical meaning. Converselly, statistical focus was
placed on comparing wetting and drying cycles within these
periods.The fitting performance was moderate to very high for
both WP and DP. The WP-R2 values ranged from 0.60 to 0.97
with a mean of 0.77, and the DP-R2 values varied from 0.69
to 0.95 with a mean of 0.85. The RMSE varied from 0.78 to
2.73 kPa for WP and from 0.76 to 4.06 kPa for DP. The over-
all averaged RMSE values were 1.79 and 1.92 kPa for WP and
DP, respectively (Table S8).

The visual overview of the two subfunctions parameters is
presented in Figure S5. Regarding WP dynamics, the param-
eters of the first subfunction described smaller values than
in DP. The 𝛼1 parameter shows concentrated values with a
mean of 0.097 and 0.096 kPa−1 for drying and wetting cycles,
respectively. The 𝑛1 parameter showed larger and more scat-
tered values during WP than DP dynamics, being the mean

around 7.1 (close to its upper bound). In the case of DP, the
mean 𝑛1 was slightly higher but not significant during wetting
(𝑛1= 3.2) than drying (𝑛1= 2.6). Interestingly, the 𝑤 factor is
lower, but similarly, scattered during WP than DP, being the
mean around 0.25 and 0.48, respectively. In the second sub-
function, only 𝛼2 showed clear differences, showing smaller
values during DP (<0.1 kPa−1) than WP. Some outliers with
large values influenced the mean of WP. The 𝑛2 parameters
did not change due to fitting over WP and DP dynamics and
varied between 1.23 and 1.28. The detailed statistical results
are presented in Table S9.

In Figures 10 and 11, wetting and drying observations are
presented along with the fitted curves obtained using the
bimodal van Genuchten model for Station 1 and Station 2,
respectively. In these figures, observations and fitted curves
are separated by compaction treatments, depths, periods, and
cycles.

Based on the field observations behavior, SWR data vary
not only between compaction treatments and soil depths, but
also when considering contrasting soil water dynamics during
WP and DP, as well as wetting and drying cycles. The pattern
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14 of 21 BRAVO PEÑA ET AL.Vadose Zone Journal

F I G U R E 1 0 Bimodal van Genuchten model (dualvG) fitted (dashed-lines) to wet (WP) and (DP) periods considering wetting and drying
cycles observations (symbols) for station 1 at each compaction treatment. Left, middle, and right columns correspond to T0, T1, and T2, respectively.

of spatiotemporal variability is similar in both Station 1 and
Station 2 within each compaction treatment. Different scan-
ning curves described strong hysteresis toward the surface,
which decreased in the most compacted soil.

Differentiating SWR data in WP and DP dynamics provide
additional insight to understand the spatiotemporal variabil-
ity of SWR properties. Wetting and drying cycles during WP
dynamics described a more homogenized behavior. The large
volume of water-filled pores constrains the new inflows and
outflows to short quick flows through the structural porosity.
The variability of soil water retention dynamics increases in
DP dynamics. For this last condition, the figures describe a
range of scanning curves during wetting and drying cycles
creating a cloud of points. Particularly, extreme hysteretic
behaviors relate to wetting cycles. The deviation of wet-
ting cycles during DP dynamics is remarkable since it might
reflect complex interactions between variably connected pore
networks occurring even above 30% VWC. When consider-
ing the increase in compaction from T1 to T2, the cloud of
observations is narrower and presents more defined hystere-
sis loops. This could be related to the collapse of the soil

structure, decreasing the diversity of pore-networks and their
inter-connectivity.

Extreme wetting loops occurred during DP at different
depths. These loops described different rates of change and
followed clear pathways. In most of these cases, a fast change
in pressure head follows a slow increase of VWC. This
expected relation is in accordance with Vogel et al. (2023)
and Hannes et al. (2016) and particularly assumes that both
changes start at the same time with different rates of change.
Therefore, these extreme loops suggest fast and more simul-
taneous readings of the water inflows by both VWC and
pressure head sensors. Conversely, non-systematic behavior
is also described during wetting cycles during DP dynam-
ics at all depths (Figure S6). Even though our 1D analysis
averaged the three VWC measurement replicates per depth
at each time step, this shows that the persistent mismatch in
time happens during drier conditions and over a wide range
of water contents (up to ≈35% VWC). This phenomenon is
certainly enhanced when considering individual sensor obser-
vations due to their different amplitude of variation (results
not shown).
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BRAVO PEÑA ET AL. 15 of 21Vadose Zone Journal

F I G U R E 1 1 Bimodal van Genuchten model (dualvG) fitted (dashed-lines) to wet (WP) and (DP) periods considering wetting and drying
cycles observations (symbols) for station 2 at each compaction treatment. Left, middle, and right columns correspond to T0, T1, and T2, respectively.

Focusing on the modelled curves, the number of observa-
tions at different ranges of the SWRC influences the definition
of complex curvatures during the optimization process.
Strong curvature shaped by the observations is well described
in all fitted SWRCs, producing complex inflection points and
better approximating the wetter extreme of the observations.
The availability of observations, by means of both the covered
range and number of points, has an important influence on the
resulting curves. The relationship between the highest water
contents observed in the field, along with the probability range
of water content at saturation determined under laboratory
conditions, influences the shape of the curves near saturation
(approximately from −10 to 0 kPa). When fitting this func-
tion to the total range including WP and DP together (Figure
S7), it is still not able to represent the strong curvature around
field capacity, which affects the description of the wCP and
predicted MaP ranges. A very good fit to the wetter extreme
of the observations is obtained by using WP observations
only.

4 DISCUSSION

4.1 Combining data to obtain SWRCs:
Aligning process and observation scales

Representing soil water dynamics not only depends on the
parameterization of the soil hydrological properties (N. Jarvis
et al., 2016) or the implemented model (Šimůnek et al., 2003),
but also on the characteristics of the observations used to
inform them. Sometimes, the required observation scale might
not align with the targeted process scale. Whether prioritiz-
ing the spatial or temporal resolution, it is important to reflect
on the interpretability of measurements in terms of the scale
attributes. These attributes are the extent, the spacing, and
the integration volume for the space domain, and duration
and resolution for the time domain (Blöschl & Sivapalan,
1995). This framework guides our analysis on the spatiotem-
poral variability of flow phenomena due to soil structure
dynamics.
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Regardless of the multimodal nature of SWRCs of
Andosols and lower AIC values resulting from the bimodal
formulation, the unimodal van Genuchten function seems
to be the sensible choice for the Pedon scale from labora-
tory observations. This can be related to the lack of SWR
points at different pressure heads and the decrease in curvature
due to approximating this function to averaged observa-
tions (Figure 7). Despite this, the bimodal function might be
required when soil structure in Andosols has developed for
longer times. Studies conducted in southern Chile described
remarkably complex SWRCs (Dörner et al., 2010, 2015).

Based on the space scale attributes of our laboratory sam-
ples, the observations described a core-to-Pedon scale. Our
results not only showed common characteristics of the soil
water retention in volcanic soils (Bravo et al., 2020; Dörner
et al., 2015; Mosquera et al., 2021), but also followed the
general trends found when comparing laboratory and field
determinations (Basile et al., 2003; Huang et al., 2021; Mos-
quera et al., 2021; Pečan et al., 2023; Zhang et al., 2017). The
characteristics of SWRCs in soil cores allow us to visualize
a well-structured soil with defined inter and intra aggre-
gates porosity. This is normally described for volcanic soils
in a wide range of conditions and land uses (Dec et al.,
2017; Dörner et al., 2010, 2015; Seguel & Horn, 2006). The
observed structure suggests several pore networks provid-
ing (i) fast-flow drainage channels (MaP and wCP), (ii) two
domains within the nCP range providing slow-flow drainage
(−6 to −15 kPa) and easily available water (−15 to −33 kPa),
and finally, (iii) available water pores in the MP range. With
such characteristics, these soils are prone to PF, which has
been visualized through field dye-tracer experiments in south-
ern Chile (Blume et al., 2008, 2009) and could be enhanced
by the applied compaction (Kulli et al., 2003).

Generally, the conditions provoking heterogeneous infiltra-
tion fronts (or PFs) are mainly subscribed to drier conditions
in soil, where nonequilibrium states, crack formation, and the
increased water repellency are strongly influential (N. Jarvis
et al., 2016; Nimmo, 2021; Ritsema et al., 2005). These factors
have been documented in southern Chile’s Andosols during
the drier conditions (Blume et al., 2009; Dec et al., 2017;
Ellies et al., 2005). Nevertheless, Andosols still hold large
water contents at drier states. The VWC at the permanent wilt-
ing point (1543 kPa) normally ranges between 20% and 30%
in the first 60 cm (Bravo et al., 2020; Dec et al., 2022; Dörner
et al., 2015), and our field observations showed water contents
above 20% retained at ≈−1000 kPa. This can be related to the
complex pore structure in volcanic ash soils, which presents
high porosity and high clay contents and induces a sandy
behavior near saturation and a large water holding capacity
at low matric potentials (Dörner et al., 2010). This suggests
further analysis to define the hydraulic processes of PFs as
influenced by such extreme soil physical properties in order

to understand the contribution of potential mechanisms, such
as funneled flow, fingered flow, or macropore flow (Nimmo,
2021).

Laboratory measurements show the initial conditions of
the soil compaction experiment (September 2019). Therefore,
they represent a single structural state of the porous system at
the time of sampling (Herbrich & Gerke, 2017). Since then,
these plots have been exposed to both external (soil com-
paction events by sheep grazing) and internal (wetting and
drying cycles) mechanical stresses. In this study site, Dörner
et al. (2022) described that structural changes reduced the total
porosity and increased the water retained in the soil due to
(i) a reduction of both MaP and wCP and (ii) an increase of
MP. Temporal dynamics of spatial variability in soil mechan-
ical strength at the plot scale showed that compaction impacts
remained located above 20-cm depth (Dörner et al., 2023).
At the cylinder scale, a micro-penetrometer analysis showed
the formation of platy structure at the surface of T2. These
previous investigations over the study site described higher
temporal dynamics than spatial variations within plots. Thus,
we might assume that our analysis at the core-to-Pedon scale
can approximate to the plot level.

We will now focus on the time scale attributes of our con-
tinuous field observations, which cover the Pedon scale. The
used 10-min resolution allowed us to perceive variations at
very small temporal scales and different relations of soil water
retention. This described not only a diversity of possible scan-
ning curves during wetting and drying cycles, but also the
temporal mismatch constraining concomitant measurements.

The three replicates per depth averaged at each time step
in the one-dimensional VWC profile allowed for the repre-
sentation of temporal variability of infiltration fronts. Using
mean values of VWC per time step produced a small effect on
the magnitude of the resulting water content changes and con-
served the fastest reaction time of the VWC replicates at each
rainfall event. The resulting VWC temporal dynamic is com-
pared with the single matric potential sensor at each depth.
Similar reaction times exhibited by the VWC and pressure
head observations at the same depth indicated a homogenized
wetting front. This will describe a systematic behavior when
visualizing the SWRCs (Hannes et al., 2016). On the contrary,
asynchrony in the reading times between VWC and pres-
sure head observations would then indicate a heterogeneous
wetting front. Consequently, a non-systematic behavior is
depicted as artifact, which is not part of the described hystere-
sis. The occurrence of asynchrony in sensors’ readings poses
uncertainty in data quality and risk to erroneously describe
hysteresis in SWR functions. Nevertheless, the detection and
careful interpretation of the processes behind non-systematic
behaviors may provide alternatives to understanding the envi-
ronmental factors influencing the temporal occurrence of
non-uniform flows.
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4.2 Data quality and processing framing
the interpretations

High-resolution sensors are prone to describe noise. There-
fore, several routines have been developed to improve data
quality (Hannes et al., 2015, 2016; Peters et al., 2014). In
our research, a fundamental question is whether measuring
fast enough represents the intra-Pedon spatial heterogeneity
and its influence on the different sensors’ reading time. In the
optimal scenario, concomitant measurements of water content
and matric potential not only refer to the same spatial loca-
tion but also represent the same flow phenomena. To achieve
this, researchers might aggregate observations to a certain
temporal resolution so that wetting and drying cycles can be
clearly identified (Hannes et al., 2016; Herbrich & Gerke,
2017). More commonly, the focus is constrained to main dry-
ing processes only, making sure that sensors’ readings are
simultaneously showing a soil water decrease (Huang et al.,
2021; Pečan et al., 2023; Zhang et al., 2017). Generally, these
approaches consider a one-dimensional profile with a single
pair of sensors (𝜃, ℎ) per depth.

As mentioned above, the influence of soil structure het-
erogeneity would result in non-uniform flows asynchronously
arriving to the volume of influence of sensors, which should
be reflected by non-systematic soil water retention variations.
In our approach, after transforming our data from a 2D to 1D
profile, averaging VWC replicates smoothed the local spa-
tiotemporal heterogeneity per depth to a single VWC value
at each timestep. These averaged values do not significantly
influence the magnitude of the resultant water content. Tem-
poral dynamics at small scales are affected. Nevertheless, this
conserves the fastest reaction time from these sensors, which
can still describe the asynchrony when related to the matric
potential readings.

Hannes et al. (2016) analyzed water retention during wet-
ting and drying cycles by implementing several hysteresis
models over 3-year high-resolution data sets. To do so, they
reduced the number of observations and conserved the main
patterns by averaging every 3-hour periods and applying mov-
ing average routines. This smoothing routing was skipped
during fast wetting peaks so that these dynamics could be
preserved. Their water retention results described systematic
behavior only. Therefore, they assumed simultaneous sensor
readings within a macroscopically homogeneous soil. From
this approach, the soil–water retention behaviors, or scanning
curves, were classified into three categories that are important
to interpret our findings: (i) the hydraulic nonequilibrium, as
the redistribution phase behind drainage and imbibition occur-
ring in terms of hours; (ii) the quasi-equilibrium hysteresis, as
defined soil–water retention relations over the scale of weeks,
and (iii) structural dynamics, which relate to soil structure
development and seasonal behaviors occurring in terms of
years.

Visually, our results describe the three abovementioned
behaviors. These are clearer at 10 cm due to more variable
soil water dynamics. Interestingly, nonequilibrium relations
are easily recognizable in the more compacted treatments,
while the hysteresis between wetting and drying cycles of
quasi-equilibrium and structural dynamics curves decreases.
This might describe the collapse of a diversity of intercon-
nections within the structural porosity (MaP and wCP) due
to compaction. This aligns with previous soil physical and
mechanical assessments in the study site (Dörner et al., 2022).
The remaining pore networks seemed to promote extreme
differences in less diverse SWR behaviors.

4.3 The influence of heterogeneous flows on
parameters

The soil structure heterogeneity allows a range of possible
flow variations. As it interacts with environmental dynamics,
these possibilities are temporally visible through the acti-
vation of different pore networks that shape the occurring
wetting front. This temporal variability was described by the
field observations but could not be represented using sin-
gle SWRCs, particularly in our case, by a pseudo-hysteresis
approach fitting to wetting and drying curves separately.
Through this dynamic interplay, we might define peaks
of spatiotemporal homogeneity or heterogeneity, which are
dependent on the studied scale and could be depicted by look-
ing at WP and DP dynamics. The temporal variation of the soil
moisture spatial variability in a catchment scale exhibits peaks
of homogeneity during either very dry or very wet conditions
(Rosenbaum et al., 2012). At the pore-to-Pedon scale, the spa-
tial variability of soil water content is generally higher under
drier conditions, promoted by high rainfall intensities (van
Schaik et al., 2008) and making PFs clearly visible (Blume
et al., 2009; van Schaik et al., 2010). As observed in our
results, the soil compaction impacts on the pore configura-
tion and its structural dynamics moderate the extent of the
temporal variability of SWR field behaviors.

The smaller range of SWR variation during WP describes
homogeneous wetting and drying cycles. The soil maintained
a moisture status around field capacity (mean h ≈−15 kPa
at all depths), and this condition played a key role as a
homogenizing factor since water interconnected a diversity of
pore networks. This temporal homogenization of the soil sys-
tem response was identified using cross wavelet analysis on
soil water state variables and temperature dynamics (Bravo
et al., 2020). The derived van Genuchten parameters showed
no differences between wetting and drying processes during
WP. Nevertheless, the representation over the wetter range of
our observations (and the inflection point between −10 and
−14 kPa) was improved when considering WP data only. This
can improve hydrological models performance when using
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matric potential sensors that are not able to cover the near
saturation range. Small changes in the near saturation range
importantly affect the variability of predicted saturated flows
(Vogel et al., 2000).

The spatial heterogeneity in the soil water distribution
increases during DP dynamics. The van Genuchten param-
eters did not show statistical differences during wetting and
drying cycles since we constrained ourselves to fit one sin-
gle curve per dynamic only, even though extreme hysteretic
loops were evident. The bimodal van Genuchten formulation
described important inflection points. The field observations
showed that drying processes at DP are more homogeneous
than wetting processes and relate to quasi-equilibrium states
or structural dynamics. On the other hand, nonequilibrium
scanning curves are described by wetting processes in DP
only, which were enhanced in more compacted treatments.
Therefore, the peak of heterogeneity can be identified from
these dynamics.

Representing the spatiotemporal variability in the unsat-
urated zone using accessible and extensively used tools as
equilibrium-based models is challenging. Implementing a
pseudo-hysteresis fitting approach to describe continuous
temporal dynamics of field SWR observations was not fea-
sible at all, even though the models’ fit described a very high
performance. When factor time is included to predict SWR
observations during wetting and drying cycles, the model per-
formance varies considerably due to the encountered peaks
of homogeneity or heterogeneity in soil water dynamics. Fur-
ther research needs to be performed to explore what insights
non-systematic behaviors hold, and whether considering them
would be a proxy to predict the environmental conditions that
trigger non-uniform flows in a simple and affordable way.
Especially, emphasis should be placed on finding trends on
how soil structure dynamics shape the soil hydraulic proper-
ties variability, not only as a result of the intrinsic soil pore
rigidity and its relation to agricultural management (Huang
et al., 2021; Pečan et al., 2023), but also due to the tempo-
ral evolution through soil structure formation or soil physical
degradation (Dörner et al., 2023, 2022).

5 CONCLUSION

Changes in soil structural dynamics, along with the spa-
tiotemporal variations of soil water flows during contrasting
moisture conditions, shape the intensity of soil water reten-
tion variability derived from continuous field observations,
complicating soil water retention model fits

Combining scale attributes of spatial and temporal observa-
tion can help us align measurements with the targeted process
scale, allowing us to discern hysteretic soil water reten-
tion from non-systematic behaviors produced by non-uniform
flows.

The characteristics of laboratory observations, in our case
representing the core-to-Pedon scales, may not always match
field dynamics and require careful interpretation. In this study,
the heterogeneous soil pore structure of an Andosol suggested
the presence of non-uniform flows. The extrapolation of
these behaviors across core-Pedon-plot scales can be accom-
plished by the spatiotemporal assessments of soil structural
dynamics.

We emphasize the key role of data quality and process-
ing in framing our interpretations as well as the sensitivity of
high-resolution field monitoring sensors to temporal dynam-
ics of soil water flows, which impacts the estimation of soil
hydraulic properties. Despite the variability in soil water
retention observations during wetting and drying cycles, a
commonly used equilibrium-based approach applied in a
pseudo-hysteresis form was not able to describe statistical
differences in the van Genuchten parameters.

The interplay of soil structure dynamics and environmen-
tal conditions determined the intensity of hysteresis in soil
water retention. Soil physical degradation due to compaction
decreased the diversity of scanning curves. Therefore, soil
structure and its dynamics are important in defining the
boundaries of soil hydraulic properties variability. Along
with the soil structural characteristics, contrasting condi-
tions of soil water states in wet and dry periods help to
disentangle the spatiotemporal variability of soil hydraulic
properties. This dynamic-based approach allows us to identify
peaks of homogeneity or heterogeneity that could contribute
to a better representation of soil water phenomena across
scales.
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