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A B S T R A C T

In soils with perched water tables, frequent changes between reducing and oxidizing conditions result in the
formation of redoximorphic features (RMF). Perched water tables are linked to the presence of a low water-
permeable soil horizon and high water input by precipitation. Precipitation, however, is strongly affected by
climate change. Hence, we postulate that soils with a perched water table are particularly vulnerable to climate
change. To verify this hypothesis, we set up a monitoring campaign from April 2014 to October 2019 at a
forested Planosol in North Rhine-Westphalia, Germany. On an hourly basis, the redox potential (EH) and air-
filled pore volume (ε) were measured in four soil depths. Furthermore, we calculated the CWB and employed two
future climate scenarios for the years 2071–2100 to discuss the consequences for RMF formation. Reducing
conditions were evident in the moist hydrological winter of 2015 and 2016, while oxidizing soil conditions
(EH > 300 mV at pH 7) prevailed throughout the drier years (2017, 2018, 2019) for the whole soil profile.
Concomitant with an increase in ε during spring, we observed a switch from reducing to oxidizing soil conditions
at low ε of 0.01–0.03 cm3 cm−3 in the temporarily water-saturated soil horizons. At present, reducing soil
conditions are limited during early spring during which manganese and iron can be mobilized from their oxides.
Thus, RMF actively form but the CWB forecast until 2100 indicates a lower water input, which will diminish the
period for redox-induced mineral dissolution. This study provided the essential information that soils with a
perched water table are specifically vulnerable under progressing climate change. Presumably, RMF become
more and more relictic that needs to be validated in the future.

1. Introduction

Redoximorphic features (RMF) in soils are the result of frequent
changes between reduction and oxidation (redox) (Reddy and DeLaune,
2008). When the oxygen (O2) pool of a soil is exhausted during pro-
longed periods of water saturation, microorganisms utilize electron
acceptors other than O2 in a stepwise manner and reduce them to their
soluble and mobile counterparts (e.g., tetravalent manganese (MnIV) to
Mn2+; trivalent iron (FeIII) to Fe2+) (Gotoh and Patrick, 1972; Gotoh
and Patrick, 1974). After re-aeration, the mobile metal species are
immobilized by oxidation as their corresponding oxides. The redis-
tribution and accumulation of Mn and Fe oxides forms RMF under
variable redox conditions and is an important soil forming process used
in many soil classifications (AG Boden, 2005; IUSS Working Group
WRB, 2015; Soil Survey Staff, 2014) and nowadays known as re-
doximorphosis (Scheffer and Schachtschabel, 2018). Prolonged periods
of water saturation by groundwater favors the development of gleyic

properties (in Gleysols), and periods of temporarily perched water fa-
vors stagnic properties (in Planosols, Plinthosols and Stagnosols) (IUSS
Working Group WRB, 2015). Perched water is also known as ‘episa-
turation’ (Soil Survey Staff, 2014), ‘surface water’ (IUSS Working Group
WRB, 2015), or ‘Stauwasser’ (AG Boden, 2005) but termed to variable
extent throughout the literature (e.g., ‘surface water soils’ (Blume and
Schlichting, 1985); ‘seasonally waterlogged soils’ (Cornu et al., 2009);
‘perched seasonal water table’ (Owens et al., 2001)). An upper reduced
soil horizon with bleached colors combined with a lower oxidized
horizon with browner colors exemplify stagnic properties (Chesworth,
2008) that can be identified due to characteristic oximorphic and re-
ductimorphic colors (IUSS Working Group WRB, 2015).

The particle size distribution controls the water permeability of soils
and is a key component of soils having a perched water table. Two
characteristic features can be differentiated for soils with a perched
water table: (i) a pre-dominant fine sandy-silty matrix with high field-
capacity and (ii) a coarser textured substrate underlain by a clay-rich
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subsoil horizon of low water-permeability (Blume and Schlichting,
1985). These genetic differences are incorporated within the German
soil classification exemplified by soil types such as ‘Haftpseudogley’ for
the former and ‘Pseudogley’ or ‘Stagnogley’ for the latter textural fea-
ture having RMF (AG Boden, 2005). Besides interflow, in most cases
soils with perched water table receive their water intake solely by
precipitation and typically demonstrate reducing conditions only sea-
sonally because of precipitation distribution. Hence, we postulate that
these soils are vulnerable to changes in the climatic conditions and the
current redox status under global warming along with modifications in
precipitation dynamics do not necessarily reflect persistent RMF that
formed under different climatic conditions in the past. The persistence
of RMF renders it particularly difficult to distinguish between relict or
recent redoximorphosis. Overall, redox dynamics in soils with perched
water table are highly variable both spatially and temporally because of
soil properties and precipitation dynamics.

A key parameter to characterize and quantify the soil redox milieu is
the redox potential (EH) in units of electrochemical energy (DeLaune
and Reddy, 2005). Although EH has only a semi-quantitative sig-
nificance in soils, due to soil complexity and thermodynamic limitations
on the use of Pt electrodes (Bohn, 1971; Whitfield, 1974), numerous
publications have demonstrated the linkage of EH to abiotic processes
such as aeration or water table fluctuations (Glinski and Stepniewski,
1985; Mansfeldt, 2003). Fortunately, the Pt electrode responds to
changes in the electroactive Fe2+−Fe3+ redox pair and, thus, the EH is
supportive to detect the occurrence of dissolved and adsorbed Fe2+

under field conditions (Cogger et al., 1992; Mansfeldt, 2004). Indeed,
the IUSS Working Group proposed an EH drop below 177 mV at pH 7
(equals a rH of 20; IUSS Working Group WRB, 2015) for indicating of Fe
reducing conditions, a prerequisite to actively form RMF. In addition to
Fe, Mn2+−Mn3+/4+ participates in electron transfer reactions and is
likewise an important constituent to form RMF. Another important soil
parameter that is easy to measure is the soil water content and related
to it the air-filled pore volume (ε). Considering the relation between EH
and ε, an increase in ε decreases the volume of anaerobic soil and fa-
cilitates oxidizing soil conditions over time. Previous studies have al-
ready pointed out this relation (Flühler et al., 1976; Glinski and
Stepniewski, 1985; Grable and Siemer, 1968) that has been quantita-
tively assessed within undisturbed soil cores by Dorau et al. recently
(2018).

To investigate the interactive dependency between atmospheric,
soil hydrologic and redox conditions, we set-up an EH monitoring
campaign in a forested soil located in the temperate region. The ob-
jectives of this study were to (i) assess and quantify the EH-ε relation in
a forested Planosol under the present climatic conditions, and (ii) dis-
cuss the driving forces of soil formation under perched water table
conditions in light of two future climatic scenarios. For this reason, the
climatic water balance (CWB) was calculated for the current EH and ε
monitoring campaign (April 2014 to October 2019) to evaluate the site-
specific impacts of meteorological forcing on redox dynamics. In ad-
dition, the CWB was calculated for the reference period from 2071 to
2100 to assess the propensity for the development of redoximorphic
features in the future, i.e., under climate change.

2. Materials and methods

2.1. Study site

The study site was in Kottenforst Forest in southern North Rhine-
Westphalia close to the city of Bonn (50° 40′ 18″ N, 7° 02′ 48″ E;
168 m asl). The subsoil features colluvic Pleistocene material overlain
by clay and silt-rich aeolian Weichsel sediments. The reference soil
group is Epidystric Albic Planosol (Ferric) (IUSS Working Group WRB,
2015) and covers 80–90% of the study site. According to the German
classification system (AG Boden, 2005), the soil is a Parabraunerde-
Pseudogley and approximates the great groups of Albaqualfs,

Albaquults and Argialbolls (Soil Survey Staff, 2014). The site is covered
with common oak (Quercus pedunculata) and hornbeam (Carpinus be-
tulus) with minor contribution of small-leaved lime (Tilia cordata). The
mean annual air temperature is 10.8 °C with on average of 630 mm of
precipitation (reference period 1981–2010). Interflow is of minor
importance at the study site because the slope of the terrain is< 1°.

2.2. Soil properties

The morphology of the soil profile was described after excavating a
pit that was located 5 m from the monitoring plot where data was
collected. Disturbed soil samples were taken according to the installa-
tion depths of the soil probes. The samples were oven-dried at 40 °C and
sieved (< 2 mm) to measure the soil pH potentiometrically in deionized
H2O mixed 5:1 with soil (v/v) and the particle-size distribution after
pre-treatment with H2O2 by the sieve and settling method. Subsamples
were pulverized in a mixer mill (MM400, Retsch, Haan, Germany) to
determine organic carbon (OC) and nitrogen (N) by dry combustion
with a CNS analyzer (vario EL cube, Elementar, Hanau, Germany). The
oxidic Mn and Fe oxide pool was extracted by using oxalate
(Schwertmann, 1964) and dithionite-citrate-bicarbonate solution (DCB;
Mehra and Jackson, 1960) following analysis of Mn and Fe con-
centrations by ICP-OES (SPECTROGREEN, Spectro, Kleve, Germany).
Concomitantly, undisturbed soil samples were taken by steel cylinders
(250 cm3) to determine the water retention curve and to derive soil
hydraulic properties with quintuplicate repetition (Schindler et al.,
2010; UMS, 2015). The saturated hydraulic conductivity was measured
by the falling head method with eightfold repetition (KSAT®, UMS,
Munich, Germany). The bulk density was determined at the same steel
cylinder used to determine soil hydraulic properties and saturated
conductivity by weighting after oven-heating for 24 h at 105 °C.

2.3. Field monitoring

The monitoring plot was 3 by 3 m and equipped with the following
instruments in the Eg (25 cm), Btg (65 and 90 cm), and 2Bg (120 cm)
horizons in March 2014: EH measurements were conducted with per-
manently-installed Pt electrodes in threefold repetitions placed in
stellar constellation around a silver-silver chloride reference electrode
(ecoTech, Bonn, Germany; 3 M KCl internal electrolyte). The readings
were converted to the standard hydrogen electrode by adding 207 mV
to calculate the EH. Readings were adjusted to pH 7 by using Eq. (1) and
by considering the pH of field-collected soil samples as commonly done
for comparability (Bohn, 1971):

=E (pH 7) E (pH 7)· 59 mV.H H (1)

To obtain matric potentials, Tensiomark sensors (ecoTech, Bonn,
Germany) were installed in duplicate in close vicinity (~10 cm hor-
izontal distance) to the Pt electrodes at the corresponding depths. We
used the Durner equation based on a van Genuchten-Mualem-type
function to convert matric potential data into volumetric water contents
(Durner, 1994). The soil hydraulic properties were derived from steel
cylinder sampling. In order to calculate ε, we subtracted the soil water
content at saturation (θs; cm3 cm−3) by the converted soil water con-
tent determined in the field (θ; cm3 cm−3). All readings were measured
on hourly basis, stored in a data logger (enviLog Maxi, ecoTech, Bonn,
Germany) and sent by GPRS.

2.4. Statistical analysis

We analyzed the dataset by a holistic and universal statistical ap-
proach in order to derive a quantitative relation between EH and ε and
investigate critical ε thresholds (εth) that facilitate the switch from re-
ducing towards oxidizing soil conditions. Therefore, we followed the
procedure presented by Nakamura et al. (2018). Very briefly, the di-
chotomy of the EH and ε data was assumed with an EH reference
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level> 300 mV at pH 7 (EHref; ‘threshold’ between reducing and oxi-
dizing soil conditions) and with arbitrarily specified values of ε0 with an
increment Δε0 of 0.01 cm3 cm−3. The EH threshold was proposed by
Reddy and DeLaune (2008) and is slightly higher than the value of
177 mV according to the IUSS Working Group WRB (2015) to char-
acterize reducing conditions. While the former value integrates the
important range of Mn oxide reduction between 200 and 300 mV at pH
7 (Dorau and Mansfeldt, 2015; Gotoh and Patrick, 1972), the latter
classification scheme ignores the Mn2+−MnO2 redox system and the
formation of Mn concretions and nodules over time. Therefore, we
consider the value of 300 mV more appropriate for our objectives. After
defining EHref and specifying Δε0, the dataset was divided into four
groups: n1 (εth < ε0 and EH > EHref), n2 (εth < ε0 and EH < EHref),
n3 (εth > ε0 and EH > EHref), and n4 (εth > ε0 and EH < EHref).
Consecutive computations were made for ε0 (e.g., from water saturation
towards an ε of 0.20 cm3 cm−3), and the valid numbers of each group
were counted for which the prerequisites were met. The counted
numbers were implemented into the function f(ε0) = n1 · n4 – n2 · n3
and εth was identified by seeking for ε0 with the maximum value of f
(ε0). For further statistical analyses of the CWB, EH, and ε, we tested for
normality by the Shapiro-Wilk test, and because of non-normally dis-
tributed data, the Spearman’s rank correlation coefficient was calcu-
lated by XLSTAT-Pro software (Addinsoft V.2014.1.05.). If not other-
wise specified, the data are presented as mean with the standard error
of the mean (± ).

2.5. Climatic water balance and future scenarios

We obtained meteorological data from the synoptic weather station
Euskirchen (18 km west of the site; German Meteorological Service,
2009), to calculate the monthly CWB defined as the difference between
evapotranspiration and precipitation. The advantage to implement the
nearby weather station is that we can access a coherent dataset that is
present for three fundamental periods incorporated in this study, which
is the reference period from 1981 to 2010, the ambient monitoring
period from 2014 to 2019, and two future scenarios from 2071 to 2100.
The data enabled to calculate rates of evapotranspiration in mm d–1 by
the Haude formula with

=PET f e F· 1
100

.Haude s (2)

The plant-specific coefficient f refers to individual beech trees for
each month and approximates the conditions found at the study site

(Haude, 1952), F is the relative humidity (%), and es is the water vapor
saturation deficit (hPa) for air, which was calculated by entering the air
temperature at 14:00 CET into the formula

= +e e6.11· .s
T

T
(17.62· )

(243.12 ) (3)

The future scenarios are based on the regional climate model STAR
(German Meteorological Service, 2009; Orlowsky et al., 2008; Potsdam
Institute for Climate Impact Research, 2013) and account for the Re-
presentative Concentration Pathways (RCPs), 2.6 and 8.5, that reflect
the possible range of radiative forcing with 2.6 and 8.5 W m−2 pro-
posed by the Intergovernmental Panel on Climate Change.

3. Results and discussion

3.1. Soil properties

Soils influenced by perched water tables (i) contain stagnic properties
and (ii) reducing conditions must temporarily prevail (IUSS Working
Group WRB, 2015). These prerequisites are fulfilled as indicated by
oximorphic and reductimorphic color pattern covering ≥ 50% area
within the upper 50 cm (Table 1 and Fig. 1), and reducing conditions
with EH < 300 mV at pH 7 persist for some time during the year
(Fig. 2b and d). If an abrupt textural change occurs the soil is a Pla-
nosol, which is the case here (IUSS Working Group WRB, 2015). The pH
slightly increased from the Eg horizon with pH 4.5 towards pH 5.1 in
the subsoil (Table 1). The OC content ranged between 3.8 and
1.8 g kg−1, with narrow C/N ratios. Sand contents were generally low
while silt contents were high due to the aeolian-deposited sediments.
The occurrence of perched water is strongly bound to the hydraulic
conductivity of a soil which, in turn, is negatively correlated with the
clay content (Tsubo et al., 2007). Hydraulic conductivities are seldom
measured to relate redox dynamics under perched water table condi-
tions (Hseu and Chen, 1996; Megonigal et al., 1993; Owens et al., 2001)
but are mainly responsible, together with climatic conditions, for the
degree of bleaching within the Eg horizon (Blume and Schlichting,
1985). The saturated hydraulic conductivity of 2.0 ± 0.7 and
3.4 ± 4.3 cm d–1 in the dense Btg and 2Bg horizon is similar to other
studies, e.g. with 1.8 cm d–1 (Garg et al., 2005) or 1.7 cm d–1 (Hseu and
Chen, 1996).

3.2. CWB, ε, and EH interactions

The CWB ranged between −178 mm during the dry hydrological

Table 1
Soil properties of the Planosol monitoring depths (shown are mean ± standard error).

25 65 + 90 120

Horizon (–) Eg Btg 2Bg
Matrix (–) 10YR 6/3 10YR 4/6 7.5YR 5/3
Reductomorphic (–) – 10YR 6/3 20% 7.5YR 6/2 20%
Oximorphic (–) 7.5YR 5/8 1% 10YR 5/8 30% 7.5YR 5/8 30%
pH in H2O (–) 4.5 ± 0.1 4.9 ± 0.1 5.1 ± 0.1
Oxalate extractable Mn / g kg−1 0.38 ± 0.03 0.15 ± 0.08 0.05 ± 0.01
Oxalate extractable Fe (Feo) / g kg−1 1.97 ± 0.01 2.77 ± 0.19 2.63 ± 0.42
Dithionite extractable Fe (FeDCB) / g kg−1 5.91 ± 0.03 9.84 ± 0.12 11.40 ± 0.57
Feo/FeDCB (–) 0.33 0.28 0.23
Organic carbon (OC) / g kg−1 3.8 ± 0.2 2.2 ± 0.1 1.8 ± 0.1
Nitrogen (N) / g kg−1 0.3 ± 0.04 0.3 ± 0.02 0.2 ± 0.01
OC/N (–) 12.7 7.3 9
Sand / g kg−1 68 ± 5 50 ± 7 148 ± 22
Silt / g kg−1 809 ± 30 675 ± 21 570 ± 28
Clay / g kg−1 122 ± 15 276 ± 22 283 ± 11
Porosity / cm3 cm−3 0.43 ± 1.2 0.43 ± 0.6 0.39 ± 2.3
Air capacity (θ at pF 1.8) / cm3 cm−3 0.07 ± 1.3 0.05 ± 0.6 0.04 ± 0.4
Permanent wilting point (θ at pF 4.2) / cm3 cm−3 0.08 ± 0.2 0.20 ± 0.2 0.21 ± 0.8
Bulk density / g cm−3 1.51 ± 0.1 1.55 ± 0.1 1.65 ± 0.1
Saturated hydraulic conductivity / cm d–1 21.0 ± 20 2.0 ± 0.7 3.4 ± 4.3
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summer of 2018 and 406 mm during the moist hydrological winter in
2015 (Table 2). Typical for mid-latitude regions, the CWB was lower
during the hydrologic summer (high evapotranspiration) compared
with the hydrologic winter (low evapotranspiration). The relation be-
tween the CWB and ε is negatively correlated (Table 3) with the fol-
lowing specific features: (i) ε declined towards the hydrologic winter
and peaked during the hydrologic summer (Fig. 2a to d), (ii) ε declined
with soil depth in each year, since water consumption by

evapotranspiration in the well-rooted topsoil was higher than in the
subsoil (Table 2), (iii) the period with ε > 0.001 cm3 cm−3 (i.e. pores
were not water-saturated) declined with soil depth for the entire period
(Fig. 2a to d), and (iv) differences in the individual hydrologic years
have major impacts with respect to ε (Table 2). Values of ε peaked in
the summer, up to 0.25 cm3 cm−3, and were close to water saturation
during the hydrologic winters, especially in 2015 and 2016 (Fig. 2).

Considering the redox dynamics, oxidizing soil conditions prevailed
constantly at 25 and 90 cm depths (Fig. 2a and c), but the soil was
reduced (EH < 300 mV) for 14% and 7% of the time at 65 and 120 cm
depths, respectively (Fig. 2b and d). A seasonal EH oscillation was
evident within these depths, with an EH decline during the hydrologic
winters of 2015 and 2016 followed by a sharp EH increase from March
to May. The relation between EH and ε was significantly positive cor-
related and increased with depth as indicated by Spearman’s rank
correlations (Fig. 2b–d, Table 3).

The ε threshold values that separate the data into oxidizing and
reducing soil conditions revealed a relatively small ε of 0.03 and
0.01 cm3 cm−3 at 65 and 120 cm depths, respectively (Fig. 3). These
thresholds, which were derived by the dichotomy of the dataset, were
lower than the ones reported in a laboratory-based study that ranged
between 0.036 ± 0.006 to 0.047 ± 0.005 cm3 cm−3 for a sandy soil
and 0.048 ± 0.008 to 0.085 ± 0.007 cm3 cm−3 for a silt loam (Dorau
et al., 2018). Modifications of the measurement principle results in
variable sensor accuracy and might explain this finding with heat dis-
sipation matric potential sensors (± 30 hPa) in this study compared
with tensiometric readings (± 1.5 hPa) for the laboratory study (Dorau
et al., 2018). Independent of this, the dichotomous separation of the EH-
ε data set is useful for parametrizing study sites and predicting changes
in redox dynamics, e.g., when soil water content is measured, but EH
data is missing. The advantages of this statistical approach to derive the
EH-ε relation comprise an independent, universal procedure usable by
stakeholders and practitioners dealing with ecological functions and
geochemical cycling.

3.3. Future prospects of redox dynamics in Kottenforst Forest

Factors that are conducive for the development of reducing condi-
tions and the formation of RMF include (i) water saturation of the soil,
(ii) adequate OC and (iii) elevated soil temperatures for sufficient mi-
crobial activity as well as (iv) adequate supplies of Fe and Mn (sum-
marized by D'Amore et al., 2004). This generalized view is very site-
specific and it is now recognized, for instance, that the occurrence of
RMF in soils is more related to the lengths of time the soil is in a re-
duced state than it is in a water saturated state (Vepraskas, 2015;
Vepraskas and Wilding, 1983). This is exemplified at Kottenforst Forest
in the following: the EH was consecutively at oxidizing soil conditions
from 2017 to 2019, even though water was perched in 65, 90, and
120 cm depth during that period (Fig. 4b). The relatively moist years in
2015 and 2016 with ε < 0.03 cm3 cm−3 in the topsoil, however, sti-
mulated the onset of reducing soil conditions in the subsoil (Fig. 4c) due
to impaired O2 diffusion from the atmosphere. This reflects the de-
coupled behavior that water saturation does not necessarily foster the
prevalence of reducing soil conditions.

Under the ambient climatic conditions, reducing conditions oc-
curred in two out of five years. Both RCP scenarios from 2071 to 2100
indicate that the study site will become drier, specifically during the
hydrologic summer in comparison with the reference period from 1981
to 2010 (Table 2). The dry hydrologic summer of 2018 with a CWB of
–187 mm (Table 2) can be seen as a harbinger of what we have to
expect. Since the CWB was negatively correlated with ε in the upper soil
horizons and ε, in turn, affected the prevalence of reducing soil con-
ditions, the likelihood for the occurrence of annual reducing conditions
at this study site is negligible in the future. In addition, presumable
changes in the distribution of precipitation will enhance the likelihood
for this scenario. Recent observations highlight a trend towards high

Fig. 1. Image of the Epidystric Albic Planosol (Ferric) at Kottenforst Forest near
Bonn, North Rhine-Westphalia, Germany. The monitoring depths were at 25,
65, 90, and 120 cm depths for redox potential and matric potential readings.
The soil is a Parabraunerde-Pseudogley (Sw-Ah/Sw-Al/Sw/Sd/IISd) according
to the German soil classification (A color version of this image is available in the
online version).

Fig. 2. Development of the mean redox potential (EH; black line) and air-filled
pore volumes (ε; grey line) at 25 (a), 65 (b), 90 (c), and 120 cm (d) soil depths
on an hourly basis for the monitoring period from April 2014 to October 2019.
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precipitation and convective weather conditions in Central Europe
(Bárdossy and Caspary, 1990; Hoy et al., 2014) with the probability for
more intense precipitation events over most mid-latitude land masses in
the future (IPCC, 2014). This has implications for the redox dynamics of
soils with perched water table because (i) short-lasting convective
precipitation (high intensity) will result in surface run-off depending on
the relief in comparison with long-lasting advective precipitation (low
intensity) and (ii) enhanced evapotranspiration will diminish the wet
period and therefore the extent of reducing soil conditions. Thus, there
is a curtailed period for RMF to form. Soils having a perched water table
receive their water intake exclusively by precipitation and, thus, are
particularly vulnerable to changes in the dynamics of precipitation.
Additional external factors (e.g., weather/climate, soil temperature;
Fig. 5a) along with internal factors (e.g., pH, organic matter, parent
material, Mn and Fe oxide characteristics; Fig. 5b) control the dis-
tribution of RMF in soils with perched water table in space and time.
These factors cannot be portrayed individually and, thus, climate
change induced impacts on biogeochemical cycles in the future are
particularly site-specific. To distinguish whether RMF are relictic or
redoximorphosis is still active it is possible to use (i) dyes that react
with Fe2+ to colored compounds (Childs, 1981), (ii) conduct soil so-
lution sampling following the terminal electron-accepting processes
(TEAPs) approach (Chapelle et al., 1995), and (iii) employ Indicator of

Reduction in Soils (IRIS) tubes coated with synthetic MnIII,IV (Dorau and
Mansfeldt, 2015) or FeIII oxide (Jenkinson and Franzmeier, 2006;
Rabenhorst and Burch, 2006). Each method has its advantages and
shortcomings but long-term trends of reducing conditions in soils are
studied at best by permanent installed Pt electrodes with recording of
the EH (Dorau and Mansfeldt, 2016; Mansfeldt, 2020). It is highly

Table 2
Meteorological and soil hydrological data for the reference period from 1981 to 2010, the hydrological years 2014 to 2019, and two future scenarios from 2071 to
2100 (each year refers to the period from 1st of November to 31st of October).

Precipitation/mm Sum of precipitation/mm CWBc/mm CWB/mm εd/cm3 cm−3

25 65 90 120

Ref HWa 269 632 166 207 n.d.
HSb 363 41

2014 HW n.d.e n.d. n.d. n.d.
HS 566 291

2015 HW 434 934 406 491 0.032 ± 0.004 0.007 ± 0.001 0.002 ± 0.001 0.002 ± 0.002
HS 500 85 0.103 ± 0.005 0.069 ± 0.006 0.043 ± 0.011 0.049 ± 0.009

2016 HW 426 864 399 478 0.029 ± 0.006 0.008 ± 0.001 0.006 ± 0.002 0.010 ± 0.001
HS 438 79 0.115 ± 0.008 0.072 ± 0.020 0.022 ± 0.008 0.027 ± 0.002

2017 HW 277 680 253 336 0.086 ± 0.004 0.070 ± 0.016 0.027 ± 0.012 0.036 ± 0.001
HS 403 83 0.140 ± 0.007 0.106 ± 0.026 0.038 ± 0.009 0.053 ± 0.006

2018 HW 346 629 318 140 0.074 ± 0.004 0.039 ± 0.009 0.017 ± 0.003 0.025 ± 0.003
HS 283 –178 0.194 ± 0.013 0.074 ± 0.037 0.046 ± 0.009 0.070 ± 0.011

2019 HW 345 509 314 186 0.096 ± 0.009 0.058 ± 0.012 0.021 ± 0.005 0.047 ± 0.003
HS 164 –128 0.100 ± 0.013 0.002 ± 0.009 0.014 ± 0.003 0.018 ± 0.008

RCP2.6f HW 265 591 143 137 n.d.
HS 326 –6

RCP8.5f HW 282 593 124 9
HS 311 –114

a Hydrological winter (period from November 1 to April 30).
b Hydrological summer (period from May 1 to October 31).
c Climatic water balance.
d Air-filled pore volume.
e Not determined.
f Representative Concentration Pathways with a radiative forcing of 2.6 and 8.5 W m−2.

Table 3
Spearman’s rank correlation coefficient for selected variables on monthly basis
of the Planosol monitoring depths (n = 132).

Depth cm EH vs. εa CWBb vs. ε CWB vs. EH

25 −0.038 −0.621*** 0.248
65 0.531*** −0.501*** −0.0347
90 0.741*** −0.240 −0.157
120 0.767*** −0.114 0.131

*** Significant at P < 0.001
a Air-filled pore volume.
b Climatic water balance.

Fig. 3. Dichotomy diagram of data at 65 (dark grey) and 120 cm (white) soil
depths with respect to air-filled pore volumes (ε) and redox potentials (EH). The
increments for ε was arbitrarily set to 0.01 cm3 cm−3 and the reference
threshold for EH was set to 300 mV (threshold between oxidizing and reducing
soil conditions). The dataset was divided into four groups of n1, n2, n3, and n4
(for a detailed description see above).
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recommended to assess the climate change induced risks for soils by
empirical data as exemplified within this study contrary over a quali-
tative manner or by mathematical simulations as commonly performed
in soil sciences (Pfeiffer et al., 2017).

4. Conclusions

This study provided important information on the EH-ε interaction
under in situ conditions at a forested Planosol. The switch from reducing
towards oxidizing soil conditions in temporarily water-saturated soil
horizons occurred at low ε of 0.01 and 0.03 cm3 cm−3. Reducing
conditions were evident under perched water table conditions in 2015
and 2016 but absent from 2017 to 2019. From a thermodynamic point
of view, it is realistic that Mn and Fe oxides form actively RMF but shifts
in the CWB are likely responsible that reducing conditions will diminish
in the future and RMF are relictic. Hence, soils with stagnic properties
are very vulnerable under the aspect of climate change. We encourage
implementing causal relations in order to obtain site-specific behaviors
for redox dynamics, such as the EH-ε-CWB feedback. This creates
knowledge-based possibilities for stakeholders to determine the beha-
vior of redoximorphic processes in soils featuring a perched water table.
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