Received: 16 November 2022

Revised: 26 January 2023

Accepted: 31 January 2023

DOI: 10.1111/ejss.13347

ORIGINAL ARTICLE

2 ﬁéaniﬁourna
T

tid WILEY

Redoxtrons — An experimental system to study redox
processes within the capillary fringe

Kristof Dorau’ |
Andreas Kappler® © |

1Department of Geosciences, Institute of
Geography, University of Cologne, Kdln,
Germany

*Department of Soil Science, University of
Kassel, Witzenhausen, Germany

*Department of Geosciences, University of
Tuebingen, Tuebingen, Germany

“Institute of Soil Science, Leibniz
University Hannover, Hannover,
Germany

Correspondence

Kristof Dorau, Department of
Geosciences, Institute of Geography,
University of Cologne, Albertus-Magnus-
Platz, D-50923 Koln, Germany.

Email: k.dorau@uni-koeln.de

Daniel Uteau, Department of Soil Science,
University of Kassel, Nordbahnhofstr. 1A,
D-37213 Witzenhausen, Germany.

Email: uteau@uni-kassel.de

Daniel Uteau?
Stephan Peth®® |

| Markus Maisch? |
Tim Mansfeldt’

Abstract

Spatiotemporal characterisation of the soil redox status within the capillary
fringe (CF) is a challenging task. Air-filled porosities (g), oxygen concentration
(0,) and soil redox potential (Ey) are interrelated soil variables within active
biogeochemical domains such as the CF. We investigated the impact of water
table (WT) rise and drainage in an undisturbed topsoil and subsoil sample
taken from a Calcaric Gleysol for a period of 46 days. We merged 1D (Ey and
matric potential) and 2D (O,) systems to monitor at high spatiotemporal reso-
lution redox dynamics within self-constructed redoxtron housings and comple-
mented the data set by a 3D pore network characterization using X-ray
microtomography (X-ray pCT). Depletion of O, was faster in the organic
matter- and clay-rich aggregated topsoil and the CF extended >10 cm above
the artificial WT. The homogeneous and less-aggregated subsoil extended only
4 cm above the WT as indicated by e-O,-Ey data during saturation. After
drainage, 2D O, imaging revealed a fast aeration towards the lower depths of
the topsoil, which agrees with the connected e derived by X-ray pCT (ect conn)
of 14.9% of the total porosity. However, small-scaled anoxic domains with O,
saturation <5% were apparent even after lowering the WT (down to 0.25 cm?
in size) for 23 days. These domains remained a nucleus for reducing soil condi-
tions (Eg < —100 mV), which made it challenging to characterise the soil
redox status in the CF. In contrast, the subsoil aeration reached O, saturation
after 8 days for the complete soil volume. Values of ect conn around zero in the
subsoil highlighted that soil aeration was independent of this parameter sug-
gesting that other variables such as microbial activity must be considered
when predicting the soil redox status from e alone. The use of redoxtrons in
combination with localised redox-measurements and image based pore space
analysis resulted in a better 2D/3D characterisation of the pore system and
related O, transport properties. This allowed us to analyse the distribution and
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activity of microbiological niches highly associated with the spatiotemporal

variable redox dynamics in soil environments.

Highlights:

The time needed to turn from reducing to oxidising (period where all plati-
num electrodes feature Ef; > 300 mV) condition differ for two samples with
contrasting soil structure.

The subsoil with presumably low O, consumption rates aerated consider-
ably faster than the topsoil and exclusively by O, diffusion through
medium- and fine-sized pores.

To derive the soil redox status based upon the triplet e-O,-Ey is challenging
at present in heterogeneous soil domains and larger soil volumes than
250 cm”.

Undisturbed soil sampling along with 2D/3D redox measurement systems
(e.g., redoxtrons) improve our understanding of redox dynamics within the

capillary fringe.

KEYWORDS

1 | INTRODUCTION

Capillary fringes (CF) are highly dynamic biogeochemical
domains because fluctuating water tables continuously relo-
cate the position between oxic and anoxic soil conditions.
With focus on redox-related processes, triggered by oxygen
(O,) consumption and thereupon soil redox potential (Ey)
decrease, the spatiotemporal extent of the CF has been
rarely investigated at present. From a soil physical perspec-
tive, the CF is defined as the soil-air-water continuum and
extends from the water table up to the limit of the capillary
rise of water (Berkowitz et al., 2004). From a biogeochemical
perspective, it is an oxic-anoxic interface where the O, distri-
bution varies at the microscale due to the simultaneous O,
supply from the atmosphere and the O, consumption via
microbial and root respiration. Both processes can occur in
close vicinity to each other and depend on the microscale
soil structure. Thus, redox processes vary in space and time
and an accurate representation demands (i) undisturbed soil
samples with intact soil structure and (ii) at best 3D infor-
mation on the pore system, derived, for example, by X-ray
microtomography (X-ray pCT) imaging (Dorau, Uteau,
et al., 2021; Wanzek et al., 2018). Even though non-invasive
imaging techniques have made significant progress in recent
years to study dynamic 3D soil pore spaces (Peth, 2014), this
scientific field needs to be developed towards studying pore
space associated dynamic soil functions such as aeration-
dependent redox processes.

environmental monitoring, incubation experiments, redox processes, soil reducing
conditions, undisturbed soil, X-ray microtomography

A multitude of environmental parameters control the
onset of reducing conditions within temporarily and per-
manently water-saturated soils and specifically in the
CF. Hence, a detailed spatiotemporal characterisation of
parameters that define the soil redox status is mandatory.
The drivers to determine the Ey; variability are manifold
and comprise biotic and abiotic components, for instance,
soil temperature (Hindersmann & Mansfeldt, 2014),
thereupon microbial activity (Nikolausz et al., 2008), the
availability of O, (Callebaut et al, 1982; Uteau
et al., 2015), soil water content (0) and related the air-
filled pore space (g) (Dorau et al., 2018; Dorau, Uteau,
et al., 2021). Different sensor types must be combined to
extend our knowledge of redox processes under in-situ
conditions and obtain a cohesive assemblage of parame-
ters stated above. Criteria for the choice of sensors
include (i) its accuracy and precision for the measure-
ment, (ii) from which volume of soil the information is
derived, (iii) costs and (iv) the number of dimensions to
consider. There is still debate at which level discrete sin-
gle point measurements can adequately reflect natural
in-situ conditions. As stated above, 3D investigation of
structure related processes would be optimal but most of
the sensors applied in soil science reflect discrete single
point measurements, that is, a 1D needle type sensor.
Examples for 1D sensors are platinum (Pt) tip electrodes.
Quite recently, planar optodes gained attraction being
able to acquire 2D images of the O, distribution up to the
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pm range, which showed to improve our knowledge on
rhizosphere related microbial processes (Koop-Jakobsen
et al., 2018; Maisch et al., 2019) or O, transport within
the CF (Haberer et al., 2015). Generally, we can expect
an information gain from discrete single point measure-
ments (e.g., by sensors placed within a specific depth),
over area-based 2D imaging (e.g., to display a continuum
by planar optodes), towards volume X-ray pCT 3D imag-
ing (e.g., to account for pore architecture and soil
heterogeneity).

This study builds upon two previous studies based on
knowledge gain and complexity of the applied methods.
Whereas the first study aimed at constructing a relationship
between Ey and e we encountered and highlighted the
methodological shortcoming that it was not possible to
resolve both parameters at the same location (Dorau
et al., 2018). Thus, the second study employed X-ray pCT
and image analysis to resolve the Ey—e relation via measure-
ment of e simultaneously to the soil aeration process and
found that the connected air-filled porosity (ect conn) IS @
critical parameter for the aeration process (Dorau, Uteau,
et al., 2021). Koestel et al. (2020) suggested that larger soil
samples should be used to investigate dynamic processes
that depend on the pore network connectivity — which cer-
tainly is true for the process of soil aeration. Thus, in this
paper, we focus on soil aeration at a larger sample size to
investigate how O, distribution accounts for redox dynamics
within the CF at more representative sample volume. To do
so we took undisturbed soil monoliths (20 x 20 x 5 cm)
from the topsoil and the subsoil of a Calcaric Gleysol that
differ in soil structure, mineral composition and soil organic
matter (SOM) content. Self-constructed Plexiglas containers
and a range of direct and indirect techniques, covering 1D
to 3D measurements, enabled us to study the interaction
of redox related processes within the CF. Following
rhizosphere-related studies where rhizotrons (from Greek
rhizoma = mass of roots) are used, our experimental incu-
bation system is referred to as redoxtron in which the rela-
tionship between soil structure, O, distribution and Ey can
be studied under controlled conditions. The redoxtrons were
equipped with sensors to measure Ey, and matric potential
(1D system), planar optodes to measure O, distribution
(2D) and finally X-ray pCT and image analysis for a 3D pore
network characterisation to obtain changes in air-filled
porosity (ect) and their connected fraction (ect conn)-

2 | MATERIALS AND METHODS

2.1 | Excavation of soil monoliths

Soil sampling was conducted at Polder Speicherkoog in
Northern Germany (54°8'1”N; 8°58'28"E). The soil is a
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Calcaric Gleysol (Eutric) according to WRB (IUSS Working
Group WRB, 2015) and particularly suitable for the planned
investigation because of frequent fluctuations of the near-
surface groundwater table (Dorau & Mansfeldt, 2016; Dorau
et al., 2018; Table 1). Thus, microorganisms are adapted to
a temporary lack of O,. Redoxtrons were made of transpar-
ent Plexiglas (6 mm thickness; internal dimensions of
20 x 20 x 5 cm; L/H/W) and brass screws were used to
give the housing extra rigidity during the excavation of the
soil monolith. A soil pit was excavated and the redoxtron
housing without the front-panel pushed inside the topsoil
(5-25 cm) and the subsoil (35-55 cm) until the soil got in
contact with the back-panel (Figure 1a; see workflow in
Figure S1; images in Figure S2). Afterwards, the soil-filled
redoxtron was cut-off with a spade from the soil profile and
transported to the laboratory within foam boxes to mini-
mise a collapse of the pore network during transport. Prior
to the start of the experiment, the soil surface facing
towards the front panel of the Plexiglas was carefully pre-
pared by a razor blade, scissor and spatula. Thereby, we
aimed to minimise disturbance of the soil structure by clog-
ging and smearing and obtain an even soil surface before
the housing was sealed with the front-panel, which is espe-
cially important for installation of the planar optodes to
measure O, (Figures S1 and S2; see Chapter 2.3). The sam-
ples were stored at 4°C until the experiment started to pre-
vent mould, which was 1 month for the topsoil and
3 months for the subsoil. No water dripped out of the soil
and, thus, the soil water content was below field capacity
(see dotted line in Figure S7) prior to the start of the
experiment.

2.2 | Ey and e measurements (1D)

Soil redox potential measurements were performed by per-
manently installed Pt electrodes in duplicate and depths of
2.5, 7.5, 12.5 and 17.5 cm below soil surface. The Pt elec-
trodes were embedded in a carbon fibre body (6-mm diam-
eter) with a small-sized tip (5-mm length and 1-mm
diameter; ecoTech, Bonn, Germany). We predrilled a small
borehole that matches the diameter of the carbon fibre
body down to 2, 7, 12 and 17 cm and pushed the tip gently
into the undisturbed soil, respectively. The Pt electrodes
were connected to a separated silver-silver chloride (Ag-
AgCl) reference electrode (ecoTech, Bonn, Germany; 3 M
KCl internal electrolyte). The Ey data were adjusted to the
standard hydrogen electrode by adding 207 mV and we
did not correct the Ey for any temperature dependency
(Dorau, Bohn, et al., 2021), since soil temperature was
constantly held at approximately 25°C. The Pt electrodes
were tested for proper working prior and after the experi-
ment without showing any deviation from the expected
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TABLE 1 Soil description for the topsoil and subsoil sample.

Sample Topsoil Subsoil
Sampling depth (cm) 5to 25 cm 35to0 55
Chemical properties pH (-) 73 +0.1 7.4 +0.1
Organic carbon content (g kg™") 17.5 +£ 0.92 4.6 + 0.06
Inorganic carbon content (g kg ™) 4.6 + 0.31 5.9 +0.36
Dithionite extractable iron (Feg; g kg ") 8.23 +0.22 1.92 + 0.18
Oxalate extractable iron (Fe,; g kg™ 7.75 + 0.19 0.88 + 0.09
Fe,/Feq 0.94 0.46
Oxalate extractable manganese (mg kg™ ") 647 + 24 16 + 4
S(mgkg™h) 640 + 35 270 + 23
Physical properties Sand content (g kg™*) 130+ 5 520+ 3
Silt content (g kg ") 660 + 8 360 + 18
Clay content (g kg™ %) 210 + 12 110 +9
Textural class Silt loam Loamy sand
Soil structure Subangular blocky Single grain
Bulk density (g cm ™) 1.16 + 0.18 141 +0.13
Hydraulic properties Water content at saturation (6o; cm> cm ™) 0.521 + 0.005 0.446 + 0.010
Air-capacity (0_1.5; cm® cm ™) 0.060 + 0.003 0.025 + 0.006
Field-capacity (6;.g_4; cm® cm ™) 0.200 + 0.036 0.280 + 0.012
Saturated hydraulic conductivity (cm day ) 948 + 112 50 + 8

- 2x4 Redox electrodes

Reference electrode

Matrix potential logger

USB powered 2D detection unit

\ Redoxtron setup

Layout: K. Dorau, R. Spohner Grafik: R. Spohner

FIGURE 1 (a)Image of the Calcaric Gleysol (Eutric) from which an undisturbed topsoil (5 to 25 cm) and subsoil (35 to 55 cm) sample
were obtained and (b) experimental redoxtron setup in which the undisturbed samples were incubated.
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buffer solution value (+ 5 mV; data not shown). Despite
the long history of redox measurements in soils technical
restrictions must be kept in mind and therefore, Ey
measured by Pt electrodes are at best interpreted as
“semi-quantitative expressions of mixed potentials in a non-
equilibrium environment” (Austin & Huddleston, 1999;
Mansfeldt, 2020). In case of our study, we are interested in
the response of the measurement system to changes in O,
due to water table rise and drainage of this system. Because
the Pt electrode is very sensitive to aeration, this device is
well-suited for our experimental design.

Soil matric potential (y,,) measurements by T5 micro-
tensiometer (Meter, Munich, Germany) complemented
the data. The ceramic tip was centred inside the soil sam-
ple from the back panel in the depths stated above. Based
upon the available water retention curve from the topsoil
and the subsoil (Figure S7), the Durner (1994) equation
resulted in the lowest root mean square error for our
retention data (Ogmsg < 0.01) and was used to calculate
the volumetric water contents (6; cm® cm >):

-m2

9:w1(1+[a1\|1m]n1)_m+W2(1+[az\llm]n2) (1)

where o, n and m are the van Genuchten parameters, y,
is the matric potential and w; and w, are weighting fac-
tors. Thereupon, we were able to calculate the air-filled
porosity (g; cm?® cm ™) as:

e=05,-0 (2)

with 65 being the volumetric water content at satura-
tion (cm® cm ). The measurement interval was adjusted
to 1 h throughout the incubation period.

2.3 | Planar optodes to measure O, (2D)
Non-invasive O, optodes were glued onto the inside of
the front-panel with the fluorescing dye facing towards
the soil (SF-RPSu4 and SF-HP5R, PreSens, Regensburg,
Germany). The dimensions were 20 cm in height and
2.5 cm wide, enough to cover the height of the soil mono-
lith. In front of the redoxtron, we positioned a camera
detector (VisiSens TD, PreSens, Regensburg, Germany)
in 30 cm distance and calibrated the sensor foils under
ambient temperature in the laboratory (~25°C) within
tap water. The redoxtron assembly with installed sensors
and cabling was placed in a dark chamber to record
under constant illumination without variations of day-
light images of the 2D O, distribution. We took images in
1 h intervals because we expected a high dynamic in the
system subsequent to water saturation.

Soil Science

2.4 | Experimental setup

All connections between the individual Plexiglas com-
pounds were sealed with silicone gel to prevent leakage
of water. A communication vessel besides the soil-filled
housing enabled us to adjust the water table inside the
redoxtron. The communication vessel featured an open-
ing at the bottom (1 cm) to connect to the housing with
the soil sample. We run the system for 1 week under oxi-
dising soil conditions prior to rising the artificial water
table with approximately 0.5 cm min~' towards the cen-
tre of the soil monolith at 10 cm below surface
(Figure 1b). From time to time we had to refill water
until equilibrium was obtained with the water content
inside the redoxtron and the communication vessel and
secondly to compensate water loss due to evaporation.
The experiment was run for 23 days with constant water
table before we removed the water and re-aerated the
soil. The lower boundary condition of the experiment
was equivalent to seepage face, which simulates a
groundwater table located at the bottom of the redoxtron
during saturation and free gravity flow during drainage.
Water was removed from the communication vessel with
a syringe with approximately 0.5 cm min ", thus, at an
equal rate similar to the artificial rise of the water table.
Together with the aeration phase, the experiment lasted
for 1.5 months and the topsoil and subsoil sample were
measured sequentially.

2.5 | X-ray puCT image acquisition and
analysis (3D)

We employed X-ray pCT to obtain a 3D model of the soil
water distribution within the CF subsequent to the exper-
iment by excavating a PVC liner (5 cm © and 20 cm
height) from the redoxtron. X-ray pCT scans were done
using a Zeiss Xradia 520 versa (Carl Zeiss Microscopy
GmbH, Jena, Germany) at the Institute of Materials Sci-
ence of the University of Hannover. Both liners were
scanned at 160 keV energy and 7 W Power resulting in
1441 projections with an exposure time of 0.08 s in three-
fold repetition. Three scans were vertically stitched to get
the whole length of the sample with enough overlapping
to prevent cone-beam artefacts. After reconstruction, the
voxel edge length was 50 pm. The borders and edges of
the 3D-image were cut to contain finally 4.29 cm inner
diameter of the liner. At both ends, we removed 20 slices
thus having a final length of 19.8 cm. Image analysis was
done using the software ImageJ and its plugin collection
Fiji (Schindelin et al., 2012). For noise reduction, the
non-local means denoising algorithm was used with
default settings (Buades et al., 2011). This filter works
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slice-wise (2D) like Gaussian blurring but preserves edges
and boundaries. After filtering, the slices were stacked
again in a 3D image. We used Otsu's algorithm
(Otsu, 1979) to separate the soil matrix from resolved
pores in a new binary image. The threshold was calcu-
lated slice-wise as there were grayscale gradients across
the sample due to the cone-beam projections and the
slice-wise filtering step. We accounted only for pores
greater than 2 voxels in every direction to be sure having
identified a real structure. To distinguish the X-ray pCT
resolved pores from the gravimetrically calculated poros-
ity, we named it “CT-porosity”. Furthermore, we quanti-
fied the fraction of the CT-porosity that was connected to
the upper end of the sample, as O, would only be able to
diffuse from the top of the sample when the drainage
occurred (Section 2.4). To do that, we labelled every
macropore with the “Connected Components Labelling”
plugin of the MorphoLibJ package (Legland et al., 2016)
and kept the largest one (by volume) so that all discon-
nected pores were removed. We called this “connected
CT-porosity”. The Local Thickness Plugin of Imagel/Fiji
was used to calculate the hydraulic equivalent diameter
of the pores. The histogram of the resulting image was
then the pore size distribution of the connected CT-
porosity. By means of the measured matric potentials
(Section 2.2) and applying the simplified Young-Laplace
equation (diameter [pm] = 3000 / y,, [hPa]) it was possi-
ble to calculate the actual air-filled CT-porosity (ecr, cm®
cm ) and connected air-filled CT-porosity (ect conn, €M’
cm ). As we only were able to resolve pores larger than
100 um, we considered perfect aeration (no trapped air-
bubbles). This was done for the monitored time points of
interest subsequent to the drainage phase (each 0, 6,
12 h, 1, 2, 3, 4, 5 and 7 days for the topsoil and subsoil;
Figure S3) and considering the four measured depths by
segregating the soil columns into four parts (0-5, 5-10,
10-15 and 15-20 cm) yielding a vertical representation of
the ect conn- 3D renderings (Figure S6) were done with
Paraview 5.7 (Kitware Inc., New York, USA).

2.6 | Chemical and physical soil
properties

We took a representative and homogenised mixed sample
(4 kg sample weight) within the open soil pit by a spatula
from the top- (5-25 cm) and subsoil (35-55 cm) during
the field campaign. The air-dried samples were sieved
(< 2 mm @) and a part was milled to measure the follow-
ing soil physicochemical properties: pH potentiometri-
cally with a 0.01 M CaCl, solution mixed 5:1 with soil
(v/v), the texture by the sieve and settling method, total
carbon (TC), organic carbon (OC), inorganic carbon

(IC) and sulphur (S) by dry combustion with a CNS ana-
lyser (Vario EL cube, Elementar, Germany). Finally,
Mn"™"V and Fe™ (oxyhydr)oxides were extracted by
dithionite-citrate-bicarbonate (DCB) (Mehra &
Jackson, 1960) and oxalate (Schwertmann, 1964). The
extracts were measured by ICP-OES (SPECTROGREEN,
Spectro, Kleve, Germany). Hydraulic properties were
determined by undisturbed samples taken by 250 cm®
steel cylinder (50 mm height and 80 mm @) within the
centre of the topsoil (11 to 19 cm) and subsoil (41 to
49 cm), respectively. We used the evaporation method
with a HYPROP device (Meter, Munich, Germany) to
determine the water retention curve (n = 3) and a KSAT
device (Meter, Munich, Germany) to measure the satu-
rated hydraulic conductivity (n = 8). The bulk density
was determined subsequently after drying of the soil
within the steel cylinder at 105°C for 24 h and weighting
afterwards.

3 | RESULTS
The soil temperature was nearly the same for both experi-
ments with 21.7 + 0.68°C for the topsoil and 22.9
+ 0.70°C for the subsoil (data not shown). As soon as we
raised the water table within the redoxtrons to 10 cm
depth, ¢ diminished in 17.5 and 12.5 cm but ranged
between 0.011 and 0.050 cm® cm > in 7.5 and 2.5 cm
(Figure 2a and Figure S4). Whereas the O, concentration
dropped to an average of 75 + 7.5% in the 2.5 cm depth
for the topsoil, no impact was observed for the subsoil
with 100% O, saturation throughout the experiment
(Figures 2b and 3). The redox data are coherent with the
O, distribution since the Ey dropped among all depths
subsequent to the decrease of O, (Figure S4 C to F).
Thereby, strongly reducing conditions (Eg < —100 mV)
were achieved in the 17.5 cm soil depth for both samples
(Figure 2c and Figure S4 E to F) but the Ey did not drop
in the 2.5 cm depth for the subsoil, in accordance with
100% O, saturation throughout the saturation phase.
After 23 days of drainage the topsoil featured anoxic
conditions with < 5% O, saturation (Figure 3a) while ¢
was > 0.130 cm® cm > throughout all depths (Figure S4A).
Oxygen entered the soil from the surface in a gradual way
following the decline of the water table (Figure 3b). The
higher saturated hydraulic conductivity (> 900 cm d ") of
the topsoil and a higher macropore fraction (Table 1)
favoured the water drainage and subsequently the entering
of O, down to 17.5 cm depth. During drainage, five of
eight Pt electrodes characterised the soil milieu as oxidis-
ing (Eg > 300 mV) while three Pt electrodes did not detect
O, in close vicinity of the Pt surface (Figure 4a) which
shows the high heterogeneity of the examined topsoil. The
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FIGURE 2 Air-filled porosity (e; a), oxygen saturation (O,; b), and soil redox potential (Ey; c) for the topsoil and subsoil redoxtron
experiment. The data was aggregated for the saturation and drainage period with each 23 days of prevalence. Means and standard deviations
are shown in each panel.
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FIGURE 3 Images of the oxygen (O,) distribution for a topsoil (a) and a subsoil (b) subsequently to water saturation (images featuring
black numbers) and following to drainage (images featuring red numbers) at defined time scales. The red arrow marks the time point when
the water was removed from the redoxtron, the colour gradient represents the O, concentration (saturation; in %), the scale marks 20 cm,
and the white dotted line idealises the water table adjusted at 10 cm.
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FIGURE 4 Soil redox potential (Ey) development for all Pt electrodes after drainage of water table in the redoxtron for the topsoil

(a) and the subsoil (b). We defined the aeration phase from an initial response of a Pt electrode due to contact with O, until all Pt electrodes
achieved oxidizing soil conditions with Ey > 300 mV. Please note, coloured boxes highlight the aeration phase subsequent to the WT decline
(after 23 days). This period lasted only for 1 week for the subsoil and was not finished for the topsoil.
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FIGURE 5 Air-filled porosity (¢) measured in the redoxtron plotted against soil redox potential (Ey) for the topsoil and subsoil sample

among the depths in 2.5, 7.5, 12.5, and 17.5 cm. Black line is the loess regression smoothing to visualise the trend through the data.
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FIGURE 6 Spatiotemporal dynamics of ect conn and soil redox potential (Eyy) for a topsoil and subsoil sample. Data accounts for the

first 7 days of the aeration phase and the dashed brown line highlights the boundary between oxidising and reducing soil conditions.

subsoil turned from reducing to oxidising condition in
8 days (coloured box in Figure 4b) after which all Pt elec-
trodes showed oxidising soil conditions (Figure 4b). The
switch from reducing towards oxidising soil conditions
was found in a narrow e-window between 0.03 and
0.07 cm® cm ™ of for the subsoil (Figure 5).

The soil near the surface, for both the topsoil and the
subsoil, sample constituted the highest percentage of e
(Figure 7), which drastically decreased with soil depth
below 2 cm and corresponds well to ect and ecr conn
(Figures S5 and S6). On average for the complete soil
core, ect at field capacity (Figure S7, dotted line, where
coarse pores are drained) was 15.5% with no significant
differences compared with an ecr conn 0f 14.9%. The sub-
soil featured a significantly smaller ect of 3.33% and an
€cT_conn Of 1.3% (Figure 6). Whereas the topsoil featured
a very well-connected air-filled pore system (ect conn)
from the surface down to 20 cm depth, ect conn Was
absent below 3.5 cm for the subsoil (Figure 7 and
Figure S5). Nevertheless, the related Ey showed that for
the topsoil, only the upper part (0-5 cm depth) was under
oxidising conditions 7 days after aeration, while for the

subsoil it was the case for almost the full sample
(Figure 6).

4 | DISCUSSION
4.1 | Water table rise and impact on
the CF

The redoxtron setup showed that during the saturation
phase some air-filled pores remained for both the topsoil
and subsoil within the CF. Within hours, microbial and
root respiration started to consume the O, reservoir being
present in the pore space and within 3 days subsequent
to the water table rise strict anoxic conditions prevailed
below the water table (Figure 3a,b). This confirms that
soil depth (as a proxy for gas diffusion distances to the
free atmosphere) and SOM content shifts the microbial
community composition and activity and decreases the
bacterial abundance with increasing soil depth (Hao
et al., 2020), which would explain faster O, consumption
rates in the topsoil with 4.8 times elevated SOM
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saturated state (left) to the first 7 days of the aeration phase.

compared to the subsoil (Figure 3 and Table 1). Both
results of Ey and O, distribution suggest that the CF
extends only 4 cm above the water table for the subsoil,
while anoxic domains exist up to the soil surface for the
topsoil (Figure 3a,b and Figure S4E). To delineate the
extent of the CF by soil physical constrained parameters
is difficult, since (i) the CF strongly depends on the reten-
tion characteristics altered by fractures and macropores,
(ii) caution must be invoked in applying the concept to a
fluctuating water table because of a lack in hydrostatic
equilibrium and (iii) soil-water hysteresis would result in
a different CF with rising water table compared with a
falling water table (Nimmo, 2005). However, when
including the soil redox status this becomes even more
challenging due to two reasons: First, the spatial resolu-
tion of aeration sensors must be kept in mind, for exam-
ple, the Pt electrode is small but the axis was long
enough to reflect different aeration zones through inter-
and intra-aggregate domains (Fliihler et al., 1976; Zausig
et al., 1993). Another intrinsic soil property is the clay
content, which enhances the likelihood to detect anoxic
microhabitats in a presumably oxidising soil environ-
ment, as higher structural heterogeneity (with the pres-
ence of well-connected inter-aggregate macropores and
disconnected intra-aggregate meso/micropores) can be
assumed (Keiluweit et al., 2018).

4.2 | Anoxic microsites dominate the
drainage phase

Anoxic microsites in otherwise well-aerated soils were
found to be negatively correlated to clay content, an
effect attributed when O, consumption outpaces O,

supply through diffusion (Keiluweit et al., 2018). Even
though these small anoxic domains represented only a
small proportion of the topsoil, they differed plausibly
with the subsoil. This can be explained by lower clay and
SOM contents of the subsoil (Table 1) that favoured a fast
drainage together with a presumably lower microbial
activity leading to enhanced O, diffusion from the top.
The Ey-¢ relation is difficult to predict in the topsoil
due to the clay-rich microstructure (Dorau, Uteau,
et al., 2021) that characterised the sample - a feature to
which Pt electrodes are particularly sensitive. Overall,
characterisation of the aeration status in the CF might be
misleading if only one parameter is considered from the
e-0,-Ey triplet. Structural properties of the gaseous dif-
fusion paths as well as the spatiotemporal distribution of
gaseous sinks and sources render an interpretation par-
ticularly complicated (Flithler et al.,, 1976). However,
application of pedotransfer functions (PTFs) seem appli-
cable for the Ey-¢ relation in less aggregated soils, as our
subsoil sample, allowing to predict the switch from
reducing towards oxidising soil conditions. In addition,
prediction of the soil redox status based upon & might
work for small sample volumes (< 250 cm?) in soils with
structural pores (Dorau et al., 2018), but to tackle the
dynamic processes taking place in a fluctuating CF seems
far-fetched at present for larger samples (> 2000 cm’) of
well-structured soils, as our topsoil (Figure 5).

4.3 | Pore network characteristics

Our main findings on the 3D pore network, namely that
there is a higher extent of connective macroporosity in the
topsoil compared to the subsoil, are counterintuitive to the
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long time needed to switch from reducing to oxidising con-
dition at the topsoil and a very narrow timespan at the
subsoil (Figure 7). We assume that independent of the
well-connected pore system that initialises a fast transport
of O, towards the 17.5 cm depth after 2 days of drainage,
anoxic microsites prevail up to 23 days and these remain a
nucleus for reducing conditions. On the contrary, discon-
nected pores (in terms of the resolved pores by X-ray CT)
in the subsoil do not necessarily prevent a fast soil aeration
process as shown by the Ey readings (Figure 4b). This
indicates that oxygenation and an increase in Ey from
reducing towards oxidising conditions is a combined result
of the microbial activity and aeration through macropores
(and presumable pores that were not resolved by the
achieved X-ray pCT resolution that would drain at higher
matric potentials).

44 | Undisturbed soil samples - A key to
better understand dynamic redox processes

Recent attempts to characterise the CF more into detail
with focus on redox dynamics and biogeochemical pro-
cesses (e.g., nitrogen transformation) are very useful (Fiola
et al., 2020). However, research in this respect should
focus on undisturbed soil samples rather than using homo-
genised soil within repacked soil columns as commonly
done (Farnsworth et al., 2012; Fiola et al., 2020;
Rezanezhad et al., 2014; Tokunaga et al., 2018). This is
important not only with respect to soil structure that
changes significantly by homogenisation generating an
artificial pore space but also to the accessibility and distri-
bution of organic matter that plays a major role in redox
dynamics. Obviously, a natural soil with a given soil archi-
tecture accounts for structural units featuring intra- and
inter-aggregate domains, which can result in steep Ey and
O, gradients (Keiluweit et al., 2018; Sexstone et al., 1985).
Thereupon, roots alter the extent to which O, and Ey are
influenced driven by the soil water content (Uteau
et al., 2015). Undisturbed soil sampling maintains the soil
architecture as it constraints physical, chemical and bio-
logical processes more realistic and is more of societal con-
cern to understand soil functions (Vogel et al., 2022).
Likewise, we know that organic matter is rather heteroge-
neously distributed in naturally structured soils (Peth
et al., 2014) and this needs to be considered when drawing
conclusions on the spatial heterogeneity of Ey and O,
availability. Future efforts should be made to account for
anoxic microsites in soil redox processes by (i) better mim-
icking field conditions using well-controlled experimental
designs, (ii) including non-invasive imaging techniques
and (iii) enhancing models accounting for the small scale
spatial relationships between pores, organic matter and

microbial activity (Ngom et al, 2011; Zhang &
Furman, 2021). In this study, we aimed to incorporate this
behaviour while merging 1D, 2D and - at best — 3D oper-
ating systems to highlight spatiotemporal diverse redox
dynamics taking place within the CF. Redoxtrons and the
presented methodological approach can greatly contribute
to better understanding the complex interplay between
water table rise and drainage in temporarily water satu-
rated soil environments. Our setup allows a more discrete
characterisation of the spatiotemporal extent in the CF,
which has the benefit to e.g., optimise sampling protocols
for soil solution to investigate redox sensitive species and
their relationship to environmental parameters investi-
gated within this study. For instance, dynamics for the
mobilisation or retention of redox sensitive trace metals
(Fe*"/Fe’" and As*'/As’") or improve models of trace
gas evolution (N,O/N, and CH,/CO,) based on observa-
tions that can complement our setup.

5 | CONCLUSIONS

Classically, field experiments that focus on redox dynam-
ics utilise single point measurements (1D), while incuba-
tion experiments in the laboratory employ homogenised
and repacked soil columns. Both factors neglect the com-
plex interplay of dynamic variables, such as the triplet of
air-filled pores, O, saturation and redox potential in tem-
porarily water saturated soil environments. Redoxtrons
feature a novel system with direct and indirect tech-
niques covering 1D to 3D measurements that is capable
to capture transient redox processes. A better understand-
ing from the millimetre (e.g., aggregates) up to the deci-
metre (e.g., pedon) scale can be achieved - both in space
and time. At the same time, this system avoids a misin-
terpretation of the soil redox status due to the small-
scaled Pt electrode reading that has a high sensitivity to
spatial heterogeneity. Using the redoxtron, we could
relate physically constrained parameters that define the
CF with information about the onset of reducing condi-
tions, e.g., horizon-specific redox hysteresis as observed
by non-uniformly behaviour during the saturation and
the drainage phase. In this context, future studies might
incorporate biogeochemical processes featuring the
depth-dependent production of greenhouse gases, soil
solution composition featuring redox-active metals, and
fate of organic and inorganic contaminants and
nutrients.
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