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Abstract
Oxygen (O2) availability in soils is vital for plant growth and productivity. The

transport and consumption of O2 in the root zone is closely linked to soil moisture

content, the spatial distribution of roots, as well as structure and heterogeneity of the

surrounding soil. In this study, we measure three-dimensional root system architec-

ture and the spatiotemporal dynamics of soil moisture (θ) and O2 concentrations in

the root zone of maize (Zea mays) via non-invasive imaging, and then construct and

parameterize a reactive transport model based on the experimental data. The com-

bination of three non-invasive imaging methods allowed for a direct comparison of

simulation results with observations at high spatial and temporal resolution. In three

different modeling scenarios, we investigated how the results obtained for different

levels of conceptual complexity in the model were able to match measured θ and O2

concentration patterns. We found that the modeling scenario that considers hetero-

geneous soil structure and spatial variability of hydraulic parameters (permeability,

porosity, and van Genuchten α and 𝑛), better reproduced the measured θ and O2 pat-

terns relative to a simple model with a homogenous soil domain. The results from

our combined imaging and modeling analysis reveal that experimental O2 and water

dynamics can be reproduced quantitatively in a reactive transport model, and that O2

and water dynamics are best characterized when conditions unique to the specific

system beyond the distribution of roots, such as soil structure and its effect on water

saturation and macroscopic gas transport pathways, are considered.

1 INTRODUCTION

The availability of oxygen in soils is of critical impor-
tance for plant growth and agricultural productivity, as it
affects the development and physiological functioning of root

Abbreviations: 2D, two-dimensional; 3D, three-dimensional; NCL,
neutron computed laminography; RSA, root surface architecture; RSD, root
surface density (m2 root surface area m−3 bulk soil); RT, reactive transport;
RWU, root water uptake; VG, Van Genuchten.
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systems (Ben-Noah & Friedman, 2018). Roots require O2
for aerobic respiration, supplying energy for tissue growth
and maintenance, as well as water and nutrient uptake
(Armstrong & Drew, 2002; Lambers et al., 2013). Commonly,
diffusion in soil gas is the principal mode of transport of O2
to roots, although advective gas transport can contribute to
soil aeration in certain cases (Ben-Noah & Friedman, 2018).
In unsaturated soils, the gas-filled pore space forms the main
transport path for O2, as diffusion of O2 is four orders of
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magnitude faster in air compared to water (Neira et al., 2015).
Consequently, soil moisture content and its spatial varia-
tion affect diffusive transport of O2 toward the roots (Cook
et al., 2013) by altering air-filled porosity and therefore the
air-filled pores’ connectivity and tortuosity (Masís-Meléndez
et al., 2015). Local differences in soil physical properties
such as porosity, permeability, bulk density, soil moisture
retention, macropore abundance, and connectivity, as well
as macroscale structural features such as cracks, can fur-
ther impact gas transport (Ben-Noah & Friedman, 2018;
Hamamoto et al., 2009; Katuwal et al., 2015). Along with spa-
tiotemporal variation in root respiration rates and microbial
O2 demand, these heterogeneous conditions pose challenges
to the measurement and modeling of O2 transport dynamics in
unsaturated soils, and raise the question of how to best account
for local heterogeneity in models (Vereecken et al., 2016).

Noninvasive imaging techniques enable high-resolution
and spatiotemporally resolved monitoring of the distribution
of soil moisture and root water uptake (RWU) (Tötzke et al.,
2021; Zarebanadkouki et al., 2013), as well as the concen-
tration patterns of gases and solutes, including exudates, in
the rhizosphere (Blossfeld et al., 2013; Holz et al., 2019).
Experiments combining neutron imaging and planar optodes
have shown that the O2 concentration in the root zone is
closely related to the local water content (Rudolph-Mohr
et al., 2021, 2017). A critical next step to understand the trans-
port, uptake, and reaction processes taking place in the root
zone in more detail, is to use data gained from high resolution
imaging experiments for the set-up, calibration, and validation
of numerical models (Roose et al., 2016).

Reactive transport (RT) models, such as MIN3P (Mayer
et al., 2002, 2012), are a type of numerical model particu-
larly suitable for investigating complex processes in rooted
soils because they couple the flow of water and the trans-
port of gases and solutes in the saturated and unsaturated
zone with a network of biogeochemical reactions (Li et al.,
2017; Nowack et al., 2006). Specific to plant-soil interac-
tions, MIN3P has been used to study, for example, silicon
cycling in forested soils (Gérard et al., 2008), the impact of
variation in RWU on nutrient availability (Espeleta et al.,
2017), nickel concentrations in the rhizosphere (Moradi et al.,
2010), and the oxalate-carbonate pathway of the Iroko tree
(Gatz-Miller et al., 2022), but has not yet been used to char-
acterize the transport of O2 in the root zone as a function of
soil moisture and other root processes. As noninvasive imag-
ing is also capable of providing in-situ high-resolution data
on the root system architecture (RSA), combining imaging
and RT modeling yields a new opportunity to analyze root
behavior in relation to soil geochemistry in directly observed
experimental systems at high spatial and temporal resolution.

A key question in numerical modeling of soil–root inter-
actions revolves around the degree to which complexity in
numerical models is needed to representatively characterize

Core Ideas
∙ Root system architecture, soil moisture (θ), and

oxygen (O2) concentrations were measured via
non-invasive imaging.

∙ A reactive transport model was parameterized for
process-based analysis of spatiotemporal θ and O2
concentration evolution.

∙ Considering spatial heterogeneity in soil hydraulic
parameters was key to reproduce measured θ and
O2 distribution.

soil–plant systems, and where complexity may be unneces-
sary. In this study, we addressed the spatiotemporal dynamics
of soil moisture and O2 concentration in the root zone of
maize (Zea mays) by obtaining three-dimensional (3D) root
information via neutron computed laminography (Rudolph-
Mohr et al., 2021) and, in a time-lapse two-dimensional (2D)
imaging set-up of neutron radiography combined with optode
imaging, simultaneously capturing changes in soil moisture
distribution and soil O2, and then used these data to construct
and parameterize an RT model of the experimental sys-
tem. The combination of three different noninvasive imaging
techniques (neutron computed laminography, neutron radio-
graphy, and optode imaging) together with RT modeling,
allowed for comparison between quantitative model output
and real data of a 3D root–soil sample, representing a novel
approach to mapping water content and O2 dynamics of soil
with a living root system.

The overarching objective of this study is to explore
the role of spatially distributed RWU and respiration, as
well as structure and heterogeneity of the bulk soil on the
distribution and evolution of soil water content and O2
concentrations, and to assess the necessity for inclusion of
soil heterogeneity and complexity when modeling root–soil
interactions. Specifically, the aims of this study are (i) to
parameterize a soil–plant focused RT model with results
from the imaging experiment at the plant-scale and, (ii)
to explore the role of heterogeneity of bulk soil physical
characteristics with regard to the observed changes in soil
moisture content and O2 concentrations. To this end, we
compared three different simulation scenarios as follows:
(i) homogeneous hydraulic properties throughout the soil
domain; (ii) presence of macroscopic crack structures; (iii)
local variation of permeability and porosity, in combination
with subsequent variation in soil moisture retention via
inclusion of spatial heterogeneity of van Genuchten (VG)
parameters α and n (van Genuchten, 1980).

Due to the nature of this work, in which we first con-
duct the experiments and then construct models based on the
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experimental results, we first describe experimental set-up
and results, followed by the modeling approach and results,
before moving on to general discussion of imaging and
modeling results in tandem.

2 EXPERIMENT

2.1 Plant imaging experiment set-up

2.1.1 Rhizotron preparation and plant growth

We prepared six boron-free glass rhizotrons (inner dimensions
0.142 m × 0.15 m × 0.015 m) for the plant imaging experi-
ment. First, we glued one in-house manufactured O2 optode
(0.12 m × 0.11 m; see Rudolph-Mohr et al. (2014) for further
detail) to the inner front window of each rhizotron. Optode
calibration was conducted with a small optode replicate in
a separate glass box filled with soil using water containing
O2 concentrations between 0 mg L−1 and 10 mg L−1 (see
Rudolph-Mohr et al., 2014). A second calibration was con-
ducted by flushing a glass box, equipped with an optode
replicate and filled with soil, with nitrogen gas (0% O2), air
(21% O2), and pure O2 gas at 21˚C. Sandy soil collected at
the artificial catchment “Chicken Creek” in Cottbus, Germany
(91% sand, 8% silt, 1% clay, pH(CaCl2) 7.6, total carbon 0.13%,
total nitrogen (N) 0.01%, CAL-P 8.6 mg kg−1, mean dry bulk
density 1.42 g cm−3) was first sieved to<2 mm and then filled
into the rhizotrons to a height of 0.085 m. Subsequently, a
0.01 m wide horizontal layer of quartz powder (Microsil M
4, Euroquarz GmbH, Dorsten Germany; average particle size
0.051 mm, 27% sand, 58% silt, and 15% clay) was placed
on top of the soil layer, and then more soil was subsequently
added on top (to 0.11 m total height). The purpose of this hori-
zontal “barrier” layer, which separated the soil domain into an
upper and a lower compartment, was to restrict gas exchange
of the lower compartment with the atmosphere without affect-
ing root growth, due to its hydraulic properties (similar to
clayey material). In this way, uptake and release processes of
water, gas, and solutes in the lower compartment were isolated
to the roots.

Six germinated maize seeds (Zea mays L., cultivar: Golden
Bantam) were planted (one per rhizotron) and after sprouting,
the soil surface was covered with a layer of washed gravel to
minimize evaporation. The maize plants were grown in a plant
growth chamber located at the Institute of Environmental Sci-
ence and Geography at the University of Potsdam. They were
illuminated with light intensity of 400 μmol m−2 s−1 between
6 a.m. and 8 p.m., at 23/19˚C day/night temperature and a con-
stant relative humidity of 60% and irrigated every second day
with the amount of water required to maintain the volumet-
ric soil moisture content (θ) between 0.20 and 0.25 m3 m−3.
Nutrient solution (7% N, 3% P2O5, 6% K2O, and micronutri-
ents, details in Rudolph-Mohr et al., 2017) was applied twice

per week. Three small holes at the bottom of the rhizotron
allowed for drainage of excess water, as well as irrigation from
the bottom. Irrigation was stopped 2 days before plants were
transferred to the neutron imaging facility (plant age 13 days).
The rhizotron set-up is illustrated in Figure 1a.

2.1.2 Imaging experiment

From the six maize plants, three individuals with a well-
developed root system were chosen for the imaging experi-
ment. We measured RSA and the evolution of soil moisture
content and O2 concentration in the rhizosphere of maize via a
combination of three different imaging techniques as follows:
3D neutron computed laminography (NCL; measurement of
RSA and position of roots within the rhizotron), 2D neutron
radiography (soil moisture content), and 2D optode imaging
(O2 concentration). First, we applied NCL at low soil mois-
ture content (θ = 0.08 ± 0.01) to obtain high contrast between
roots and soil facilitating segmentation of roots. Afterwards,
we watered the rhizotrons from the bottom via capillary rise
by placing them in a container filled with water (water table at
0.09 m) for 30 min (“rewetting”). Finally, the rhizotrons were
weighed and then sealed at the bottom with aluminum tape to
prevent further water and gas exchange at the base.

One hour after rewetting (𝑡 = 1 h), we measured O2
concentration and soil moisture distribution via 2D optode
imaging and neutron radiography. This imaging procedure
was repeated every 2–3 h until 52 h after watering. The rhi-
zotrons were also weighed repeatedly to monitor water loss
during the 52 h observation period. As no further irrigation
took place and evaporation was assumed negligible due to the
gravel layer on the soil surface, water loss was attributed to
transpiration only and was later used as a basis for estimation
of an average water loss flux in the model simulations.

The imaging experiments were performed at the BERII
research reactor at the Helmholtz Centre Berlin for Energy and
Materials using the CONRAD-2 instrument (Kardjilov et al.,
2016). NCL is a modified tomographic approach for 3D imag-
ing of flat objects. Tilting the rotational axis of the sample
reduces artefacts caused by insufficient neutron transmission
through the laterally extended side of the sample (Helfen et al.,
2011). In a previous experiment, we demonstrated the capa-
bility of NCL to study root systems grown in slab-shaped
rhizotrons and successfully tested the combination of NCL
with 2D optode imaging (Rudolph-Mohr et al., 2021). To
image the RSA of the maize plants in 3D, we captured 600
projection images over an angular range of 300˚, as well as 15
flat-field and 15 dark-field images, each with exposure time
of 15 s, resulting in total acquisition time of approximately
4 h for NCL. The optode imaging equipment consisted of a
cooled CCD camera system with a 500 nm long-pass filter and
a separate UV light source and was set up inside the measure-
ment hut next to the neutron detector system. An automated
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4 of 19 BERESWILL ET AL.Vadose Zone Journal

F I G U R E 1 (a) Illustration of the rhizotron system with O2 optode (light pink area) and the maize root system (3D rendering from segmented
dataset of 3D neutron computed laminography). The rhizotron was filled with sandy soil up to a height of 0.11 m; a horizontal layer of quartz powder
with hydraulic properties similar to a silty clay acted as a “barrier” for diffusive gas transport, but did not restrict root growth. (b) Conceptual model
of the sinks and sources in the experiment. Simulated processes were: exchange of O2 and CO2 between soil and atmosphere at the upper rhizotron
boundary, transpiration by the maize plant (evaporation was neglected because of the gravel layer located on top of the soil surface), root water
uptake, root respiration (uptake of O2 and release of CO2). Uptake or inflow is illustrated with blue, release or emission with yellow arrows. The
sides and the base of the rhizotron were simulated as no-flow boundaries, while the upper boundary allowed for gas exchange with the atmosphere.
aq, aqueous phase; g, gaseous phase.

system translated the sample into the neutron beam for radio-
graphy immediately after optode imaging. Plants were in the
neutron instrument only during imaging; between the mea-
surements, they were kept in a plant growth chamber near
the neutron instrument (under the same conditions as dur-
ing the growth period). The nominal spatial resolution of the
measurement was 127 μm/voxel (NCL), 127 μm/pixel (neu-
tron radiography), and 196 μm/pixel (optode imaging). More
details on spatial and temporal resolution of the three imag-
ing modalities can be found in the Supporting Information
Section S1.

2.1.3 Image post-processing and
co-registration

Neutron images from both NCL and radiography (Figure 2)
were corrected for camera noise and beam fluctuations apply-
ing a darkfield-flatfield correction (as described in Oswald
et al., 2008) and the projections from NCL were reconstructed
to a 3D volume (Octopus Reconstruction 8.9.4, Inside Mat-
ters, Gent/Belgium; cone beam geometry, axis skew: 20˚). To
reduce noise in the neutron radiographs and optode images,
the median of five images per time step was calculated in
ImageJ (Schneider et al., 2012) for further analysis. Image

time series of moisture content and O2 concentration were
first registered separately to correct for deviations of sample
orientation respective to the camera or the scintillator perspec-
tive (ImageJ, plugin: StackReg, transformation: rigid body,
corrected manually if needed). Subsequently, the datasets
from the three different image modalities were co-registered
to spatially correlate root position, soil moisture content,
and oxygen concentrations. Through scaling, field of view
adjustment and the placement of multiple “anchor points”
set at features such as the rhizotron boundary or the sample
holder followed by pixel wise translation and rotation, pre-
cise alignment of the images from NCL, radiography, and
optode imaging was achieved using the scaling, translation,
rotation and reslicing functions in the software ImageJ (sim-
ilar to the procedure described in Haber-Pohlmeier et al.,
2019). Final pixel size of the co-registered image stacks was
196 μm.

2.1.4 Root segmentation and calculation of
moisture content and O2 concentration

To extract the root system from the 3D tomogram recon-
structed from the NCL scans (Figure 2a), we conducted
a semiautomated segmentation, applying a region-growing
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BERESWILL ET AL. 5 of 19Vadose Zone Journal

F I G U R E 2 The studied system, a maize plant grown in a rhizotron (inner dimensions 0.142 × 0.15 × 0.015 m) was separated into a lower and
an upper compartment by a horizontal barrier layer. The function of this layer, consisting of silty-clay material, was to impede gas exchange between
the lower soil compartment and the atmosphere in order to study root oxygen (O2) consumption patterns under limited O2 supply. Prior to rewetting,
the rhizotron was scanned in 3D via neutron computed laminography (NCL) (a). The 3D information revealed that the barrier layer showed several
regions where it was either discontinuous or, at the interface with the glass of the rhizotron, cracks were present (as highlighted in [a]). A crack
structure right below the barrier layer was also visible in the neutron radiographs (b).

algorithm in VGStudioMax 3.1 (Volume Graphics, Heidel-
berg / Germany). Voxels in the 3D volume are either assigned
root (foreground, gray-scale value = 1) or soil (background,
gray-scale value = 0) via locally adapted gray level thresh-
olding within regions of interest around user-defined initial
seed points (dynamic mode). The segmented root volume
was saved as a stack of binary images and later used as the
basis for calculation of root surface density (RSD) utilized for
model input. Soil moisture content was calculated from neu-
tron radiographs as described in Rudolph-Mohr et al. (2014)
using neutron attenuation coefficients derived from imaging a
calibration rhizotron (filled with dry soil, with optode, without
plant). Oxygen concentration maps were derived by applying
the calibration curve (relating fluorescence intensity and O2
concentration) to the gray scale optode images in MATLAB
R2020a (see Rudolph-Mohr et al., 2014). In this experimental
set-up, soil moisture and optode calibration was only con-
ducted for the sandy soil, but not the barrier layer material.
As a result, moisture and O2 concentration were only ana-
lyzed within the upper and lower soil compartment of the
rhizotron.

We present the main experimental results in the following,
because they function as a necessary basis for model set-up
and modeling analysis. Additional experimental results will
be introduced together with the modeling results to facilitate
direct comparison.

2.2 Experimental results: Evolution of soil
moisture and O2 concentration after rewetting

From an average soil moisture content of θ = 0.08 ± 0.01,
the soil was rewetted and a time series of neutron radio-
graphs (Figure 3a) and optode images (1–52 h after rewetting)
(Figure 3b) was captured. Soil moisture content at 1 h after
wetting was spatially heterogeneous and ranged between
0.27 (mean, lower compartment; maximum: 0.30) and 0.24
(mean, upper compartment) (Figure 3a). Oxygen concentra-
tions around the roots growing near the optode were lower
than in the bulk soil (Figure 3b). Since the supply of O2 from
the ambient air to the lower compartment was constrained
by the wet barrier layer, mean O2 concentration in the lower
compartment declined to 2.7 × 10−5 mol L−1 (15 h after
rewetting). In a distinct region located below the barrier layer
(“oxygen reentry zone”), O2 concentration strongly increased
to 3.1 × 10−4 mol L−1 at 26 h after completion of rewetting.
We attribute this increase to the desaturation of cracks present
within the barrier layer and at the interface of the barrier layer
and rhizotron glass (Figure 2a), through which O2 could pen-
etrate from the upper compartment, which was in exchange
with the ambient air. Crack formation likely occurred from
the drying–rewetting cycle, where average soil moisture was
lowered (to θ = 0.08 ± 0.01 m3 m−3) to achieve good contrast
between roots and soil in the NCL scan. Further, the barrier
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6 of 19 BERESWILL ET AL.Vadose Zone Journal

F I G U R E 3 Moisture content derived from neutron radiography (a) and optode images showing oxygen (O2) concentration (b). The time-series
was captured between 1 and 52 h after rewetting the soil in the rhizotron experiment. The gray area indicates the position of the horizontal barrier
layer, which separated the lower and the upper soil compartment. The clayey material in this layer (quartz powder) restricted the ingress of O2 from
the upper into the lower compartment. Calibration of both neutron attenuation (for calculation of moisture content) and O2 optode signal was
conducted only for the sandy soil, but not the clayey material used for the barrier layer (area is shaded in gray).

layer was not perfectly continuous at all places as revealed by
the 3D scan (Figure 2a), implying that gas ingress could have
been facilitated locally.

A zone of low O2 concentration remained at the bottom of
the rhizotron 52 h after rewetting, while the rest of the soil
in the lower compartment had returned to near atmospheric
O2 levels (Figure 3b, last panel). Soil O2 concentration in the
upper compartment remained high throughout the experiment
(Figure 3b), with only narrow root depletion zones, as O2 con-
sumed by roots could be replenished quickly from the ambient
air.

3 MODELING

The measured time-series and spatiotemporal evolution of soil
moisture and O2 concentration in the rhizotron system were
reproduced and analyzed via RT modeling.

3.1 Modeling approach

3.1.1 Numerical model

Multicomponent reactive transport modeling is an approach
that combines equations describing fluid flow, gas and
solute transport simultaneously with biogeochemical reac-
tions. Biogeochemical reactions can include kinetic processes
or thermodynamically controlled processes. Reactions are
typically accessed through a database that contains reaction
stoichiometrics of aqueous complexation, hydrolysis, mineral
dissolution-precipitation, ion exchange, surface complexa-
tion, gas exchange and redox reactions, and the associated
thermodynamic parameters (Steefel et al., 2015). The geo-
chemical system is described by a set of components (or
primary unkowns) and a set of secondary species. All sec-
ondary species can be expressed in terms of the components
via law of mass action relationships (Steefel et al., 2015). This
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approach allows the process-based inclusion of geochemical
reactions, constrained by thermodynamic relationships and
data, in plant-soil interaction models, while simultaneously
simulating flow and transport processes based on a physics-
based formulation. The RT code used for the modeling is
MIN3P, a multi-component RT code (Mayer & MacQuarrie,
2010; Mayer et al., 2002, 2012; Su et al., 2021) that con-
siders fluid flow, solute transport, and gas transport through
porous media, along with biochemical reactions involving
solutes, gases, and minerals (Mayer et al., 2002, 2012; Steefel
et al., 2005). MIN3P uses well-known flow, transport, and
geochemical equations (e.g., Darcy’s Law, Richards’ equa-
tion, the advection–dispersion equation, van Genuchten soil
hydraulic function relationships, law of mass action relation-
ships and kinetic rate expressions), to simultaneously consider
nonlinear and interrelated processes, such as fluid flow, solute
and gas transport, gas dissolution and exsolution, adsorption,
mineral dissolution and precipitation, oxidation–reduction
reactions, and acid–base reactions (Mayer & MacQuarrie,
2010; Mayer et al., 2002; Mayer et al., 2015; Steefel et al.,
2015; Su et al., 2021). MIN3P has recently been used for
the study of soil processes in the presence of plants and
soil organic matter (Gatz-Miller et al., 2022; Gérard et al.,
2017; Jia et al., 2021). Processes and equations relevant to
the present study will be outlined in the following sections.
Further detailed information regarding MIN3P’s governing
equations and those relating to root and plant related processes
may be found in Gérard et al. (2008, 2017), Mayer et al. (2002,
2012), and Gatz-Miller et al. (2022).

3.1.2 Base-model set-up

From the imaging experiment, we chose one maize individ-
ual to serve as our model plant and set up a 2D model based
on data from the rhizotron experiment (Figure 1). For the two
other plants included in the imaging experiment, the analy-
sis and modeling described in the following was done in a
similar way (results are shown in the Supplementary Informa-
tion, Section S3.3). The dimensions of the model domain were
based on the zone covered by the O2 optode in the experiment,
with a height of 1.23 × 10−1 m and length of 1.18 × 10−1 m.
The model domain was discretized into 210 × 200 grid cells.
Spatial resolution for all simulations was 3.46 × 10−7 m2 per
grid cell, which corresponds to a 3 × 3 pixel binning versus
the original images (pixel area 3.84 × 10−8 m2).

Per the experiment, the model domain was separated into
three sections: one upper and one lower soil compartment,
each consisting of sandy soil (Table 1), with the two separated
by a 1.20 × 10−2 m wide low permeability barrier layer rep-
resenting the quartz powder material used in the experiment
(Table 1). The barrier layer was placed at an elevation between
8.16 × 10−2 m and 9.35 × 10−2 m and stretched across the

entirety of the model domain, in-line with the experimental
set-up. The gravel layer present above the upper compartment
in the rhizotron experiment was assumed to limit evaporation
as a boundary condition, but was not otherwise included in the
model. Transient simulation of water and O2 dynamics were
run for 51 h (1–52 h after rewetting the soil). The conceptual
model is illustrated in Figure 1b.

3.1.3 Bulk soil and transport parameters

The water retention curve for the sandy soil was determined in
the laboratory for five replicate samples packed at bulk densi-
ties ranging from 1.33 to 1.45 g cm−3 (representative of values
calculated from filling the rhizotrons) (Table 1). The mea-
surements suggested an average saturated moisture content
θ𝑠 (porosity ϕ) of 0.33 (range: 0.32–0.36). As for the soil in
the lower compartment itself, moisture content data (neutron
radiographs) showed a maximum moisture content of 0.31 at
the bottom of the lower compartment, which we assumed to
represent saturation conditions at the beginning of the exper-
iment. As a result, average porosity of the sandy material was
set to 0.31 (Table 1). For the simulations accounting for mate-
rial heterogeneity, porosity distribution was spatially mapped
from measured moisture content and saturated hydraulic con-
ductivity (𝐾sat). Similarly, soil hydraulic function parameters
and their spatial distribution were estimated using ROSETTA
(Schaap et al., 2001) and calibrated to match observed water
and O2 transport in the simulations.

For gas transport, the free phase diffusion coefficients were
set to 2.0 × 10−9 m2 s−1 for O2 in water (Wise & Houghton,
1966) and to 1.98 × 10−5 m2 s−1 in air (Schmitz et al., 2013),
and we assumed a Millington tortuosity correction for water
and gas diffusivity (Millington, 1959). The effects of dis-
persion were neglected. Temperature was set to 21˚C for all
simulations.

3.1.4 Representation of the root system based
on the imaging data

The RSA of the maize plant was represented in the model as
a 2D distribution of local root surface density (RSD, in m2

root surface m−3 bulk soil) per model control volume. RSD
has previously been used in MIN3P RT simulations to repre-
sent the spatial distribution of roots in the modeled domain, by
coupling to the root architecture software ArchiSimple, a tool
to generate computerized root systems in 2D and 3D simula-
tions (Braghiere et al., 2020; Gérard et al., 2017; Pagès et al.,
2014). For this work, however, we derived RSD directly from
the real RSA of the maize plant of the imaging experiment as
measured via NCL, to enable as direct as possible compari-
son of observed O2 patterns between the experiment and the
models.
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T A B L E 1 Bulk soil hydraulic parameters for the sandy soil and the barrier layer material (quartz powder).

Material Texture 𝛉
𝒓

𝒏 (-) 𝛂 (m−1) 𝑲
𝒔𝒂𝒕

(m s−1) 𝛟(-)
Sandy soil 91% sand. 8% silt. 1% clay 0.04 2.7 3.1 9.80 × 10−5 0.31

Quartz powder (barrier layer) 27% sand. 58% silt. 15% clay 0.06 1.67 0.46 2.65 × 10−6 0.42

Note: The soil water retention curve was measured using the evaporation method (Wind method) (Iden & Durner, 2008; Peters & Durner, 2008) using a ku-pF device
(UGT, Umweltgeräte Technik); the water content at a pF-value of 4.2 (or suction of 15000 hPa) was determined using a ceramic plate and pressure chamber. Saturated
hydraulic conductivity (𝐾sat ) was estimated based on the results of a texture analysis using Rosetta (Zhang & Schaap, 2017). Soil hydraulic parameters were then derived via
optimization using the R package “SoilHyp” (Dettmann, 2022). Soil texture analysis was performed using wet sieving (sand) and laser diffraction (silt and clay fraction).
Texture of the quartz powder is based on information from the manufacturer with hydraulic properties calculated using Rosetta (Schaap et al., 2001). Corresponding
parameters for the crack zones in the barrier layer are provided in the Supporting Information Section S2.1. θ𝑟, residual volumetric moisture content (mş m-3), n, van
Genuchten soil hydraulic function parameter; α, Van Genuchten soil hydraulic function parameter; ϕ, porosity.
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F I G U R E 4 (a) Distribution of root length density (RLD) within the rhizotron relative to the distance from the oxygen (O2) optode which was
attached to the front window. The roots growing within the optode-covered area and located within 7.5 mm distance to the optode (front half of the
rhizotron) were then included in the modeling study as a 2D distribution of RSD (plot b). (b) Distribution of RSD (root surface density in units of m2

root surface m−3 soil) of the roots growing within 7.5 mm distance from the O2 optode used as input for the 2D model. The 2D model was set-up for
the optode covered area. Resolution versus the original neutron images is 3 × 3 pixels, corresponding to 3.46 × 10−7 m2 per model grid cell.

First, we analyzed the full 3D RSA of the maize plant
and the distribution of roots within the rhizotron as obtained
from the NCL scan (Figure 4a). It was found that the spatial
distribution of roots was skewed toward the front and back rhi-
zotron window (Figure 4a), with the majority of roots located
on the front side within 4–5 mm distance to the O2 optode. In
a previous study, it was determined that in a similar set-up, O2
consumption by roots in up to 7.5 mm distance to the optode
(half the thickness of the rhizotron) could be detected in wet
soil (Rudolph-Mohr et al., 2021). Though it is recognized that
water/solute/gas from anywhere in the rhizotron could move
within the detection range of the O2 optode, we assumed that
because of the bisection observed in root growth on either side
of the rhizotron, water, gas, and solute present beyond 7.5 mm
from the O2 optode would more likely be drawn toward the
roots on the other side of the rhizotron (Figure 4a), and so the
observed moisture content and O2 evolution was most repre-
sentative of soil/water/gas within 7.5 mm of the O2 optode.
Consequently, we considered all roots located within 7.5 mm
distance to the O2 optode in our model domain.

In general, RSD refers to the surface area of the roots (𝑆,
in m2) present in a specific soil volume (SV, in m3). We
extracted all images that correspond to the part of the root sys-
tem growing within 7.5 mm to the O2 optode from the binary
image stack obtained by root segmentation from the NCL

dataset, and performed RSD calculation in this 3D-subvolume
representing the 7.5 mm wide soil slice starting at the soil-
optode interface. To obtain the surface area of the roots (in
m2), we first thinned the roots to their center line so that each
root was only one voxel wide (skeletonization, plug-in “Skele-
tonize3D” in Fiji; https://imagej.net/plugins/skeletonize3d).
We then applied the Euclidean distance transform (plug-in
“Exact Euclidean Distance 3D”) in Fiji (Schindelin et al.,
2012), defined as the distance between the skeleton line and
the border of the root, to obtain local root radius (𝑅). From
this 3D root radius map, 𝑆 was calculated as 2π𝑅𝐿 (where
𝐿 is the pixelsize of 1.96 × 10−4 m), assuming cylindrical
root geometry (Kokko et al., 1993). Next, we projected the
3D root surface area map into one 2D image (“Z-Projection—
maximum intensity”, ImageJ). Subsequently, RSD (m2 root
surface area m−3 soil volume) was derived by normalizing
𝑆 by the corresponding soil volume (SV, 7.5 mm wide soil
slice, Equation 1). Finally, water, gas, and solute exchange
were projected and normalized for the 2D modeling approach
(1 m thickness in y-direction of the simulation domain).

Root growth over the 52-h course of the experiment was
neglected in this study for simplicity and because the set-up
of the experiment was not equipped to measure root growth.
Accordingly, RSD was assumed constant in all simulations
and did not update over the course of the model runtime. The
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resulting RSD map (Figure 4b), was converted to a MIN3P
readable format and read into the model domain as follows:

RSD𝑖 =
𝑆𝑖

SV
, (1)

where RSD𝑖 = root surface density (m2 root surface m−3 bulk
soil) in control volume (𝑖), 𝑆𝑖 = root surface area (m2), SV =
soil volume (m3) where the roots considered (frontal area of
optode covered rhizotron area, 7.5 mm depth) are growing.

3.1.5 Root water uptake

Spatially variable RWU 𝑄𝑖 was calculated based on the
observed water loss from the rhizotron attributed to RWU (m3

s−1) and distributed across the domain as a function of RSD
and saturation Equation 2, modified from Mayer et al. (2012).

𝑄𝑖 = 𝑄obs

(
𝑉𝑖 ⋅ RSD𝑖 ⋅ 𝑆𝑎,𝑖∑

𝑗=1,𝑁𝑣
𝑉𝑗 ⋅ RSD𝑗 ⋅ 𝑆𝑎,𝑗

)
, (2)

where 𝑄𝑖 is the volume of water removed over time from the
domain by RWU (m3 H2O s−1) in control volume (𝑖); 𝑄obs
(m3 s−1) is the soil water loss derived from the neutron images
and is mathematically equivalent to the product of the total
rate of root water uptake and the rhizotron surface area; 𝑉𝑖
(m3) is the control volume size; and 𝑆𝑎, 𝑖 is aqueous phase
saturation (m3 H2O m−3 void), calculated in-model, and 𝑁𝑣

is the number of control volumes in the solution domain. We
calibrated a water loss flux of 1.4 × 10−8 m3 s−1 m−2 to
match observed water loss and moisture content distribution
from the neutron image time series. This equation does not
account for water stress, since moisture contents are relatively
high throughout the experiment and preliminary simulations
showed that the effect of water stress on the distribution of
RWU is negligible.

3.1.6 Root respiration

Two solute uptake mechanisms are considered in the pre-
sented simulations: “passive uptake”, considering removal of
all dissolved species via RWU (i.e., 𝑄𝑖; Equation 2), and
“direct uptake/release”, which includes processes like respira-
tion, where solute is lost or gained by the roots independent of
RWU. Most non-wetland plant species rely on direct uptake of
molecular O2 from the soil (Armstrong & Armstrong, 2014),
as the quantity of dissolved O2 that enters the root passively
along with water uptake is insufficient to meet root respiratory
demand (Ben-Noah & Friedman, 2018).

Direct uptake/release (Equation 3) was applied to sim-
ulate O2 uptake and CO2 release from the roots, assum-

ing a respiratory quotient of 1 (Hilman & Angert, 2016;
Lambers et al., 2002), where 1 mol O2 uptake leads to 1 mol
CO2 released per m2 root. As autotrophic and heterotrophic
respiration occur simultaneously in the rhizosphere and could
not be separated clearly by our experimental approach, the O2
uptake rate therefore included both root and rhizo-microbial
O2 uptake (and CO2 release), respectively. We assumed all
roots were capable of respiration to the same degree, and
did not differentiate, for example, activity by root tip versus
older root segments. For respiration (direct uptake/release), a
zero-order sink term was calculated as follows:

𝑄𝑎
𝑘,𝑖
= 𝑉𝑖 ⋅ 𝑘𝑘 ⋅ RSD𝑖, (3)

where 𝑄𝑎
𝑘,𝑖

(mol s−1) considers loss (or gain) of a solute (𝑘)
via the root surface as a function of RSD𝑖 (m2 root surface
m−3 bulk soil) in the control volume (𝑖), with an assigned
rate coefficient 𝑘𝑘 (mol m−2 root surface s−1) (in this case
set as the uptake or release rate of O2, respectively CO2 (𝑘𝑂2 ,
respectively, 𝑘𝐶𝑂2

) from the aqueous phase).
For this work, 𝑘𝑂2

was calibrated to a value of 2.5 ×
10−3 mol m−2 root surface s−1 for all simulations. For cali-
bration, 𝑘𝑂2was slowly increased until observed spatial and
temporal concentration changes in O2 in the domain were
matched between the experiment (i.e., O2 optode images)
and the simulation. As a quantitative measure, we compared
average O2 concentration in the lower compartment between
experiment and simulation and further adjusted 𝑘𝑂2 until
NRMSE (normalized root mean square error) was below 0.5.
NRMSE was calculated by normalizing RMSE to the dif-
ference between maximum and minimum O2 concentrations
from the experiment. To enable a numerical solution even
at very low O2 concentrations, uptake was limited to only
occur above a threshold value of 1.0 × 10−8 mol L−1 H2O.
Once 𝑘𝑂2was calibrated, CO2 release was subsequently set as
𝑘𝐶𝑂2

= −𝑘𝑂2 .
The source–sink term for passive O2 uptake was calculated

as the product of local RWU and concentration of solute (𝑘)
per control volume (𝑖) (Equation 4). For passive uptake:

𝑄
𝑝

𝑘,𝑖
= 𝑄𝑖𝐶𝑘,𝑖, (4)

where 𝑄
𝑝

𝑘,𝑖
(mol s−1) is the source–sink for passive uptake

per control volume (𝑖), 𝑄𝑖(m
3 H2O s−1) is RWU per control

volume (𝑖) previously calculated from Equation 2, and 𝐶𝑘,𝑖

(mol m−3) is the concentration of the solute (𝑘) in control
volume (𝑖). Solute 𝑘 includes all aqueous species present in
the domain. As the geochemical system was simple and con-
strained to O2 and CO2 in the gaseous (g) and the aqueous (aq)
phase, solute uptake was limited to these species and their sec-
ondary species and included O2(aq), CO3

2−, HCO3
−, H2CO3,

OH−, and H+
. Further detail regarding gas phase partitioning
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T A B L E 2 Overview of the model scenarios. Simulations labeled “mapped” use a heterogeneous distribution of bulk soil parameters, as
interpreted from moisture content data from the experiment (Equations 5–9; Figure 5).

Model scenario
Parameter Model I Model II Model III
Barrier cracks No Yes Yes

𝐾𝑠𝑎𝑡/ ϕ Homogeneous Homogeneous Mapped

𝑛 and α Homogeneous Homogeneous Mapped

between the gas and aqueous phase and thermodynamic
relationships for hydrolysis reactions considered may be
found in the Supplementary Information Section S2.2.

3.1.7 Boundary and initial conditions

The top boundary was set to a no-flow boundary condition
as the plants were not watered after the start of the experi-
ment and evaporation was assumed negligible. Gas exchange
with the ambient air was enabled by a mixed upper boundary
condition for reactive transport, with pO2 and pCO2 con-
centrations fixed at atmospheric levels in a boundary layer
directly adjacent to the top of the upper compartment. The
bottom boundary and both sides were also set as no-flow
boundaries with no water, solute or gas exchange (Figure 1b),
as the lateral sides were close to the impermeable side walls of
the rhizotron and its base was sealed prior to initialization of
the imaging experiment. The average initial hydraulic head in
the lower compartment was estimated based on the soil mois-
ture content measured 1 h after watering and the soil–water
retention curve measured in the laboratory, and head set to
0.018 m. Initial O2 concentration distribution was taken from
the first optode image (1 h after rewetting) and read directly as
an input file into the simulation. Due to differences in mate-
rial characteristics, discrete values for moisture content and
O2 concentration in the barrier layer could not be determined
as part of the image analysis. However, the raw image time
series showed that initially, O2 concentration in the barrier
layer was low and increased toward the end of the experiment,
whereas moisture content was highest in the beginning and
declined until 52 h after rewetting. We inferred initial moisture
content conditions based on material properties and defined
initial head at the base, while barrier layer O2 concentration
was assumed negligible as an initial condition, and a sensi-
tivity analysis was performed to rule out the possibility that
these assumptions would strongly influence the results.

3.1.8 Model scenarios based on experimental
observations

We ran three simulations (Table 2), starting with a base
model (Model I) and increasing bulk soil complexity con-

sidered in a stepwise fashion based on observations from
the imaging experiment (Models II and III). The base model
(Model I) assumed homogeneous bulk soil properties in the
upper and lower compartment, together with a continuous
and homogeneous barrier layer, with hydraulic parameters as
described above (Table 1). However, detailed analysis of the
neutron imaging data (both from 3D NCL and 2D radiogra-
phy) revealed several crack structures, mainly located at the
interface of the barrier layer (clayey material) and the glass
of the rhizotron (see Figure 2). Based on the observation of
these crack structures, we set up Model II, which included
cracks with altered hydraulic properties next to the imper-
meable boundary on either side (see Supporting Information
Section S3.1 for further parameterization of the cracks).

Model III was constructed based on another observation
from the neutron images—after rewetting the soil, the neutron
radiography showed that soil moisture was heterogeneously
distributed (Figure 3). We considered that despite using mate-
rial with a single grain size distribution, the inhomogeneous
wetting and drying pattern could be caused by local differ-
ences in porosity due to the manual soil packing process,
unintended mixing with finer-grained material from the bar-
rier layer, and root growth. As such variability in total pore
space would in turn result in spatially variable permeabil-
ity as well as differences in pore water retention, Model
III considered the impact of heterogeneous bulk soil char-
acteristics on spatiotemporal evolution of moisture and O2
concentration.

In addition to the crack structures from Model II, there-
fore, Model III considered heterogeneous permeability and
porosity, mapped and correlated from observed soil moisture
contents, as well as spatially variable soil hydraulic function
parameters. Starting with a range of saturated hydraulic con-
ductivities (𝐾sat) between 1.0 × 10−6 m s−1 and 1.0 × 10−3

m s−1, we assumed that zones of low moisture content by
the end of the experiments (i.e., 52 h) were representative of
zones where water may more easily flow toward the roots, and
therefore has a higher permeability (and higher 𝐾sat), whereas
zones of higher moisture content near the end of the experi-
ment indicated areas where water was released more slowly,
and therefore represented material with lower permeability
(lower 𝐾sat). Under these assumptions and constrained by the
range above, 𝐾sat was calculated per control volume (𝑖) from
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F I G U R E 5 Heterogeneous 𝐾sat (a), porosity ϕ (b), van Genuchten α (c), and van Genuchten 𝑛 (d) mapped using moisture content data from
the neutron radiograph captured 52 h after the initialization of the experiment. We emphasize that neutron radiography maps moisture content of all
materials (soil and roots) along beam direction as summarized signal, so in regions with roots “soil moisture” contains root and soil water content.
We did not distinguish regions with roots from regions without roots for calculation of hydraulic parameters for Model III, as the simulations were
“upscaled” from pixel to control volume (3 × 3 pixels) and for simplicity. Values in the barrier layer were not mapped from neutron radiography but
derived from Rosetta based on texture (Table 1).

experimental moisture content data as follows:

𝐾sat,𝑖 =
[
𝐾sat,max −

(
𝐾sat,max −𝐾sat,min

)
⋅
( θ𝑖 − θmin
θmax − θmin

)]
, (5)

where 𝐾sat, 𝑖 is saturated hydraulic conductivity (m s−1) in
control volume (𝑖), 𝐾sat,min and 𝐾sat,max define minimum and
maximum 𝐾sat for sandy soil, θmin and θmax are the minimum
(θmin< 0.01) and maximum (θmax = 0.28) moisture contents
measured in the experiment after 52 h, and θ𝑖 is moisture con-
tent in the equivalent of control volume 𝑖 from the experiment
images (i.e., 3 × 3 pixel section), measured in the experiment
after 52 h. Any 𝐾sat values that fell above the defined range
(e.g., those zones where cracks had clearly opened and held
negligible moisture content) were assigned maximum 𝐾sat
values of 1.0 × 10−3 m s−1 (Figure 5a).

For consistency with heterogeneous permeability (𝐾𝑠𝑎𝑡),
we associated higher porosity with higher 𝐾sat (lower mois-
ture content after 52 h), and estimated heterogeneous porosity
distribution directly linked to heterogeneous permeability as
follows:

ϕ𝑖 =
[
ϕmin +

(
ϕmax − ϕmin

)
×
( log𝐾sat,𝑖 − log𝐾sat,min
log𝐾sat,max − log𝐾sat,min

)]
, (6)

where ϕ𝑖 is porosity in control volume (𝑖), and 𝐾sat, 𝑖 is calcu-
lated from Equation (5). Minimum and maximum porosities
were bounded between 0.26 and 0.31 (Figure 5b). Porosity
was correlated to permeability and not calculated directly

from moisture content because the distribution of aqueous
saturation in the experiment was unknown.

For Model III, we also considered that a system with het-
erogeneous permeability and porosity would additionally be
characterized by spatially variable soil hydraulic function
parameters. We therefore spatially varied soil hydraulic func-
tion parameters α and 𝑛 in the bulk soil (van Genuchten, 1980)
(Figure 5c,d). Parameters α (units: Length−1 or kPa) and
𝑛 (-) are empirical shape factors used to describe the soil–
water characteristic curve (van Genuchten, 1980), where α
functions as a scaling parameter related to the inverse of air
entry pressure (for a drying soil) or water entry pressure (wet-
ting soil), while n further relates to pore size distribution, with
lower 𝑛 values affiliated with greater variation in pore size
(Benson et al., 2014). Effective saturation (𝑆𝑎) is calculated
as follows (van Genuchten, 1980):

𝑆𝑎 = 𝑆𝑟 +
1 − 𝑆𝑟[

1 + (α |ψ|)𝑛]𝑚 , (7)

where 𝑆𝑟 is the residual saturation, ψ is matric potential (m),
and 𝑚 is equal to 1 − 𝑛−1.

As parameters α and 𝑛 are shape factors describing the
soil–water characteristic curve, not representative of specific
physical processes, previous works have suggested a variety
of methods to calculate them based on texture, hydraulic con-
ductivity, porosity, and other factors (e.g., Benson et al., 2014;
Guarracino, 2007; Schaap et al., 2001; van Genuchten, 1980;
Ye et al., 2021). We followed the method of Ye et al. (2021)
to correlate α and 𝑛 to 𝐾sat locally as follows:

α𝑖 = 4.9𝐾0.23
sat,𝑖 , (8)

𝑛𝑖 = 1.5 + 50𝐾0.5
sat,𝑖, (9)
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where 𝑛𝑖 (-) and α𝑖 (kPa) are the van Genuchten shape
parameters in control volume (𝑖). Equations 8 and 9 are
modified from Ye et al. (2021) (Figure 5c,d). In all simula-
tions, hydraulic properties in the barrier layer were kept at
the values given in Table 1 as no further information was
available.

3.2 Modeling results

We aimed to simulate O2 concentration and soil moisture
content as observed in the imaging experiment with a sim-
ple model first (Model I), where soil hydraulic and structural
properties were homogenous throughout the domain. Model
I captured the vertical soil moisture gradient from wetter
conditions in the lower compartment to lower moisture in
the upper compartment (Figure 6a). Average moisture con-
tent was within the range of that observed in the neutron
measurements (considering an error margin of ±10% of the
mean experimental data due to scattering artefacts in the
neutron radiographs, shaded area in Figure 7a). However,
the extensive spatial moisture content variation observed
in the experiment could not be captured in this simulation
(Figure 6a). Model I matched observed O2 concentration
well until 26 h after rewetting (Figures 6b and 7b), but
failed to reproduce the O2 ingress in the reentry zone and
consequently differed from observations as of 26 h after
rewetting.

The addition of cracks at the sides of the barrier layer in
Model II showed only negligible effect on spatial distribution
of soil moisture content compared to Model I (Figure 6a). In
contrast, compared to Model I, Model II matched the basic O2
pattern toward the end of the experiment (Figure 6b, second
row) better. Beyond 26 h, ingress of O2 through the cracks at
the sides of the barrier layer facilitated re-oxygenation of the
lower compartment, offsetting O2 removal by the roots and
associated O2 depletion, in line with the experimental obser-
vations (Figure 6b, last row). However, the reentry zone was
not as pronounced as seen in the optode images (Figure 7b),
and O2 depletion zones were not as sharply defined but
rather diffuse, compared to the experimental observations
(Figure 6b).

Observed moisture and O2 concentration distributions were
most closely reproduced by Model III, which, in addition to
the cracks at the sides of the barrier layer, included mapped
𝐾sat , porosity and heterogeneous distributions of the param-
eters α and 𝑛. Higher porosity zones, affiliated with higher
α and 𝑛, retained water poorly, while other zones remained
wetter, producing the soil moisture content distribution at
the end of the simulation that was most similar to what
was observed in the experiments (Figure 6a, Figure 7a). The
resulting regions of higher and lower moisture content directly
proximal to one another, allowed for zones of low O2 con-
centration, where transport was considerably slowed in the

wetter soil, to coexist next to zones of very high O2 concen-
tration where, during re-oxygenation through the cracks, O2
moved quickly through drier soil and contributed to the higher
O2 content. The combined mapping of porosity, permeabil-
ity, and soil moisture retention parameters achieved the best
match versus the O2 image time-series, and also was closest
to the absolute O2 concentration in the lower compartment
and the reentry zone (Figure 7b), suggesting that this level of
model complexity is required to reproduce the spatially dis-
tributed evolution of moisture content and O2 concentrations
over time. Additional quantitative information on O2 distri-
bution for the various model realizations is provided in the
Supporting Information Section S3.1 For the two other maize
plants from the imaging experiment, results of Models I–III
are given in the Supporting Information (Section S3.3) For
these plants as well, Model III (mapped hydraulic parameters)
showed the best agreement in the spatio-temporal distribu-
tion of water and O2 content compared to the measured values
(Figures S2 and S3).

CO2 was considered in the model for completeness regard-
ing respiration, although it was not measured in the experi-
ment. The simulated pCO2 pattern (Supporting Information
Section S3.2) was more clearly impacted by the spatial
location of roots versus the soil structure, compared to O2 con-
centration (Figure 6b). However, model simulations showed
higher CO2 concentration toward the end of the simulation in
Model III related to zones of increased water retention where
CO2 could accumulate, in contrast to the other simulations
where CO2 was more dispersed and lower concentrations
were simulated (Supporting Information Figure S3.2). The
presence of the barrier layer limited CO2(g) loss from the
lower compartment, likewise contributing to high pCO2 con-
centrations in the lower compartment compared to the upper
compartment, where soil was able to degas. Further detail
on results pertaining to CO2 can be found in the Supporting
Information Section S3.2.

4 DISCUSSION

4.1 Impact of bulk soil heterogeneity on
modeled soil moisture and O2 concentration
patterns

The RT models presented in this study were constructed based
on spatial and structural information on the RSA of a maize
plant derived from 3D neutron imaging, and were calibrated
to match moisture content and O2 concentration patterns mea-
sured via neutron radiography and optode imaging. In the
experiment, a barrier layer of fine-grained material separated
the soil domain into two distinct compartments, and restricted
O2 transport toward the roots in the lower compartment. Due
to the drying–rewetting cycle during the experiment, sev-
eral crack structures formed in this layer. Inclusion of small
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BERESWILL ET AL. 13 of 19Vadose Zone Journal

F I G U R E 6 Spatial distribution of soil moisture (a) and oxygen (O2) concentration (b) at different times after rewetting the soil for Models I–III
and corresponding experimental results. Both optode and neutron images were calibrated only for the sandy soil material, not for the barrier layer
(indicated as gray area in the plots), so a quantitative comparison of experiment versus models was not possible for the barrier layer. In Models I and
II, the soil domain was homogenous in terms of hydraulic parameters and porosity; in Model II zones of high permeability were introduced at each
side of the barrier layer based on observed crack formation from image analysis. Agreement between modeled and observed experimental
distribution of θ (volumetric moisture content) and O2 concentration was highest in Model III where soil porosity and hydraulic parameters (Ksat and
van Genuchten α and n) were mapped based on the neutron image time series.

zones of high porosity and increased hydraulic conductivity
(𝐾𝑠𝑎𝑡) in the model barrier layer, representative of the cracks
observed, did facilitate O2 ingress into the lower compart-
ment. Simulations taking into consideration the presence of
cracks (Model II and III) matched the O2 pattern in the exper-
iment more closely compared to Model I (no cracks). This

was specifically evident in the distinct O2 “reentry zones”
observed in the optode images (>15 h after rewetting). This
result highlights that soil macropore structures impact soil gas
transport, as supported by insights from X-ray imaging studies
combined with measurement of gas transport and air perme-
ability (Katuwal et al., 2015; Naveed et al., 2013), as well
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14 of 19 BERESWILL ET AL.Vadose Zone Journal

F I G U R E 7 Comparison of measured and simulated soil moisture content and oxygen (O2) concentration in the lower compartment, the O2

reentry zone, and the upper compartment. Measured and simulated water content (a) and O2 concentration (b) from Model I, II and III (averaged
across the regions outlined in gray on the image on the right) are compared to the experimental values. The error bars indicate ±1 standard deviation
from the mean. The shaded yellow area in (a) indicates ±10% of the mean to represent signal variations due to secondary neutron scattering and in
(b) indicates ±1 standard deviation from O2 concentration.

as field measurements of soil aeration related to root-induced
macropore networks (Uteau et al., 2013).

Consideration of heterogeneous permeability and porosity
in the upper and lower compartments (Model III) enabled
modeling of spatially distributed soil moisture patterns, in-
line with the experimental observations. At different scales,
several studies indicate that local variations of soil physical
properties, specifically bulk density (and thereby total poros-
ity) (Hamamoto et al., 2009; Masís-Meléndez et al., 2015),
impact water retention, gas diffusion, and O2 concentration
present in the soil (Ben-Noah & Friedman, 2018). Soil lay-
ering during manual filling of the rhizotrons in the present
experiment, as well as root growth, which can induce local
soil compaction, especially in homogenized soils (Phalempin
et al., 2021), have likely contributed to local variations of
porosity (bulk density).

Additional mapping of VG α and 𝑛 in Model III, based
on the heterogeneous wetting patterns evident in the neutron
radiographs, improved spatial simulation of moisture content
because it allowed the simulations to account for small-scale
variability in terms of moisture retention, producing zones
of higher permeability and faster drainage, as well as zones
of prolonged moisture retention, reflecting the heterogeneous

moisture content distribution in the experiment. As modeled,
such heterogeneity in moisture content was key to reproducing
the O2 concentration distribution toward the end of the exper-
iment, with O2 diffusion only slowed in distinct wet zones,
reproducing persistent local O2 depletion, while the drier soil,
where O2 could diffuse quickly, reapproached atmospheric
concentration levels.

Such results speak to the necessity and the benefit of
considering system-specific heterogeneities that may be
neglected in bulk-scale conceptual models. Yet, calibrat-
ing soil structural and hydraulic characteristics based on
experimental data is challenging and, despite detailed spatial
and temporal data, is still affected by uncertainty. To bet-
ter account for variability in soil structure, we suggest that
the presented combination of neutron and optode imaging
would benefit from additional application of X-ray tomog-
raphy, a method that is ideal for studying soil structure at
high resolution (Lucas et al., 2019) and that has also been
applied to derive soil water retention and 𝐾sat in rooted soils
in 3D (Tracy et al., 2015). Further, a full calibration of the
water retention curves of drying and rewetting soil via neu-
tron radiography, as presented by Cheng et al. (2012), could
be a useful extension for follow-up studies.
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4.2 Representation of root system and
rhizosphere complexity in the models

Roots were modeled via the spatial distribution of RSD as
derived from structural 3D imaging (NCL), and spatial O2
uptake patterns evolved where higher root density consumed
more O2. For modeling root O2 uptake, both a zero-order
(independent of actual O2 concentration) or a first-order sink
term (i.e. dependent on changing O2 concentration) can be
considered (Ben-Noah & Friedman, 2018). In this study, a
zero-order O2 consumption rate that was restricted by a lower
threshold of minimum O2 concentration, was found suit-
able to simulate observed O2 depletion zones similar to the
experiment. However, it is known that root age, physiologi-
cal function, N content and distance from the root tip impact
root respiration rates (Freschet et al., 2021). A model of a
sub-domain of the root system might therefore need further
refinement of the representation of respiration rate variations
within the root system and over time. However, we find from
this work that for plant-scale models focusing on water and
gas transport dynamics, a uniform O2 sink term may suffice.
The same applies for the simulation of root water uptake: to
represent the general pattern of moisture distribution and the
mass balance of water uptake in the rhizotron system, a sink
term for water uptake scaled to the RSD per control volume
was adequate. Depending on the research question, further
refinement of RWU simulation might be required, for example
to understand variation in RWU between root types.

Our modeling approach did not explicitly consider struc-
tural and hydraulic characteristics of the rhizosphere,
although the rhizosphere is known to feature unique physical,
hydraulic and chemical properties, differing from those of the
bulk soil (Hinsinger et al., 2005). Hydraulic properties and
diffusion of gases in the rhizosphere are impacted by hydro-
gel substances excreted by roots and microbes, particularly
mucilage (Benard et al., 2019), a highly viscous substance
made up of polysaccharides. While the mucilage layer around
roots facilitates water uptake (Ahmed et al., 2014) and nutri-
ent diffusion (Zarebanadkouki et al., 2019) in drying soils,
gas transport to the roots’ surface is impeded as the O2 diffu-
sion coefficient within this layer is estimated to be as low as
2 × 10−10 m2 s−1 and O2 solubility is limited (Ben-Noah &
Friedman, 2018). Drying mucilage may also disconnect gas
diffusion paths even at low soil water content (Haupenthal
et al., 2021). At the micro-scale, several models of O2 root
uptake and transport consider a ‘boundary layer’ of saturated
soil surrounding the roots to account for limited diffusion
in the rhizosphere soil (Bartholomeus et al., 2008; Cook &
Knight, 2003). In our plant-scale model, we did not explicitly
consider the rhizosphere or mucilage layer’s distinct hydraulic
and diffusive properties. This approach was sufficient for
characterizing the 2D spatial distribution of O2 in the root
zone of the maize plant in our work. However, we suggest

that simulations of O2 uptake at the root scale, particularly
those featuring drier systems, would benefit from a simplified
implementation of a distinct rhizosphere zone where diffusion
parameters could be adapted versus the bulk soil.

4.3 Representing a 3D root–soil system in a
2D model

While structural information about the root system of the
modeled maize plant was available in 3D, O2 and moisture
content were mapped in 2D using imaging techniques that,
due to their mode of operation, aggregate information from
different sub-volumes of the experimental system. The optode
images represent a depth-integrated response of O2 dynam-
ics across a variable portion of the root–soil system under
consideration, which adds uncertainty regarding which por-
tion of the root system triggers observed patterns at a specific
point in time (Roose et al., 2016). As in a previous study using
a comparable experimental set-up, where O2 uptake of roots
growing within a distance of 7.5 mm to the optode was mea-
sured a few hours after irrigation of dry soil (Rudolph-Mohr
et al., 2021), we assumed that the roots located within this soil
volume were sufficiently representative of the root system in
the presented model, as we aimed to compare optode images
and 2D model output. Though we find this a necessary sim-
plification, the influence of the entire root system in terms of
the observed O2 depletion pattern merits further investigation,
possibly in a 3D modeling approach. Likewise, as neutron
radiography provides a depth-integrated neutron transmission
signal across the sample’s thickness and consequently maps
the sum of the water content of all structures superimposed
in beam direction, the exact soil moisture content in different
soil sub-volumes relative to the optode also cannot be quan-
tified with this approach. For this work, neutron radiography
revealed the overall spatial distribution and heterogeneity of
soil water content that correlated well with local O2 concen-
tration patterns in both experiment and model. Future studies
could target extending our model approach to 3D in order to
better spatially correlate moisture content and O2 depletion to
individual roots.

4.4 Potential and challenges of combining
non-invasive imaging and reactive transport
modeling

Due to the complex and cross-scale nature and spatiotempo-
ral variability of transport processes and reactions in the root
zone, the combination of three different non-invasive imag-
ing techniques with RT modeling, as presented here, enables
detailed spatiotemporal analysis of root zone O2 and mois-
ture dynamics. While RSA derived from different imaging
modalities is increasingly used as input for modeling of root
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water and nutrient uptake and exudation (Daly et al., 2016;
McKay Fletcher et al., 2020), only a few modeling studies
make use of image-based observations of spatially resolved
solute, gas, or pH distribution in the root zone (Custos et al.,
2020) and no comparable studies on O2 uptake and transport
dynamics in the root zone exist. This work emphasizes the
potential that such a combined approach may bring to further-
ing understanding of root–soil dynamics in-situ on the plant
scale, without necessitating invasive and destructive mea-
surement techniques. This work suggests that O2 distribution
follows more closely to soil structure than root distribution,
and we submit that the influence of bulk soil heterogeneity on
water and gas transport dynamics in the root zone should be
considered in models at the plant scale, and that work should
be done to determine sensitive parameters in the bulk soil
when modeling such systems. Identifying sensitive parame-
ters presents its own set of difficulties, and we find in this work
the combination of non-invasive imaging along with model-
ing, to function together as a powerful tool to qualitatively and
quantitatively identify such complexities of note in a soil–root
system.

As highlighted by Roose et al. (2016), the combination
of imaging and modeling allows model generation based on
real data, with the caveat that such models might always be
specifically adapted to a certain experimental system (Dale
et al., 2021). For this work specifically, we found that inclu-
sion of bulk soil heterogeneity was necessary to characterize
the experimental system using an RT model, and that doing so
increased our understanding of the dynamics of water redistri-
bution and O2 transport as a function of root uptake. However,
we suggest that the exact complexities and heterogeneities
(e.g. cracks, variable porosity and permeability, and VG shape
factors) necessary to best characterize this particular exper-
imental system, may not be the same as those complexities
needed to best characterize other systems. Indeed, future mod-
els based off the methodology of this work, would need to be
carefully revised with respect to the discussed assumptions
and simplifications, when applied to other soil–plant systems.
Further, the models’ complexity needs to be tailored to answer
the research question to be explored.

5 CONCLUSIONS

This study focused on the interrelation between O2 transport,
soil moisture, and respiration in the root-zone of a maize plant
grown in a rhizotron system. Our approach bridges the gap
between experimental measurement of small-scale gradients
in the rhizosphere via noninvasive imaging, and modeling
of overarching transport and uptake processes that explain
observed patterns of O2 and soil moisture. Via iterative con-
struction of different model scenarios, we show that a model
can better characterize the studied plant–soil system when we

consider conditions unique to the system in question; in this
case, crack structures in the soil and spatial heterogeneity in
soil structure and water retention properties. Additionally, we
find that though the focus of the imaging and the modeling
was on depicting root architecture and concentration patterns
in great detail, in terms of future soil–root modeling prospects,
the importance of the soil physical parameters should be given
an equivalent amount of attention and consideration. As the
scientific community moves forward in constructing addi-
tional soil–plant models using field and laboratory data, this
work can be helpful for making future choices regarding the
degree of model complexity that can capably characterize the
geochemistry of a soil–root system, given the limits of exist-
ing data, as well as inform future decisions regarding where
efforts in data collection could best be spent.
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