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Abstract: Soil redox potential is an important factor affecting soil functioning. Yet, very few agronomy
studies included soil redox potential in relation to soil processes. The objective of this study was
to evaluate the spatial and temporal variation in soil redox potential and to determine the soil
parameters affecting its variation. Soil redox potential, soil moisture, soil temperature, pH and
bulk electrical conductivity were measured in upland rice fields during two growing seasons at
six positions along an upland-lowland continuum, including two positions at the upland, two at
the fringe and two at the lowlands in central Cote d’Ivoire (West Africa). The measurements were
made at the following soil depths: 3, 8, 20 and 35 cm. Soil redox potential varied between 500 and
700 mV at the upland positions, 400 and 700 mV at the fringe positions and 100 and 750 mV at the
lowland positions, and increased with soil depth. Variations in soil redox potential were driven by
soil moisture, bulk electrical conductivity and soil organic carbon. We concluded that for proper
interpretation of soil redox potential, sampling protocols should systematically include soil pH,
moisture and bulk electrical conductivity measurements.

Keywords: ecologies; electrochemical parameters; pH; redox potential; relationships; soil
moisture; variation

1. Introduction

Declining soil fertility is a major impediment to agricultural productivity and the main cause of
low food production in sub-Saharan Africa [1]. This is the result of poorly adapted production systems
such as slash-and-burn farming and too short fallow periods, leading to a continuous degradation of
the productive capacity of the land [2—4].

In a context of innovation for sustainable agriculture, there is an urgent need to implement
agricultural practices that take into account the processes at stake in soil functioning and are able to
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maintain and reinforce soil fertility [5]. This suggests working with effective indicators to understand
soil processes to design appropriate cropping systems. Indeed, the dynamics of key indicators and
their critical limits are needed to track changes and determine the trends in soil quality improvement
or deterioration for various agro-ecological zones [6,7].

Thus, various relevant soil parameters are regularly monitored: pH, a major parameter in many
physical-chemical reactions, influences the solubility and bioavailability of many soil minerals [8-10].
Electrical conductivity (EC) is also widely used to characterize various soil properties, such as cation
exchange capacity, salinity, nutrient concentration, residual moisture and soil texture [7,11,12]. We can
now associate the redox potential (Eh) to the level of oxidation/reduction in a given environment,
with soil redox potential values lower than 400 mV indicating a reduced environment. This important
parameter, which has long been neglected by agronomists because of the great variability in
the measurements [5,13,14], is now accessible after the robustness of the proposed measurement
methods [15].

Oxidation—reduction reactions have a profound effect on soil evolution. The chemical evolution
of soils is mainly determined by proton and electron fluxes that define the predominant soil mineral
fields [16,17] and their solubility [18]. In addition, Eh influences greenhouse gas emissions. Indeed,
the processes of decomposition, nitrification, denitrification or methanogenesis, respectively producing
carbon dioxide (CO;), nitrous oxide (N,O) or methane (CHy), are typical reductive oxidative reactions
that occur through electron exchange between the substrates [19-21]. Furthermore, soil Eh (and pH)
largely impacts the vegetation type, and inversely, plants alter soil Eh (and pH), especially in the
rhizosphere [5], making the plant essential in the course of the physicochemical processes in the soil.

Thus, with pH, Eh can therefore provide essential information for characterizing soil conditions
and its environment. Eh measurements could be used as a key indicator of field processes [5].

In soil the different parameters interact, therefore, soil processes can be better understood when
a combination of these relevant parameters is used. However, to do so, there is a need to better
understand the spatial and temporal variability of these indicators at the field scale, in order to develop
sampling protocols enabling a good control of this variability. Such an approach is an innovation in
the West African region.

The objective of this study was therefore to assess the spatial and temporal variation in soil
redox potential, pH and EC, and the soil parameters driving their variability in a derived savanna
agro-ecological zone of West Africa.

2. Materials and Methods

2.1. Study Area

The study was conducted in rainfed rice fields during two consecutive growing seasons, from June
to November 2016 and from June to November 2017, on two close experimental sites at the Africa Rice
Center research station M’bé located in the center of Ivory Coast. The station is located 35 km north of
Bouaké, between 7.5° and 8.5° North latitude and 4.5° and 5.5° West longitude (Figure 1).

The station is located in the agro-ecological zone of a derived savanna, mainly characterized by a
bi-modal rainfall pattern with two rainy seasons and two dry seasons. The first rainy season lasts from
March to June and the second rainy season from September to October [22]. Based on the climate data
for the period 1994-2014, the average annual rainfall is 1150 mm. Two peaks of rainfall are observed in
the study area: the first in June, with a total monthly rainfall amount of 125 mm, and the second in
September or October, with a total rainfall amount of 140 mm. The average daily temperatures vary
between 30 °C in March and 21 °C in January.

The measurements were made at six row positions along an upland-lowland continuum, including
two positions at the upland (Site 1), two at the fringe and two at the lowlands (Site 2). The upland
positions (Upland 1 and Upland 2) and the lowland positions (valley bottom) had a relatively gentle
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slope (<1% and 2%, respectively) while the fringe and glacis positions had a relatively higher slope,
5% on average (Figure 2).
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Figure 1. Location of the experimental site.
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Figure 2. Sampling points and measurements.
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According to the FAO soil taxonomy, soil at the upland was a Rhodi-humic Arisol; soil along the
slope was an Arisol chromi-haplic and soil at the lowland was an Orthi-gleyic Arenosol [22]. Soils of
the two sites were characterized before the beginning of the experiment through soil profiles (Figure 3).
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Figure 3. Profiles of the soils at the experimental sites.

At each experimental site, soil samples were collected at three soil depths: 0-5 cm, 15-25 cm and
35-45 cm. Soil samples (approximately 250 g) were air-dried at 30-35 °C to reach a water activity close
to 0.5, measured with a HP23-AW-SET-14 Rotronic water activity device (PST Group, Bassersdorf,
Switzerland) as described in [15]. The physicochemical analyzes were carried out on the fine soil sieved
to 2 mm. Organic carbon was measured by the Walkley and Black method by oxidation of the organic
material with a mixture of sulfuric acid (H>SO,) and potassium dichromate (K,Cr,Oy) and titration of
the remaining amount of K,Cr,O7 with ferrous sulphate. Granulometric analyzes were performed by
sieving and pipetting according to the Robinson pipette method, oxidation of the organic material with
hydrogen peroxide (H;O;), then dispersion with a solution of sodium hexametaphosphate (NaPOj3)g
and finally pipetting for the particles [23].

The pH measurements in water (pH-H;O) were made by extraction with distilled water taking a
solid/liquid mass ratio of 1 to 2.5 followed by a reading with a 3520 pH meter (Jenway, Stone, UK).
Similarly, the electrical conductivity measurement was carried out in distilled water with a ratio of 1 to
2.5 and reading the conductivity.

Analysis of soil particle size distribution (Table 1) revealed a unique texture on Upland 1 (Site 1):
sandy clay loam at horizons 0-5 cm, 15-25 cm and 3545 cm. On Upland 2, the texture varied from
sandy loam in the 0-5 cm horizon to sandy clay loam in the horizons 15-25 cm and 35-45 cm. At Site 2,
two textural situations were present on Fringe 1: loamy sand in the horizons 0-5 cm and 15-25 cm
and sandy clay loam in horizon 35-45 cm. A unique texture was observed on Fringe 2: loamy sand in
horizons 0-5 cm, 15-25 cm and 35-45 cm. On glacis, two textural situations were observed: sandy clay
loam in horizons 0-5 cm and 15-25 cm and loamy sand in the horizon 35-45 cm. In the valley bottom,
two textural situations also were observed: sandy clay loam in horizons 0-5 cm and 15-25 cm and clay
loam in horizon 35-45 cm.
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Table 1. Mean values (1 = 4) of the soil characteristics at different depths at the experimental sites.
Detailed values showing their spatial variability are given in Figure S1 in the Supplementary Material.

Soil pH 2ggrla)r(:ilc C(l;:llacl?;ltciility Clay Silt  Sand Texture
Depth H->0 % % %
ep (H»0) (%) (uS/cm) (%) (%) (%)

0-5cm 6.48 3.45 119.0 23.25 17.75 59.0 Sandy clay loam
Upland1 15-25cm  6.70 2.41 54.1 2825 12.25 59.5 Sandy clay loam
35-45 cm 6.70 1.37 47.3 3146 10.50 58.0 Sandy clay loam

0-5cm 6.27 2.62 86.4 16.21 11.25 725 Sandy loam
Upland2 15-25cm  6.40 1.43 32.2 26.00 8.74 65.3  Sandy clay loam
3545 cm 6.31 1.03 28.6 30.77 8.22 61.0 Sandy clay loam

0-5cm 6.59 2.15 894 12.00 7.50 80.5 Loamy sand

Fringe 1 15-25 cm 6.59 143 61.0 17.50 7.00 75.5 Loamy sand
3545 cm 6.61 1.05 55.3 24.00 6.50 69.5 Sandy clay loam

0-5cm 6.57 1.75 84.4 5.93 7.50 86.5 Loamy sand

Fringe 2 15-25 cm 6.76 0.92 35.9 6.50 6.85 86.7 Loamy sand

35-45cm  6.74 0.56 43.2 6.32 7.00 86.7 Loamy sand
0-5cm 6.24 2.92 143.3 22.25 16.25 61.5 Sandy clay loam
Glacis 15-25 cm 6.56 1.20 54.5 23.50 11.50 65.0 Sandy clay loam

35-45cm 647 0.32 34.0 14.00 6.50 79.5 Loamy sand
Vall 0-5cm 6.32 3.56 189.2 22.00 24.25 53.8 Sandy clay loam
b att Y 1525cm  6.78 1.20 92.8 2867 1833 530  Sandy clay loam

OHOM 35 45em  6.93 0.63 1145 3700 1875 443 Clay loam

All the experimental sites were slightly acidic (6.24-6.93). Soil organic carbon and electrical
conductivity decreased with soil depth (Table 1).

2.2. Experimental Design

The experiments were conducted at 2 sites located along the upland-lowland continuum. Both sites
were reclaimed in 2015, after over 12 years of being fallow but with frequent burning by wildfires.
On Site 1, the upper part of the toposequence located on the plateau, the vegetation before reclamation
consisted of tall (up to 4 m high) perennial grasses dominated by Pennisetum purpureum Schumach.,
Andropogon gayanus Kunth and Hyparrhenia rufa (Nees) Stapf, mixed with other species such as Digitaria
horizontalis Willd., Mucuna pruriens (L.) DC., Aeschynomene histrix Poir., 1816, Tridax procumbens L. or
Spermacoce stachydea DC. The vegetation on Site 2 showed a strong gradient across the toposequence:
the vegetation of the sandy-loamy fringe was largely dominated by Imperata cylindrica (L.) Raeusch,
with ocally a few species such as Hyparrhenia involucrata Stapf or Digitaria horizontalis Willd. In between,
on the “glacis”, the vegetation consisted of a diverse mixture of Imperata cylindrica (L.) Raeusch.,
Leersia hexandra Sw., Cyperus spp. (especially C. ferrax and C. esculentus), Centrosema spp., Phyllanthus
amarus Schumach. & Thonn., Aspilia bussei bussei O. Hoffm. & Muschl, Eclipta prostrata (L.) L., etc. In the
“bas-fond”, the lowest part of the toposequence, the vegetation was largely dominated by Leersia
hexandra Sw.

Land reclamation started in 2015, with the destruction of perennial grasses through crushing and
application of herbicide (glyphosate 1800 g ha™!) once re-growing plants were 30 cm tall. Rice was
then cultivated for the first time after ploughing and harrowing, and sawn in June 2015. During the
two consecutive growing seasons (June-November 2016 and June-November 2017), land at each
experimental site was firstly plowed to a depth of 30 cm in March and secondly plowed to a depth of
30 cm in May to remove all weeds and properly harrow the field. A rice variety able to grow in a wide
range of hydrological conditions was selected as the crop in this study. The upland rice variety NERICA
4, with a broad adaptation range [24], was grown; it was planted in pods at a 0.3 m x 0.3 m spacing—5
to 8 grains per pod—with a basal fertilizer application of 200 kg ha-1 of NPK (12-24-18), equivalent to
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24 kg N ha™!,48 kg P ha! and 36 kg K ha™!, a first top-dressing fertilizer (urea at 87 kg ha™! at 30 days
after sowing (DAS)) and a second-top dressing fertilizer (urea at 87 kg ha=! at 60 DAS). Seeds were
treated against fungi and insects and herbicide (oxadiazon, 1000 g ha™!) at sowing. No pesticide was
applied afterwards. The experimental design was a randomized complete block with 4 replicates.

2.3. Measurement of Electrochemical Soil Parameters

2.3.1. Measurement of Soil Redox Potential (Eh)

Soil redox potential was measured following [15], with a WTW3110 voltmeter (WTW, Weilheim,
Germany) (with an input resistance greater than 5 x 10> Ohm), an radiometer analytical Ag/AgCl
(KCL 3M) reference electrodes Ref 321 and a 40-cm-long, handmade probe produced by Paleoterra
(Netherlands), made of tubes of 8 mm in diameter epoxy reinforced with fiberglass in which was
integrated platinum ((Pt) pure redox sensors (99.95%). The probe was connected to a cable filled and
sealed with epoxy to form a sturdy and waterproof assembly that can be hammered into the ground.
The Pt sensors were distributed on the probe to obtain measurements at depths of 3 cm, 8 cm, 20 cm
and 35 cm. Each Pt sensor was connected to its own wire inside the cable. Soil redox potential (Eh) was
measured simultaneously on the different depths by connecting each Pt sensor to a different voltmeter
and reference electrode.

Before each series of measurements, the electrodes were cleaned with very fine sand paper and
calibrated regularly following [15]. The electrodes rinsed with distilled water were then calibrated in a
220 mV Zobell buffer solution before being rinsed and recalibrated in a 220 mV Zobell buffer diluted to
1% in 0.1M KCl. Finally, the electrodes were rinsed and wiped with paper and used for a series of 10 to
15 measurements.

The redox potential was measured by vertically planting the redox probe at the desired depth
into the ground, using a hammer. The Ag/AgCl reference electrodes associated with the different Pt
sensors were gently inserted into the soil at 2-3 cm near the redox probe (radius 5-15 cm). The E
value for each depth was the E (in mV), indicated on the voltmeter that was associated after 1 min
with no change in the E unit. After being measured, according to the Ag/AgCl reference electrode,
all potentials vs. AG/AgCl (E) were transformed to give Eh according to the normal hydrogen electrode
(NHE) with the relationship between the Ag/AgCl reference, temperature and NHE provided by the
radiometer instrument.

The first measurement at the beginning of a series, after the electrode testing and cleaning,
have always been considered as a “test” and were not included in the data analysis [15].

On the plots, measurements were collected as far as possible at a frequency of 15 days at each site,
between 08:00 and 11:00 a.m. to account for the variability of redox due to changes in soil temperatures
during the day. In case of rain, the measurements were suspended for 24 to 48 h.

In order to better define the redox conditions of the soils studied, Eh can be adjusted to pH
7 [15,25]

Ehyy; = Eh — RTT X Ln10 % (7 — pH) )

where Eh, 7 is the soil redox potential at pH =7, R is the perfect gas constant (8.314 JK~! mol™), T is
the temperature in Kelvin (25 °C = 298, K) and F the Faraday constant (96,485 C mol~1 =1 F). At25°C,
Eth7 = Eh-0.059 x (pH 7)

In this study, we used the notion of pe + pH, which is equivalent to Eh,y7, as shown by [26] as

RT
Ehypy = - x Ln10 X (pe +pH =7) ()

or

®)
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2.3.2. Measurement of Soil pH and Temperature

The soil pH and temperature (°C) were measured at depths of 3 cm, 8 cm, 20 cm and 35 cm with a
Field Scout Soil Stick pH Meter (Spectrum Technologies Inc., Aurora, IL, USA), which is equipped
with a flat surface electrode and simultaneously displays pH and temperature. Before each series of
measurements, the pH meter soil stick was calibrated with pH 4 and pH 7 solutions. The pH meter
was regularly cleaned with water between measurements.

2.3.3. Measurement of Soil Humidity and Electrical Conductivity

Volumetric soil moisture and bulk electrical conductivity (Ecb) were measured at depths of 3 cm,
8 cm, 20 cm and 35 cm with a portable HH2 moisture meter (Delta-T Ltd. device, Cambrigde, UK) and
a portable WET-2 sensor (Delta-T Ltd. device, Cambrigde, UK).

2.4. Statistical Analyses

Statistical tests, models and figures were done with Statistica 7.1 and R software. An analysis
of variance was conducted on the data collected. Mean values were tested for significant differences
using a least significant difference (LSD) or standard error of difference (SED) test. The probability
level of 0.05 was designated as significant. Correlation circles and multi-linear regression analyses
were conducted to identify the associations and relationships between the soil redox potential and the
soil properties at each experimental site and soil depth.

3. Results

3.1. Rainfall and Air Temperature

The cumulative rainfall amount was higher during the growing season (June-December) of 2017
(785 mm) than during the growing period (June-December) of 2016 (540 mm) (Figure 3). The rainfall
amount was low at the beginning of the growing season in June (45 mm) and reached its peak in
September with 178 mm and 215 mm in 2016 and 2017, respectively. The rainfall was more evenly
distributed in 2017 than in 2016, with 57 rainfall events in 2017 compared with 51 rainfall events in
2016. During the growing season, the average daily air temperature slightly varied between 21 and
26 °C in both years. At the experimental sites, there was a seasonal variation in the daily temperature
with the lowest temperatures (21-26 °C) recorded during the period June-November and the highest
temperatures (30 °C) recorded during the period March-May. The average daily temperature was
about 25 °C in 2016 and 2017 (Figure 4).
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Figure 4. Daily rainfall (mm) and daily air average temperature (°C) during the 2016 and 2017 crop
seasons at the experimental station.
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3.2. Soil Moisture

The evolution of the soil moisture in the uplands (Upland 1 and Upland 2), fringes (Fringe 1
and Fringe 2) and lowlands (glacis and valley bottom) during the 2016 and 2017 growing seasons are
shown in Figure 4. The average soil moisture was significantly higher in 2017 (0.21 m® m~3) than in
2016 (0.17 m® m~3) (Table 2). The mean soil moisture during the two growing seasons was significantly
higher in the lowland ecology (0.28 m® m~3 and 0.22 m® m™3, respectively, for valley bottom and
glacis) than on the uplands (0.15 m3 m~3 and 0.12 m3 m~3, respectively, for Upland 1 and Upland 2)
and fringes (0.11 m® m~2 and 0.08 m® m~3, respectively, for Fringe 1 and Fringe 2). Soil moisture was
higher in the deepest soil horizons than at the surface horizon (Table 2). Soil moisture also significantly
varied within the growing season and fluctuated with the rainfall amount. In general, the soil moisture
was higher in the months of September and October when the highest rainfall amount was recorded
(Figure 5).

Table 2. Average soil electrochemical characteristics at different soil depths of the experimental sites.

Treatments Temperature (°C) pH ?:In(;lf:'g? (m ;5 51];1*1) Eh (mV) Pe + pH
Year (Y)
2016 2822 5.942 0.172 0.142 560 2 15.352
2017 29.1b 5992 021" 0.18" 5622 15.342
SED (main year effect) 0.1 ns 0.01 0.01 ns ns
Site (S)
Upland 1 29.5°¢ 6.40 4 0.154 0.09° 570 b 15.90 4
Upland 2 2822 5.90b 0.12°¢ 0.06 2P 572 b 15.42 be
Fringe 1 29.0 be 6.06 0.11° 0.04 2b 556 &P 15.32°
Fringe 2 29.1¢ 6.13°¢ 0.082 0.032 558 ab.c 15.43 be
Glacis 2812 5702 0.22¢ 0.12¢ 5442 14.66 2
Valley bottom 28.7" 6.12¢ 0.28f 0.384 574 ¢ 15.71 ¢4
SED (main site effects) 0.4 0.1 0.02 0.04 16 0.27
Depth (D)
3cm 29.0°¢ 5.942 0.172 0.122 550 2 15.122
8 cm 285b 5982 0.19b 0.142 564 b 15.42b
20 cm 2842 5982 0.20°¢ 0.18" 566 P 15.44 0
35 cm 29.0°¢ 5.992 0.234 0.29 ¢ 569 P 15.47°
SED (main depths effects) 0.2 ns 0.01 0.03 10 0.2
Source of Variance p-Value
Year (Y) <0.001 0.06 <0.001 <0.001 0.40 0.63
Site (S) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Depth (D) <0.001 0.45 <0.001 <0.001 0.03 0.01
YxS <0.001 0.04 0.69 0.85 0.41 0.12
YxD 0.49 0.86 0.37 0.02 <0.001 <0.001
SxD 0.99 0.77 0.95 0.99 0.91 0.94
Y xSxD 0.99 0.05 0.05 <0.001 0.03 0.03

ECb: bulk electrical conductivity; Eh: soil redox potential; pH: soil pH; Pe + pH: soil pe + pH. SED: standard
error of a difference. 2P<def_letters in a column within a set indicate significant difference at p < 0.05 by the least
significant difference test. ns: not significant.
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Figure 5. Soil moisture at different soil depths during the 2016 and 2017 growing seasons. Error bars
indicate the standard errors of the mean.
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3.3. Soil Temperature Variation

Soil temperature varied greatly, depending on the year of the experiment, the location of the
site and the depth of the soil (Figure S2). On average, soil temperature was higher in 2017 (29.1 °C)
than in 2016 (28.2 °C). The greatest amplitudes of temperature variation were recorded at Upland 2,
between 23.5 °C and 37 °C in 2016, and at Fringe 1, between 25.8 °C and 35.1 °C in 2017. The smallest
amplitudes were registered at the glacis, between 25.5 °C and 31 °C in 2016, and at the valley bottom,
between 25.1 °C and 32.8 °C in 2017. The lowest average temperature was recorded at the glacis,
28.1 °C, and the mean highest temperature was recorded in Upland 1 (29.5 °C).

There was also a significant year-by-site interaction effect on soil temperature. In 2016, the lowest
soil temperature was recorded at Upland 2 (23.5 °C), while in 2017, the lowest soil temperature was
found at the glacis (25.1 °C). On average, the soil temperature was higher at a 3 cm depth and decreased
with soil depth (Table 2).

3.4. Electrical Conductivity Variation

The evolution of the bulk electrical conductivity (Ecb) of soils is presented in Figure 6. The bulk
electrical conductivity varied significantly with the location of the site. Conductivity was significantly
higher in 2017 (Table 2). Lowland ecology recorded the highest averages (0.38 mS.cm™! and
0.12 mS.cm™!, respectively, for valley bottom and glacis). The fringes recorded the lowest averages
(0.04 mS.cm™! and 0.03 mS.cm™?, respectively, for Fringe 1 and Fringe 2). On the upland, the averages
of 0.09 mS.cm~! and 0.06 mS.cm™! were recorded for Upland 1 and Upland 2, respectively (Table 2).
In the valley bottom where the highest Ecb was observed, there was a strong fluctuation, ranging
from 0.14 mS.cm™! to 0.48 mS.cm™~! in 2016 and from 0.14 to 0.77 mS.cm™! in 2017. The lowest soil
conductivity was at Fringe 2 and ranged from 0.01 mS.cm~! to 0.1 mS.cm~! in 2016 and 0.00 mS.cm™!
to 0.05 mS.cm™~! in 2017. At all sites, the lowest conductivity was recorded at a depth of 3 cm with an
average of 0.12 mS.cm™!; depths of 20 cm and 35 cm had the highest conductivity, with respective
averages of 0.18 mS.cm™! and 0.29 mS.cm™! (Figure 6).
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Figure 6. Cont.
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Figure 6. Soil bulk conductivity at different soil depths during the 2016 and 2017 growing seasons.

Error bars indicate the standard errors of the mean.

3.5. Soil pH Variation

There was no significant year-by-site location interaction effect on soil pH (Table 2 and Figure 7).
The lowest pH was observed at the glacis (5.70), followed by Upland 2 (5.90). The highest pH was
observed at Upland 1 (6.40). The soils of Fringe 1, Fringe 2 and the valley bottom had a pH 6.06, 6.13
and 6.12, respectively.

The smallest fluctuation amplitudes during the crop cycle were observed at Upland 1 (0.26 and
0.62, respectively, in 2016 and 2017) and then followed the fluctuation amplitudes observed in 2016
and 2017 on Fringe 1 (0.9 and 0.42), Upland 2 (1.07 and 0.96) and Fringe 2 (0.97 and 1.56). The highest
fluctuation amplitudes were recorded in the lowland ecology on the glacis (1.2 and 1.91) and valley
bottom (1.34 and 1.52) (Figure 7).
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Figure 7. Soil pH at different soil depths during the 2016 and 2017 growing seasons. Error bars indicate
the standard errors of the mean.
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3.6. Soil Redox Potential Variation

Figure 8 presents the ecological dynamics of the redox potential for the uplands (Upland 1 and
Upland 2), fringes (Fringe 1 and Fringe 2) and lowlands (glacis and valley bottom) soils during the
growing season (June to December) of the 2016 and 2017 seasons. It was observed that, at the beginning
of each season, the soil redox potential was around 500 mV before fluctuating during the growing
season. This dynamic varied according to the site and the depth of the measurement. However,

there was no significant difference between the average soil redox potential over the two years of study
(Table 2).
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Figure 8. Soil redox potential at different soil depths during the 2016 and 2017 growing seasons. Error
bars indicate the standard errors of the mean.

The mean Eh was significantly lower at the glacis (544 mV) and the valley bottom had the
highest Eh average (574 mV), followed by the uplands (570 and 572 mV for Upland 1 and Upland 2,
respectively) and fringe soils (556 and 558 mV for Fringe 1 and Fringe 2, respectively).

During the 2016 growing season, the redox potential of the upland soils was more stable.
The variations over the entire cycle remained in the range of 516 to 595 mV (Upland 1) and 520 to
632 mV (Upland 2) for the three depths of 3, 8 and 20 cm. The lowest average redox potential was
recorded at a depth 3 cm with mean values of 536 and 535 mV for Upland 1 and Upland 2, respectively,
and the redox variations at the fringe soils ranged from 479 to 591 mV (Fringe 1) and from 464 to 591 mV
(Fringe 2). A depth of 3 cm recorded the lowest average redox, 504 mV and 518 mV, respectively,
for Fringe 1 and Fringe 2. At the lowland ecology, redox fluctuations in the soil were 544 and 628 mV
for the valley bottom and more pronounced for the glacis (381 to 614 mV), for depths of 3, 8 and 20 mV
in 2016. A depth of 20 cm recorded the mean lowest redox potential (521 mV) at the glacis.

In 2017, the upland soils remained relatively stable throughout the cycle, with the redox potential
varying from 540 to 601 mV and from 521 to 652 mV for Upland 1 and Upland 2, respectively, over all
the depths—3, 8, 20 and 35 cm. On these soils, the lowest average redox potential was recorded at a
depth of 3 cm.

Redox potential in the fringe soils varied from 512 to 648 mV and from 500 to 662 mV for Fringe
1 and Fringe 2, respectively. A depth of 3 cm had the lowest redox average and its relatively small
amplitude of variation was 23 mV and 50 mV for Fringe 1 and Fringe 2, respectively.

At the lowland soils, the redox potential was particularly subject to repeated variations influenced
by the rainfall regime. The amplitude of the variations was large for the depths 3, 8, 20 and 35 cm,
with the redox potential varying from 249 to 714 mV and from 466 to 639 mV for the glacis and the
valley bottom, respectively. In mid-October 2017, the redox potential of the 8 and 20 cm depths of the
glacis dropped below 400 mV. The lowest redox potential was recorded at a depth of 20 cm: 250 mV.

During the growing season, the amplitudes of the redox potential variations of the studied depths
were particularly high on glacis, with 235, 355, 416 and 443 mV for the respective depths of 3, 8, 20 and
35 cm. On the valley bottom soils, the amplitudes were 82, 145, 207 and 185mV, respectively, for the
depths 3, 8, 20 and 30 cm.

On the lowland ecology, the lowest mean redox potential levels were inversely recorded at a
depth of 35 cm with 528 mV and 557 mV, respectively, for the glacis and valley bottom (Figure 8).
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3.7. Variation in Soil pe + pH

The mean soil pe + pH remained stable over the two years of study (Table 2). Soil pe + pH
was significantly lower on the glacis (14.66) and higher on Upland 1 (15.90). The pe + pH averages
of the other sites were 15.32, 15.42. 15.43 and 15.71 for Fringe 1, Upland 2, Fringe 2 and valley
bottom, respectively.

There was a lower fluctuation of soil pe + pH at the upland soils (1.48-1.36 in 2016 and 1.37-2.26
in 2017 for Upland 1 and Upland 2, respectively) followed by fluctuations observed on the fringe
(1.78-1.9 in 2016 and 2.1-2.68 in 2017 for Fringe 1 and Fringe 2, respectively). Soils at the lowland
ecology recorded the highest fluctuations (3.93-2.45 in 2016 and 7.62-3.71 in 2017, for glacis and the
valley bottom, respectively) (Figure 9). The mean pe + pH was significantly lower at a depth of 3 cm
(15.12) compared to the mean of the depths 8, 20 and 35 cm with 15.42, 15.44 and 15.47, respectively
(Figure 9).
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Figure 9. Soil pe + pH at different soil depths during the 2016 and 2017 growing seasons. Error bars
indicate the standard errors of the mean.

3.8. Relationships between Soil Potential Redox and Other Soil Electrochemical Properties

Relationships between the soil electrochemical and water parameters were studied from the
averages of the data collected at the measurement points on the different sites during the two growing
seasons (Figure 10).

Figure 10a shows a two-phase effect of moisture on the soil redox potential. A phase of increase of
the redox potential is observed, with the increase of the soil moisture at the depths 3 cm, 8 cm and
20 cm reaching a maximum of 0.20 m3.m~3 soil moisture. Beyond this threshold value, a decay phase
of Eh is observed over the three depths to reach values of 545-538 mV at 0.30-0.36 m3.m~3 of humidity.
Quadratic functions to better reflect the effect of moisture, highlight a gradient of Eh between depths
of 3 cm, 8 cm and 20 cm. Significant (<0.001) quadratic correlations were also established between
Eh and the soil moisture content for each depth, with R? correlation coefficients of 0.71, 0.51 and 0.54,
respectively, for depths of 3 cm, 8 cm and 20 cm.

A strong and positive correlation (p < 0.001) exists independently of depths (3 cm, 8 cm and 20 cm)
between moisture and bulk electrical conductivity (Ecb); the R? coefficients are between 0.93 and 0.97
(Figure 10b). As aresult, an effect similar to that of moisture was observed between Ecb and Eh. A phase
of increase of Eh with Ecb was observed, followed by a decay phase after 0.2 mS.cm™! (Figure 10c).
A depth gradient (3 cm, 8 cm and 20 cm) of Eh was observed on each phase. The correlations are
significant, and their coefficients are 0.79, 0.46 and 0.36, respectively, for depths 3 cm, 8 cm and 20 cm.

In addition, soil moisture content showed a positive and significant correlation at a depth of 3 cm
with soil organic carbon (SOC) content (R? = 0.68); consequently, at this depth a positive effect of the
carbon level on Eh was observed with a significant correlation and a correlation coefficient R? of 0.61
(Figure 10d,e). Such correlations are not found at 20 cm depth. To find significant correlations, the soils
must be considered separately according to upland, fringe and lowland ecologies (Figure S3).

Globally, correlations between Eh and pH are poor (R? of 0.11, 0.11 and 0.22, respectively, for the
depths 3 cm, 8 cm and 20 cm, observed in Figure 10f) and not significant. However, considering the
upland, fringe and lowland ecologies separately, stronger correlations are obtained (Figure 54).
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Figure 10. Relationship between soil moisture and Eh (a). Correlation of soil moisture and electrical
conductivity and its consequence on Eh. (b,c) Effect of soil organic carbon (SOC) on soil moisture
and its consequence on Eh (d,e). Relationship between pH and Eh (f). The regression equations and
correlation coefficients (R? and p values) are determined for each depth.

4. Discussion

Similar redox potentials were observed for the two seasons of the study. The average redox
potential was significantly different from one soil type to another and the standard errors at a given day
and in a given site were rather low. This tends to confirm the reliability of the method of measurement

of soil redox potential.

For all sites, soil Eh ranged from 106 to 717 mV. These values are in the fluctuation range of the
soil redox values of —300 to +900 mV given in the literature [5,27]. Soil pH measured directly in field
conditions was most of the time lower than the soil pH measured in laboratory conditions in a water
extract (1:2.5 v/v). As for Eh, pH showed great variation in time, especially in 2017 in the lower part
of the toposequence (glacis and valley bottom), where the soil pH could vary by more than 1.5 units
within a few weeks. Similarly, ECb greatly varied, increasing with soil moisture.

Globally, these results confirm the key role of soil moisture in soil functioning, as it is central to
the dynamics and relationships between soil electrochemical parameters.
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In our study area and conditions, soil Eh variability could be mainly attributed to humidity, with a
quadratic relationship between soil moisture and soil Eh. The raise in Eh with the raise in humidity
in dry conditions reveals the chemical functioning of a soil with poor biological activity: low redox
potential in dry soils are attributed to the loss of colloidal water that retains oxygen, and thus the loss
of oxygen in a purely chemical process [15]. In a biologically active soil, the raise in soil moisture
would favor the development of microorganisms, which consume oxygen and, as a consequence,
would lower the Eh [28,29]. Although microbial activity has not been measured in this study, a low
biological activity can be expected in these soils due to the frequent fires they endure and the cropping
practices with soil tillage.

In all cases, with increasing water content, when the soil reaches saturation, the very slow diffusion
of oxygen in water makes that soil Eh drop rapidly [18].

Surprisingly, the correlation between soil C content and Eh was positive, when soil C is often
regarded as the electron reservoir [30], and thus a higher C content is expected to have a lower soil
Eh. This suggests that most of the C was under a very stable form, not accessible to microbes and,
as a consequence, a raise in total C content does not correspond to the expected raise in biological
activity, which would lower the Eh [31]. Again, the hypothesis that most C in these soils is under a
very stable form is supported by the frequent fires in the study area, known to produce very stable
black C [32,33]. Thus, the limitation of the available nutrients for microbes probably limits biological
activity, which could be expected when soil moisture increases. As a consequence, the increase in soil
moisture (Figure 10e) does not lead to an increase in soil biological activity sufficient to compensate
for the chemical increase in Eh due to a higher water content. Better than total organic matter, it is
the bioavailable organic matter, the part of the organic matter accessible to microorganisms, which
actually constitutes the main reservoir of electrons [34].

This general framework can explain the variations in Eh, depending on the soil type/location on
the toposequence:

(i) Inthe upland ecology (Upland 1 and Upland 2), the average redox potential was high (570 mV
and 572 mV for Upland 1 and Upland 2, respectively). Eh always remained above 500 mV and
the amplitude of variation remained very low for all the soil depths, particularly at a depth of
3 cm. The low variation in soil Eh can be related to the rather high organic C content of these soils,
and probably the high content of stable, black C related to frequent fires. Biochar is known to
have a high poising capacity for Eh [32,33]. Again, this supports the assumption that these soils
have a low biological activity, and that most of their C is stable C. This C and the soil texture retain
water, thus increasing soil moisture, while biological activity remains low. The Eh functioning of
these soils is mainly related to soil chemistry, with high Eh related to soil moisture.

(i) At the fringe, the redox potential always remained higher than 400 mV for all soil depths.
This indicates that the soil of the fringe has remained well drained [18]. The lower mean redox
potential (556 mV for Fringe 1 and 558 mV for Fringe 2) as compared to upland conditions might
be explained by the lower soil moisture, related to lower total soil C. The higher fluctuations in
redox potential (as compared to upland soils) may be explained by the lower soil C content, as C,
especially black C, is known to poise the redox potential.

(iii) The glacishad thelowest mean Eh (544 mV) and the highestamplitude in fluctuations, varying from
250 to 714 mV for depths 3, 8, 20 and 35 cm all together. These large amplitudes on glacis can be
explained by soil heterogeneity due, on the one hand, to its transitional position between the dry
soils, upstream, and on the fringe and the wet soils, downstream. However, first of all, these large
amplitudes in Eh on the glacis can be explained by local resurgences of water at this level in
relation to a clayey layer. These resurgences of water led to temporary waterlogging, and therefore
a strong decrease in soil Eh during the periods of water saturation: in water-saturated soils,
oxygen diffusion is very slow, and dissolved oxygen is quickly consumed by soil organisms
and plant roots; the soil would then have become anaerobic, as reported by [35], and these
reduced conditions would cause a rapid fall in the redox potential. Similar observations have
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been made by [18,35,36]. Drainage that occurred a few days after the rain resulted in an increase
in soil oxidation, as was also observed by [37]. Declines in the level of soil redox potential were
particularly pronounced in mid-October, passing below 400 mV before rising above 500 mV.
The reduction of the redox potential was very pronounced at the lower depths, with the lowest
soil redox potential recorded at a depth of 20 cm (285 mV).

(iv) Surprisingly, the valley bottom recorded the highest mean redox potential, ranging from 466 to
639 mV, with the highest average redox potential (574 mV) of all sites. This may be explained
by the fact that although it is located lower on the toposequence than the glacis, there was no
observed flooding of the valley bottoms, even when the glacis was saturated with water from local
resurgences. As a consequence, the high soil moisture in a soil rich in organic matter (especially
black C), without water saturation, may explain the highest mean redox potential measured in
the valley bottoms. The stronger ECb in the wettest parts might also contribute to raise the redox
potential, which would also contribute to the higher Eh in the valley bottoms as compared to
upland conditions.

Furthermore, the pH generally showed a negative correlation with redox potential, although the
observed correlations were low. This can be partly attributed to the variability between sites because
better correlations were observed within sites and in particular in the valley bottom.

Variations in pe+pH were low as compared to variations in Eh or pH alone; this parameter being
mainly impacted by soil saturation in the glacis and to a lower extent in the valley bottoms.

Finally, it can be hypothesized that the differences in natural vegetation observed before land
reclamation were at least partially related to differences in soil electrochemical conditions, as already
observed by [38].

5. Conclusions

This study evaluated the spatial and temporal variation in soil redox potential at different
positions along the upland-lowland continuum during two growing seasons. Soil redox potential
was above 500 mV at the upland positions, between 400 and 700 mV at the fringe positions and
between 100 and 750 mV at the lowland positions. Variation in soil redox potential was driven by soil
moisture, bulk electrical conductivity and soil organic carbon. The results presented here have several
implications for further studies:

Firstly, regarding the protocols for measurement of soil electrochemical parameters: in order to take
into account the soil moisture content at the moment of the measurement, it should be systematically
measured together with soil Eh, pH and EC.

Secondly, regarding soil carbon content: there is an urgent need to consider not only the total
carbon content, but also the carbon easily accessible to microbes as it strongly impacts soil biological
activity, which is a major factor regulating soil Eh. Thus, the form of soil carbon should be assessed in
future studies dealing with soil electrochemical properties.

Thirdly, regarding the best parameter to assess the soil oxidation-reduction level: The use of
pe+pH, which showed lower variability in space and time than Eh or pH alone, could be a good
indicator of soil electrochemical conditions.

Finally, although it shows that soil Eh-pH-EC can be accurately be measured with adapted protocols,
this study clearly shows the very high spatial and temporal variability of soil Eh, but also pH and ECb.
The sensitivity of these parameters to other parameters, especially humidity, raises strong limitations
for their use to assess soil health. Even if conducted in fixed conditions of humidity, temperature,
etc., a single measurement will not capture their variations nor reflect the actual conditions during
the cropping season. A major challenge is to relate these important parameters to the production
processes and assess their impact on plant production. To achieve this, Eh—-pH-EC should be measured
on a very regular basis, with frequent measurements all over the cultivation period, and especially
following rainfall events. Doing so would allow to study the elaboration of yield, relating all the yield
components to the actual soil Eh—-pH-EC conditions during the period of their elaboration. It would
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also provide information on the capacity of a soil to buffer soil Eh, pH and EC and thus limit their
variation, which appears to be an important parameter related to soil health.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/11/1787/s1,
Figure S1. Spatial variability of: soil pH (S1.1), soil electrical conductivity (S1.2), soil carbon (51.3), soil sand and
clay (S1.4), Figure S2: Soil temperature at different soil depths during 2016 and 2017 growing seasons. Error bars
indicate standard error of means, Figure S3. Relationship between organic carbon and humidity according to:
upland ecologies (S3.1), Fringe ecologies (S3.2) and Lowland ecologies (S3.3), Figure S4. Relationship between pH
and Eh according to: upland ecologies (S4.1), fringe ecologies (S4.2), lowland ecologies (54.3).
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