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Abstract: The biogeochemistry of soil organic matter (SOM) is driven by a combination of stabilization
and destabilization mechanisms. Among the various ways in which SOM is lost, soil moisture
controls the leaching of dissolved organic and inorganic carbon (DOC and DIC) and CO2 fluxes (FCO2).
The aim of this study was to investigate the impact of naturally occurring water table dynamics
on the couplings between these three types of C losses. The DIC and DOC concentrations in the
soil solutions and the FCO2 values at the soil surface were collected fortnightly over a nine-month
period at four sampling points located along two topographic transects characterized by different
water table dynamics. The water table depth, soil temperature and water-filled pore space (WFPS)
were monitored at each site. Linear and nonlinear regressions were used to explore the couplings
between C losses, WFPS and soil temperature. The dynamics of the water table seem to drive
DOC solubilization, diffusion, and export mechanisms in addition to microbial processes and the
equilibrium between DIC and CO2. The main descriptors of this water table dynamic were the
residence time, return time and number of oscillations of the water table. Considering both transects,
FCO2 was positively correlated with DOC, which highlights the importance of substrate accessibility
for SOM mineralization. This paper emphasizes the importance of the water table dynamic for the
coupling between SOM carbon losses.

Keywords: soil organic matter; destabilization; water table dynamic; DOC; DIC; CO2; AgrHys critical
zone observatory

1. Introduction

Soil organic matter (SOM) is the source of energy for terrestrial heterotrophic organisms. It interacts
with metallic and organic micropollutants and, with an estimated stock of 1600 PgC, it represents twice
as much C as stored in the atmosphere in the form of CO2 [1]. Consequently, SOM is of particular
interest in biodiversity, ecotoxicology, and climatology. As a result, considerable efforts continue to be
made to understand SOM biogeochemistry and, more specifically, the mechanisms responsible for its
stabilization and destabilization are still under debate [2,3].
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In the late 1990s, SOM destabilization was defined as “the increase in the potential for organic
carbon to be respired, eroded, or leached” [4]. Twenty years later, the exact nature of the overall
process was one of the topics of the “Advancing Soil Carbon Cycle Science” workshop held in Boulder
(Colorado, USA) in 2016. In the scientific report of this workshop, SOM vulnerability is used as a
synonym of destabilization and is assumed to increase “when intrinsic soil properties, environmental
conditions, and perturbations reduce the amounts of stable aggregates, soil microbes, particulate C,
and mineral-associated and sorbed C, leading to greater proportions of leached C and greenhouse gas
emissions (carbon dioxide and methane)” [5]. Based on these definitions, SOM stored in a specific
volume of soil can be conceptualized as a reactor receiving natural inputs, such as plant-derived
organic matter coming from the fixation of atmospheric CO2 and anthropogenic inputs such as organic
waste products. The biotic and abiotic reactivity of SOM results in C losses. Leaching losses, including
dissolved organic carbon and dissolved inorganic carbon (DOC and DIC, respectively), are considered
to be an important fraction of the carbon budget of ecosystems [6]. Gaseous losses, primarily CO2,
but also methane and volatile organic compounds, have been estimated to represent an annual flux of
68 GtC-CO2 at the global scale [7]. At the landscape scale, erosion is responsible for the redistribution
of SOM stocks from elevated topographic positions to floodplains and rivers [8,9].

Among the various relevant environmental conditions, the water-filled pore space (WFPS) impacts
SOM destabilization in several ways. First, WFPS controls the solid/liquid ratio in soils, and therefore
affects the solubilization of SOM. Solubilization must occur first in order to form the highly reactive
and mobile pool of dissolved organic matter (DOM, often quantitatively characterized by DOC).

Second, WFPS is expected to control DOM transport at various spatial scales. At the slope to
catchment scale, DOC and DIC are transported through the soil macropores, defined as cavities that
are larger than 75 µm [10] where water moves freely under the effect of gravity, with hydrological
fluxes [11], and are exported from soils to streams, both below and aboveground via percolation
and surface runoff, respectively [12–14]. At microscopic scales, water may be retained by adhesive
intermolecular forces thereby allowing DOM diffusion through the soil pores and ensuring availability
of C to the micro-organisms by controlling the likelihood of encounters between these organisms and
their substrates [15].

WFPS also controls soil respiration, which is assumed to be regulated by (i) the accessibility of
micro-organisms to dissolved oxygen as an electron acceptor for SOM aerobic respiration [16,17] and
(ii) the possibility for the produced CO2 to directly reach the atmosphere, mainly via diffusion through
the gaseous phase in the soil pores [18]. High WFPS values are associated with low soil respiration
fluxes; it is assumed that this is due to the decreased biodegradation of SOM driven by low dissolved
oxygen availability [19].

From an abiotic point of view, WFPS also controls the abiotic CO2 processes by dissolving CO2

under the forms of carbonic acid (H2CO3), bicarbonate acid (HCO3
−) and carbonate acid (CO3

2−) [20],
which forms the DIC pool. The equilibriums between the dissolved and gaseous inorganic C are
affected by the pH, temperature and WFPS [20,21]. According to Chapin et al. [22], substantial
amounts of respiration derived DIC may be transferred to aquatic ecosystems through runoff and
groundwater transport.

Finally, when the soil is saturated (WFPS around 100%) and the water velocity of lateral flow is low,
which is common in lowland areas during the wet season, the development of anaerobic conditions
may result in microbial iron reduction [23–25]. These periods are associated with increased DOC
concentrations, up to four times, in the soil macropores, due to the release of OM previously adsorbed
to iron oxides [26,27].

Consequently, reactivity and the C losses from the destabilization of SOM are partly driven by
WFPS, which depends on the season which impacts the water table depth and on the topographic
position. The aim of this study was to test the control of topography on C losses from SOM
destabilization, by considering the impact of the water table dynamics on the soil-to-atmosphere
CO2 efflux and the leaching of DIC and DOC in soil macropores. More precisely, the present work
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investigated the following questions: Does the DOC concentration exert a primary control on the soil
CO2 efflux (FCO2)? Is there a coupling between the FCO2, DIC and DOC concentrations and how may
water table dynamics drive this coupling? What is the impact of anaerobic conditions on this coupling?

To answer these questions, the DIC and DOC concentrations were quantified by sampling the
soil solutions moving freely in the soil macropores using zero-tension lysimeters [28] and the soil
CO2 efflux was monitored from the soil surface. This study took advantage of the long-term research
program on SOM biogeochemistry [13,14,26,29–34] at the Kervidy-Naizin catchment which is part
of the AgrHys Critical Zone Observatory [35], within the French Critical Zone Observatory research
infrastructure OZCAR [36] and can be considered as representative of lowland agricultural sites under
temperate climate. In order to ascertain how the topography and water table dynamics control the
coupling between FCO2, DIC and DOC, sampling campaigns were performed fortnightly during one
hydrological year from October to June, when water moves freely in the soil macropores leading to
SOM destabilization through the export of gaseous and dissolved products.

2. Material and Methods

2.1. Description of the Study Area and Sampling Sites

The study area is the Kervidy-Naizin agricultural catchment (≈ 5 km2), located in north-western
France (48◦00′ N 2◦50′ W) (http://www.rennes.inra.fr/oreagrhys/). More details about the catchment
can be found in Humbert et al. [13]. The climate is temperate and the mean annual temperature and
precipitation as observed over the 1994–2013 period are 11 ◦C and 830 mm, respectively.

The soils have a predominantly silty loam texture. They are mainly formed from schist residuum
at backslope positions and are colluvial in nature at footslope positions. They differ mainly in their
drainage characteristics and are highly organized based on the topography (elevation range: 98–140 m):
well-drained Cambisols [37] develop in the upslope domain (50% of the hillslope length) whereas
poorly-drained soils classified as epistagnic Haplic Albeluvisols develop in the lowest elevation zones.
The parent material consists of schist with the addition of fluvial deposits in the valleys. The study
area is an intensive mixed agricultural catchment for livestock and industrial vegetable production
with a well-documented land-use history and farm practices. French Brittany has been one of the most
productive agricultural regions in Europe since the Second World War.

The present study focuses on the lower part of two topographic transects with gentle slopes.
Each lower part was equipped with two sampling sites (Figure 1), one located close to the stream
(downslope site) and one further up, just below the topographic inflexion point, at the transition
between the concave and convex parts of the transect (upslope site). The radiocarbon dating of
organic C in SOM and DOM in the lower parts of this catchment resulted in an age posterior to 1950
(unpublished data). In the Kerolland (K) transect, the mean slope is 2.5%. The downslope site (Kdown)
was located in a poplar grove and the upslope site (Kup) was in a crop field that was left bare during
the sampling campaign (only a small amount of maize crop residu was present). In the Guériniec
(G) transect, the mean slope is 4.1%. Both sites were located in a grassy buffer strip. Gdown was the
lowest position, close (roughly 10 m) to the stream, and Gup was located further upslope, just below
the adjacent crop field. The differences in elevation between the upslope and downslope sites were
0.8 and 5.5 m for transects G and K, respectively. These sites were selected because they provide a
gradient in soil wetness and drainage conditions and are equipped with deep piezometers monitoring
the water table dynamics since 1999. The main soil and hydrological characteristics of the sites are
given in Table 1.

http://www.rennes.inra.fr/oreagrhys/
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Figure 1. (A). Location of the Kervidy-Naizin catchment (AgrHys Critical Zone Observatory). The 
gray areas located along the stream on the map represent the maximum extent of the riparian 
wetlands. (B). Location of the sampling points along the altitudinal transects K and G and the water 
table level (median, max, min, q25, and q75 calculated using 15 years of data) monitored with deep 
piezometers (vertical black lines). 

Table 1. Land-use and soil characteristics of the studied sites in both transects. 

 Kdown Kup Gdown Gup 

Land-use Riparian area 
Cropland 
(maize) a 

Grass strip Grass strip 

Soil type (WRB 2006†) Haplic 
Albeluvisol 

Cambisol 
Haplic 

Albeluvisol 
Haplic 

Albeluvisol 
Clay-Silt-Sand (%) 29–60–11 21–69–10 24–60–16 23–61–16 

Soil bulk density (g cm−3) 
1.22 ± 0.16 1.30 ± 0.07 NA 1.14 ± 0.04 (mean ± s. d.) 

Drainage class b G WD G PD 
Number of days where the water table 

was above a soil depth of 10 cm c 181 80 39 11 

Corg (g kg−1) 60.2 18.8 37.6 23.7 
Ntotal (g kg−1) 4.66 1.74 3.38 2.3 

C:N ratio 12.9 10.8 11.1 10.3 
pH of soil solutions d 6.9 ± 0.3 * 7.0 ± 0.3 * 6.6 ± 0.3 ** 6.6 ± 0.4 ** 
Fe total (g 100 g−1 soil) 0.771 0.603 0.453 0.491 

a Maize residues were left on the ground after the harvest on 30 October 2014. b WD: well-drained, PD: 
poorly-drained, G: very poorly-drained. d The soil solutions were sampled in the soil macropores. The 
values reported for the hydrologic year 2014–2015 are the average values with the standard deviation. 
* and ** correspond to significant differences between the points (Student’s t-test). 
† WBR 2006: World reference base for soil resources 2006. World Soil Resources Reports No. 103. FAO, 
Rome. 

2.2. Analytical Methods 

2.2.1. Soil CO2 Efflux Measurements 

Figure 1. (A). Location of the Kervidy-Naizin catchment (AgrHys Critical Zone Observatory). The gray
areas located along the stream on the map represent the maximum extent of the riparian wetlands.
(B). Location of the sampling points along the altitudinal transects K and G and the water table level
(median, max, min, q25, and q75 calculated using 15 years of data) monitored with deep piezometers
(vertical black lines).

Table 1. Land-use and soil characteristics of the studied sites in both transects.

Kdown Kup Gdown Gup

Land-use Riparian area Cropland (maize) a Grass strip Grass strip
Soil type (WRB 2006 †) Haplic Albeluvisol Cambisol Haplic Albeluvisol Haplic Albeluvisol

Clay-Silt-Sand (%) 29–60–11 21–69–10 24–60–16 23–61–16
Soil bulk density (g cm−3)

1.22 ± 0.16 1.30 ± 0.07 NA 1.14 ± 0.04(mean ± s. d.)
Drainage class b G WD G PD

Number of days where the
water table was above a soil

depth of 10 cm c
181 80 39 11

Corg (g kg−1) 60.2 18.8 37.6 23.7
Ntotal (g kg−1) 4.66 1.74 3.38 2.3

C:N ratio 12.9 10.8 11.1 10.3
pH of soil solutions d 6.9 ± 0.3 * 7.0 ± 0.3 * 6.6 ± 0.3 ** 6.6 ± 0.4 **
Fe total (g 100 g−1 soil) 0.771 0.603 0.453 0.491

a Maize residues were left on the ground after the harvest on 30 October 2014. b WD: well-drained, PD: poorly-drained,
G: very poorly-drained. c Average of 15 years of data (2000–2015). d The soil solutions were sampled in the soil
macropores. The values reported for the hydrologic year 2014–2015 are the average values with the standard
deviation. * and ** correspond to significant differences between the points (Student’s t-test). † WBR 2006: World
reference base for soil resources 2006. World Soil Resources Reports No. 103. FAO, Rome.

2.2. Analytical Methods

2.2.1. Soil CO2 Efflux Measurements

The measurements were taken manually and randomly in time once every ten to fifteen days over
a nine-month period from 30 October 2014 until 27 May 2015 at the four sites during the daytime.
At each site, an area of approximately 4 m2 was devoted to the soil CO2 efflux (FCO2) measurements by
means of three PVC collars (20 cm in diameter) inserted into the soil, at least 50 cm apart. The collars
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were placed two weeks before the measurements started. The collar insertion depth was 5–6 cm.
When present, vegetation inside the collars was removed manually and vegetation-free conditions
were maintained in all collars throughout the entire study period. The collars were left in place for the
whole experimental period. On each date, FCO2 was measured once on each collar at all of the sites
provided that this was allowed by the agricultural management constraints (19 measurement dates for
Gup, Gdown and Kdown, and 16 measurement dates for Kup).

FCO2 was measured with an automated closed dynamic chamber system consisting of an infrared
gas analyzer (LI-8100A, Li-COR, Lincoln, NE, USA) connected to a soil chamber (8100–10,320 cm
Survey Chamber, Li-COR, Lincoln, NE, USA). The duration of the measurement was 2 min, in addition
to a 30 s pre-measurement equilibration phase.

2.2.2. Physical Parameters

The soil temperature (T, 5 cm deep, LI-COR 8100-201 Omega soil temperature probe) and soil
water content (SWC) (0–6 cm deep, Thetaprobe ML2x Delta-T Devices Ltd.) were measured next to
each collar each time FCO2 was measured.

The water table depth was monitored in piezometers that are between 3 (Kdown, Gdown) and
4 m (Kup, Gup) deep. They are composed of PVC tubes with a well screen pierced with 1 mm slots at a
height of 0.5 m from the base. The space around the PVC tube is backfilled with sand, bentonite and
concrete. The water table level is measured every 15 min using automatic transducer sensors.

2.2.3. Soil Solution Measurements

The soil pore water was sampled at a depth of −10 cm in triplicates using zero-tension lysimeters
on the same dates as the FCO2 measurements, except for three dates. This device samples water that is
moving freely in the soil macropores. Then, the sampled volume was dependent on the rainfall and
water table depth and ranged from 0 to several hundred of mL. Samples were taken at the exact same
location as the FCO2 measurements for all sites (Figure 1). For the DOC and DIC analysis, the solutions
were brought back to the lab and filtrated through a 0.2 µm cellulose acetate membrane on the same
day that the samples were taken, with filters that had previously been washed with 500 mL of ultrapure
water (electrical resistivity: 18.2 MΩ·cm) to prevent organic contamination. The DOC and DIC
concentrations were measured with a total organic C analyzer (Shimadzu TOC-VCSH, accuracy ±5%).
DIC was determined by sparging the acidified sample with carrier gas (purified air), meaning that not
only dissolved CO2 is quantified but also the other forms of DIC as well (carbonic acid, bicarbonate and
carbonate), while DOC was calculated from the difference between the total dissolved C, determined at
680 ◦C via a combustion catalytic oxidation method, and DIC. The ferrous cation (Fe2+) concentrations,
used to evaluate the redox conditions, were quantified using the 1.10 phenanthroline colorimetric
method with AFNOR standard NF T90-017 and using a UV-visible spectrophotometer (Perkin Elmer,
Lambda 25). The complexation between phenanthroline and ferrous cations was performed on site by
adding 5 mL of soil solution to a known volume of reaction solution. The spectroscopic measurement
was taken in the lab at 510 nm on the day of the sample was taken. The uncertainties were below ±5%
for Fe.

2.3. Modeling the Control of Abiotic Parameters on the DIC/DOC Concentrations and FCO2

The correlations between the different variables including (i) abiotic parameters (WFPS and
temperature) and (ii) chemical analyses (Fe2+, DIC, DOC and FCO2) were searched using the rcorr
function of the Hmisc package in R (R Development Core Team, 2005) which calculates a matrix of
Pearson’s rank correlation coefficients. The relationships between DIC and both soil temperature
and WFPS were modeled using linear regressions. In previous studies, the link between DOC and
temperature was modeled using a linear regression [38] or exponential equation [39]. In this latter
article, the exponential model was close to a linear model over the analyzed range (see in [39]).
Consequently, DOC versus soil temperature was modeled using linear regression. The link between
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DOC and WFPS was modeled using a linear regression according to Christ and David [39]. Similar to
DOC, it is well-known that FCO2 is controlled by soil temperature and soil moisture. Consequently, FCO2

was modeled using an empirical equation that is the product of an exponential Q10-like temperature
function [40] and a parabolic WFPS function [16,19] (Equation (1)):

FCO2 = Q
T−10

10
10 ×

(
−a ×WFPS2 + b ×WFPS

)
(1)

where CO2 is the soil CO2 efflux (µmolC/(m2
·s)), Q10 is the CO2 temperature sensitivity factor, T is the

measured soil temperature (◦C, at a depth of 5 cm), WFPS is the water-filled pore space (%) calculated
from measured volumetric soil water content (% vol.; 0–6 cm depth) and soil bulk density (g/cm3) at
each site, and a and b are the fitted parameters of the parabolic function.

The goodness-of-fit of the model was assessed with (i) the root mean square error (RMSE)
and (ii) the slope and linearity of the measured vs. modeled values graph (r2).

2.4. Modeling the Coupling between DIC, DOC and FCO2

The potential coupling between (i) DIC and DOC and (ii) DIC and FCO2 was modeled using linear
regressions. The relationship between DOC and FCO2 was modeled using an exponential function
according to Creed et al. [41] (Equation (2)):

FCO2 = ea+b × DOC (2)

The natural logarithm transformation of this equation results in Equation (3) that can be tested as
a linear regression between ln (FCO2) and DOC.

ln(FCO2) = a + b ×DOC (3)

For the linear regressions, both the goodness-of-fit and significance of the relationships are given
by Pearson’s r rank correlation and the associated p-value calculated using the rcorr function in R.

3. Results

3.1. Temporal Dynamics of the Hydrological Variables and Soil Temperature

Between September 2014 and June 2015 (i.e., the study period), the total precipitation was
641.5 mm, which is in the lower part of the 95% confidence interval of the average precipitation
over the 2000–2016 precipitation data collection period (723.2 ± 93.8 mm; mean ± 95%CI). Over the
2000–2016 period, the precipitation values from September to June ranged from 410.5 (2004–2005) to
1176.5 mm (2000–2001). In the oceanic temperate climate of western France, this period represents
87 ± 3% of the annual precipitation. Unless otherwise specified, all of the dates provided below fall
within the September 2014 to June 2015 period. From September to June, there were 161 rainy days
(53%) (Table S1). Further, in this period, there were 55 days with only 0.5 mm and six events with more
than 20 mm (considered as extreme storms in this region): 12 October (37 mm), 2 and 11 November
(31.5 and 32.5 mm), 12 December (22.5 mm), and 17 and 29 April (22.5 and 23 mm).

This precipitation pattern combined with the geology and topography of the sites created different
water table dynamics over the two altitudinal transects (Figure 2, Table S1). At Kdown, located in
a riparian wetland, these dynamics divided the hydrological year into four periods that control the
biogeochemistry of the dissolved organic matter and phosphorous [29,42]. During period A (water table
rise), when the precipitation is relatively high and there is low evapotranspiration, the water table
rose in the organic matter-rich surface horizons. The first sampling occurred during this period.
On 3 November, the organic rich horizons became filled with water and remained higher than the
lysimeters up to 20 May (Period B, defined as the period when the water table is fluctuating in the
surface horizons), when the drawdown of the water table began (Period C). Period B was divided
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into two sub-periods, B1, where ferrous iron was absent in the macropores, and B2 (from 17 March to
27 May), where ferrous cations characterizing reducing conditions were present and DOC increased.
At Kdown the water table oscillated four times around the depth of the lysimeters (10 cm). Its mean
residence time (number of consecutive days with a water table level above the depth of the lysimeters)
over the 2000–2016 period was 38± 63 days (from 1 to 225 days) with five periods each year and its mean
return time (number of consecutive days with a water table level below the depth of the lysimeters)
was 7 ± 6 days (1 to 30 days). At Kup, located higher along the slope, the average number oscillations
per year around the depth of the lysimeters was lower (3) than at Kdown. Its mean residence time
was 24 ± 38 days and its mean return time was 13 ± 18 da ys (from 1 to 106 days). The Guériniec
transect is characterized by a steeper slope (mean slope 4.1% versus 2.5% for the Kerolland transect),
which decreased the mean residence time to 5 ± 6 and 2 ± 4 days at Gdown and Gup, respectively.
The mean number of oscillations of the water table per year around the depth of the lysimeters was
nine at Gdown and five at Gup. The average return time was 11 ± 18 and 12 ± 19 days at Gdown and
Gup, respectively (mean ± standard deviation).
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Figure 2. Daily rain (secondary Y axes) and temporal variations in the water table depth at Kdown
(thick solid line), Kup (thin solid line), Gdown (thick dashed line) and Gup (thin dashed line) during
the hydrological year 2014–2015. The sampling dates are illustrated by crosses and the sampling depth
by the horizontal dotted line at −0.1 m, which is the depth at which the soil solutions were sampled.

Combined with the soil porosity, these precipitation and water table dynamics induced different
WFPS temporal courses (Figure S1). At Kdown, WFPS increased from 92 to 100% at the beginning of
period B and then remained close to 100% up to 27 May when it decreased to 90%. At Kup, WFPS was
75% at the beginning of the investigated period. It increased to 85% from January to the beginning of
April and then dropped back to 70%. In addition to this general tendency, three peaks were recorded
on 11 December, 20 January, and 3 March. At Gdown, WFPS increased from 79 to approximately
95% at the beginning of November, and then remained stable until mid-January, when it increased to
100%. It remained stable until early March when it decreased steadily to 73% up to the end of May.
The temporal course of WFPS was similar at Gup but with lower values (from 1 to 8%, mean difference:
4%). The mean annual WFPS decreased from Kdown (99 ± 3%), to Gdown (91 ± 8%), Gup (87 ± 7%),
and finally Kup (83 ± 8%).

The soil temperature followed a similar temporal course at the four stations with small absolute
differences (Supplementary Figure S1). First it slowly decreased from approximately 15 ◦C to 8 ◦C up
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to the beginning of January. Then it dropped and remained constant up to the beginning of February
at Kerolland and mid-February at Guériniec. During this period, the soil temperatures were lower
in Kerolland (1.9 ± 1.0 ◦C) than in Guériniec (4.7 ± 0.4 ◦C). Then, the soil temperature increased up
to the beginning of April, where it remained stable up to the end of April and returned to values of
approximately 15 ◦C in mid-May.

3.2. Temporal Dynamics of DIC, DOC Concentrations and FCO2

Over the sampling period, the DIC concentration was higher in transect K (18.8 ± 11.6 mg/L) than
in transect G (11.1± 6.8 mg/L). Moreover, the DIC concentration was higher at Gdown (14.3 ± 6.8 mg/L)
than at Gup (6.5 ± 3.5 mg/L). Three different DIC temporal evolutions can be highlighted among the
four sampling stations (Figure 3, white squares). First, at Kdown, DIC increased from the end of
October (5.5 mg/L) to the beginning of January (15.4 mg/L), then it decreased up to the beginning of
March (12.1 mg/L) and finally it sharply increased during Period B2 up to the end of May (50.6 mg/L).
A second evolution was recorded at Kup and Gdown. At these stations, DIC increased from the end
of October (9.2 and 5.3 mg/L at Kup and Gdown, respectively) to the beginning of March (29.3 and
25.3 mg/L at Kup and Gdown, respectively). Then it decreased up to the end of May to return to values
close to the end of October. The third temporal course was recorded at Gup, where DIC increased from
the end of October (2.3 mg/L) to mid-November (6.8 mg/L) and then remained stable, ranging from
5.7 to 7.5 mg/L up to the beginning of March with the exception of 2 December with a high value of
14.7 mg/L. After 3 March, no soil solutions were sampled in the lysimeters at Gup.
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Figure 3. Temporal variations of DIC (white square), DOC (black square) and FCO2 (gray circles) in
Kdown (A), Kup (B), Gdown (C) and Gup (D) during the hydrological year 2014–2015. The gray scale
in the background indicates the succession of the hydrological phases: A, B1, B2, C for Kdown, and A,
B, C for Kup, Gdown and Gup. The uncertainties for FCO2 are the standard deviations of the three
sampling replicates. The uncertainties for DIC and DOC are the analytical reproducibility.

Over the sampling period, the DOC concentration was higher in transect G (26.9 ± 4.0 mg/L) than
in transect K (15.3± 8.0 mg/L). Moreover, the DOC concentration was higher at Kdown (18.8 ± 8.8 mg/L)
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than at Kup (10.4 ± 2.1 mg/L). At Kdown, DOC decreased from 15.8 to 10.1 mg/L during periods A
and B1 with three peaks on 7 November, 22 December, and 20 January linked to precipitation events.
During period B2, DOC increased from 10.1 to 37.5 mg/L. The last sampling date was still during this
period as highlighted by the ferrous iron concentration (15.0 mg/L, Table S2). At Kup, DOC decreased
from the end of October (13.8 mg/L) to mid-February (7.5 mg/L) and then it increased to approximately
10 mg/L. From mid-March to mid-May, no solutions were sampled in the soil macropores at this
station. In mid-May, the DOC concentration was 11.5 mg/L, which is slightly lower than the initial
concentration in October. The temporal variations in DOC were similar at Gdown and Gup. First,
DOC increased from the end of October (24.3 and 21.1 mg/L at Gdown and Gup, respectively) to the
end of November (33.4 and 32.9 mg/L at Gdown and Gup, respectively). Then it decreased up to March
(Gup; 21.7 mg/L) and the end of April (Gdown; 24.6 mg/L). The DOC in the soil solutions sampled at
Gdown mid-May (last sampling date at this site) increased sharply to 35.2 mg/L.

Over the sampling period, FCO2 was higher in transect G (3.4 ± 1.8 µmolC/(m2
·s)) than in transect

K (1.2 ± 0.8 µmolC/(m2
·s)). Moreover, FCO2 was higher at Kup (1.5 ± 0.5 µmolC/(m2

·s) than at Kdown
(1.0 ± 1.0 µmolC/(m2

·s)). Similar to DOC and DIC, FCO2 exhibited three different temporal evolutions,
and similarly to DOC, Gdown and Gup grouped together. At Kdown, FCO2 was 2.6 µmolC/(m2

·s)
at the end of October and decreased sharply at the beginning of period B. Then it decreased slowly
from 1.1 to 0.3 µmolC/(m2

·s) during period B1. Finally, it increased up to 3.7 µmolC/(m2
·s) during

period B2. At Kup, FCO2 was recorded from mid-November up to the end of April due to agricultural
constraints. It decreased from the beginning of the sampling period to the beginning of February.
Then it increased to mid-March (2.1 µmolC/(m2

·s)) and remained stable up to the end of April. Along
the Gueriniec transect, FCO2 decreased at the end of October and then remained almost stable up to
the end of January. The FCO2 values were minimal in February (0.8 and 1.3 µmolC/(m2

·s) at Gdown
and Gup, respectively) and then they increased from March to April up to 5.5 and 7.4 µmolC/(m2

·s) at
Gdown and Gup, respectively. Then, the FCO2 values fluctuated up to the end of May around these
maximum values.

3.3. Correlations between DIC, DOC, FCO2, WFPS and Soil Temperature

The correlations between DIC, DOC, FCO2, Fe2+, WFPS and soil temperature were investigated
using the available information in the literature about potential mechanistic relationships between
these variables. The linear correlations between FCO2 and (i) WFPS and (ii) soil temperature are not
described since they are better described by a parabolic WFPS function and a Q10-like temperature
function (Equation (1)). The linear correlations between DOC and FCO2 are not described since this
relationship is better described by an exponential DOC function (Equation (3)). FCO2 was modeled
using Equation (1) over the entire period without investigation of seasonal effects. The correlations
were first investigated by analyzing the four points together and then at the scale of individual sampling
points. Moreover, for Kdown, periods B1 and B2 were differentiated. Pearson’s rank correlation
coefficients and the p-values are summarized in Table S3 and significant correlations are illustrated in
Figure S2.

When the four points were analyzed together, DOC was positively correlated with soil temperature
(r = 0.32, p-value = 0.035) and Fe2+ (r = 0.35, p-value = 0.031). Fe2+ was also positively correlated with
DIC (r = 0.68, p-value < 0.001) and WFPS (r = 0.34, p-value < 0.037). Moreover, WFPS was negatively
correlated to soil temperature (r = −0.40, p-value < 0.001). The linear regression between ln (FCO2)
and DOC showed a positive relationship (r = 0.56, p-value < 0.0001). The modeling of FCO2 was
characterized by RMSE = 1.3 and the regression between the observed and modeled FCO2 resulted in a
slope = 0.43 and r2 = 0.47 (p-value < 0.0001). The RMSE, slope, and r2 values obtained with Equation (1)
are listed in Table 2.
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Table 2. Results of the modeling of FCO2 using Equation (1) with WFPS and soil temperature as variables.

R2 Slope RMSE Q10 a b N

All points 0.47 0.44 1.3 2.06 ± 0.47 0.0013 0.145 71
Kdown 0.79 0.97 0.76 5.36 ± 2.90 0.0013 0.142 19

Kup 0.63 0.55 0.31 1.87 ± 0.35 0.0002 0.037 14
Gdown 0.73 0.65 1.48 2.32 ± 0.97 0.0013 0.151 19

Gup 0.72 0.68 1.01 3.14 ± 1.04 0.0009 0.122 19

NB: Given the small dataset, the values of constants a and b must be considered carefully.

At Gup, the only significant linear correlations were found between FCO2, WFPS and soil
temperature. These relationships were also found at Gdown. The dependency of FCO2 on soil
temperature and WFPS is better described by Equation (1) than by the linear regressions. These
relationships were also found at Gdown, as well as an additional positive linear correlation between
DIC and WFPS (r = 0.66, p-value = 0.02).

At Kup, DOC was negatively correlated to DIC (r = −0.68, p-value = 0.014) and DIC was positively
correlated to WFPS (r = 0.68, p-value = 0.045). The modeling of FCO2 was improved by using Equation
(2) with a decrease in RMSE and an increase in R2 while the slope increased from 0.55 to 0.84. However,
the increase in the number of modeling parameters induced a slight increase in AICc. At Kdown,
during period B1, when the riparian wetland was waterlogged with a hydrologic gradient causing the
water to move into the macropores, DIC was linearly and negatively correlated with FCO2 (r = −0.75,
p-value = 0.012) and soil temperature (r = −0.71, p-value = 0.022), while it was positively correlated to
WFPS (r = 0.73, p-value = 0.017). Fe2+ was negatively correlated with FCO2 (r = −0.76, p-value = 0.048)
and soil temperature (r = −0.93, p-value = 0.002). DOC was positively correlated with ln (FCO2) with r =

0.84 (p-value <0.005). During period B2, when this riparian wetland was waterlogged with a decrease
in the water velocity due to the decrease in the hydrologic gradient, the linear correlation between
DIC and FCO2 became positive (r = 0.93, p-value = 0.023). In the same period, DIC and DOC were
positively correlated (r = 0.94, p-value < 0.005) and DOC was positively correlated with ln (FCO2) with
r = 0.87 (p-value = 0.011). Moreover DIC, DOC and FCO2 were positively correlated with Fe2+ (r = 0.89,
0.92 and, 0.99; p-value = 0.017, < 0.01, = 0.002; respectively). FCO2 was modeled without differentiating
between periods B1 and B2. The use of Equation (1) resulted in a RMSE = 0.76 and a linear regression
characterized by a slope close to one (0.97) and r2 = 0.79. Using Equation (1), the sensitivity of FCO2 to
the soil temperature was characterized by Q10 = 5.36.

4. Discussion

4.1. Does the DOC Concentration Control the Soil CO2 Efflux?

FCO2 was positively correlated to the DOC concentration using an exponential function when all
four points were analyzed together as well as at Kdown. This is in accordance with the results of Creed
et al. [41] that described, at the catchment scale, a positive correlation using an exponential function
between the soil CO2 emissions and the DOC concentrations. This type of positive relationship between
DOC and FCO2 has also been observed experimentally in rain simulations [43] and soil incubations [44].

The modeling of FCO2 using WFPS and soil temperature as variables resulted in fairly good
correlations between the observed and modeled values with r2 ranging from 0.47 (all points) to
0.79 (Kdown). However, at Kdown, this modeling resulted in a Q10 value higher than 5. This value
is 2.4 times higher than the mean Q10 calculated for poorly drained soils in this catchment [45] and
2.7 times higher than the mean Q10 calculated for Stagnosol soil under a grassland from the Rur
catchment in Germany [46]. This high Q10 value and the increase in FCO2 at Kdown during the period
B2 cannot only be explained by an increase in the frequency of collisions between microorganisms and
substrates due to the rise in temperature. It has been suggested that abiotic factors such as flooding,
drought, or adsorption to mineral surfaces that control substrate availability induced an increase in
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the Q10 values by modifying the activation energy [47,48]. In Kdown, during period B2, reducing
conditions in the soil macropores resulted in the solubilization of increasing amounts of DOC and led
to a 13-fold increase in FCO2, while the soil temperature increased by only 4 ◦C and WFPS remained
stable. The bioreduction of iron oxides in the soil macropores, by increasing substrate accessibility [49],
could be one of the processes leading to apparently high Q10 values as suggested by Davidson and
Janssens [47].

As a consequence, similarly to the improvement of the modeling of soil heterotrophic respiration
as a function of soil moisture by the explicit representation of the DOC biogeochemistry, i.e.,
its solubilization, diffusion and mineralization [17], the modelling of FCO2 may be improved by
using the DOC concentration as a variable along with WFPS and soil temperature. Larger datasets
combining DOC concentrations in soil solutions with FCO2, WFPS and soil temperature would be
required necessary to test this assumption.

4.2. How Do the Water Table Dynamics Drive the Coupling between DIC, DOC and FCO2?

Significant differences in DIC, DOC, and FCO2 between the two topographic transects were
highlighted, as well as between the upslope and downslope positions for DOC and FCO2 in transect
K and for DIC in transect G. The higher FCO2 and DOC values and lower DIC values in transect G
than in transect K may be the result of a combination of SOM destabilization drivers controlled by
the water table dynamics. The increase in the frequency of drying/rewetting soils has been shown to
increase FCO2 due to a more efficient diffusion of oxygen in the soil [50]. The decreased residence times
of the water table above the investigated depth may decrease the transfer of DOC thereby causing
it to accumulate [51] as well as to an increase in the likelihood of encounters between this substrate
and soil heterotrophic microorganisms [15]. In this catchment, where the bedrock is composed of
Brioverian shales, DIC is the by-product of DOC mineralization that accumulates in the soil solution.
With slightly higher pH in the soil solutions in transect K (Table 1), the proportion of dissolved CO2 was
lower at these locations, which may decrease its transfer to the gaseous phase. Moreover, increasing
residence times of the water table may decrease the exchange area between the liquid and gaseous
phases, which could decrease the transfer of DIC to CO2 gas. The combination of these mechanisms
driving the accessibility of DOC and oxygen, as well as the transfer of DIC to the atmosphere may
explain the higher DOC and FCO2 and lower DIC in transect G compared with transect K.

In transect K, FCO2 was lower at Kdown than at Kup, which could be due to the higher water
content at Kdown characterized by a larger average number of days per year where the water table
was above −10 cm (Table 1) and by a longer mean residence time of the water table above −10 cm.
Water logging is known to decrease FCO2 and it is assumed to be due to removing the supply of oxygen
from the atmosphere [19].

The soil organic carbon (SOC) content is a first order parameter driving DOC solubilization [52],
which could explain the higher DOC at Kdown than at Kup. However, this seems to contradict the
higher DOC concentrations at Gup-Gdown than at Kdown since SOC is higher at Kdown (Table 1).
Differences in the water table dynamics between transects G and K may explain this apparent
discrepancy. The solubilization of organic carbon is a chemical equilibrium. The shorter residence
times and longer return times of the water table in transect G associated with WFPS values higher
than 70% over the investigated period may increase the concentration of DOC before its export when
the hydrologic connections are efficient through the soil porosity [51]. This could result in the higher
DOC concentrations in transect G. Another assumption comes from the density of the rhizosphere.
It is assumed that soil pores may be divided into micropores, where water may be retained by
adhesive intermolecular forces, and macropores, where water moves freely under the effect of gravity.
The proportion of micropores may be higher along transect G under grass strips than at Kdown located
in a riparian area where there are trees. In that case, the connectivity between macro- and micropores
could be less effective, favouring C solubilization rather than C export in solution, which could also
result in higher DOC in transect G.
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In transect G, DIC was lower at Gup than at Gdown. The average residence and return times of
the water table during the 2000–2016 period were similar at these points but the average number of
oscillations per year and the average number of days with the water table above −10 cm were lower at
Gup than at Gdown. This results in lower WFPS values (Student paired t-test; p-value < 0.0001) at
Gup than at Gdown. With lower WFPS values, the exchange area between the liquid and gaseous
phases was large and DIC, produced by heterotrophic respiration in the soil solution, could equilibrate
with CO2 gas, while with higher WFPS values, DIC could accumulate in the soil solution. This type of
relationship between DIC and soil moisture has already been identified in a peatland in Germany [53]
as the result of the water table dynamics.

Along topographic gradients, the differences in the water table dynamics may explain
the differences in FCO2, DOC and DIC thereby highlighting its importance in the implied
SOM destabilizationmechanisms.

4.3. Even if FCO2 Decreases, OM Mineralization Can Continue

DIC and WFPS were positively correlated at Kup, Kdown (period B1) and Gdown. This impact
of the soil moisture dynamics on DIC production has also been identified in a German peatland [53]
and was attributed to the water table dynamics. In the paper published by Estop-Aragonès et al. [53],
the negative relationship between the DIC and CO2 concentrations in the soil pores is assumed to
be linked to the water table. This is in accordance with the negative correlation between DIC and
FCO2 found at Kdown (period B1). At Kup and Gdown, the correlations were also negative but
nonsignificant. This absence of significance at Gdown and Kup could be due to the fact that (i)
FCO2 is not only controlled by the DIC concentration but also by WFPS, soil temperature and DOC
concentration and (ii) the number of sampling dates where soil solutions were found in the lysimeters
was low when the water table drew down at these sites starting from 3 March. However, the dynamics
of the DIC concentration and FCO2 emissions made sense compared to the work of Estop-Aragonés et
al. [53]. At Kup and Gdown during period B1 (up to 17 February) when the water table fluctuated in
the organic horizon at these sampling sites, DIC increased whereas FCO2 decreased. During period
B2 (starting from 3 March), when the water table drew down at these sites, DIC decreased and FCO2

increased. As a consequence, the decreasing FCO2 may be due not only to decreasing soil heterotrophic
respiration but also less DIC being transferred from the liquid phase to the gaseous phase.

4.4. Reducing Periods: A Time for Soil Heterotrophic Respiration?

From early March to the end of May, the water table was still above the soil surface at Kdown
but drew down at Kup leading to a decrease in the hydrologic gradient and then to a decrease in the
water velocity at Kdown. These hydrological conditions prevented the renewal of dissolved oxygen
and induced the use of other electron acceptors (nitrate, manganese oxides, iron oxides, sulfates).
The increase in the Fe2+ concentration at Kdown from March to May in the soil solutions sampled with
zero-tension lysimeters highlights that reducing conditions causing the bioreduction of iron oxides
occurred in the soil macropores. This is not the first time this kind of reducing condition is described in
wetlands [26,27,29]. Similar to previous studies, this period was characterized by a large increase in the
DOC concentration from 10 to 38 mg/L. In a nearby wetland located 160 m from Kdown, the recorded
increase in the DOC concentration during the 2010–2011 hydrological year was similar (from 12 to
37 mg/L in [26]). It has been suggested that this increase in DOC was due to a combination of (i) the
dissolution of iron oxides, leading to the solubilization of previously adsorbed OM and (ii) an increase
in pH, leading to a higher surface charge of OM, improving its solubilization [25].

The onset of reducing conditions induced a shift in the sign of the correlation between DOC and
DIC in the soil solutions at Kdown. The increase in DOC was highly and positively correlated to
the DIC increase. Using the catalytic oxidation combustion methodology, DIC is a combination of
dissolved carbonic acid, bicarbonate acid and carbonate acid; their relative proportion is driven by the
pH of the soil solution. It comes from the solubilization of CO2. The production of CO2 in reducing
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conditions has been reported during soil incubation experiments [54]. In the present study, the increase
in DIC was concomitant to the increase in Fe2+. The bioreduction of iron oxides has been identified as
the main pathway of OM mineralization in anoxic sediments [55] and in a freshwater wetland [56].

This reducing period was also characterized by a 12-fold increase in FCO2. The positive correlation
between DOC and FCO2 was already highlighted in experiments carried out in reducing conditions due
to flooding [57]. When the reducing period was longer, the DOC and CO2 productions were higher.
In an experiment designed to separate the effects of flooding and anaerobiosis on the biogeochemistry
of redox sensitive elements, McNicol and Silver [58] assumed that these increases were due to
modifications in the bioavailability of nutrients. Moreover, the OM consumed in such reducing
conditions is assumed to come from the dissolution of iron oxides [59].

During reducing conditions, the use of Fe3+ as an electron acceptor resulted in the dissolution of
iron oxides and to the solubilization of previously adsorbed OM. At the same time, OM is oxidized
into inorganic carbon. This mechanism occurred during a decrease in the hydrological gradient
and therefore the water velocity was low. These conditions increased the likelihood of encounters
between substrate and heterotrophic microorganisms [15], which resulted in increasing Fe2+ and
DIC concentrations and FCO2. Consequently, although WFPS was at its maximum given that the
water table was above the soil surface, SOM mineralization may occur during reducing periods in
wetlands. This result seems to contradict the importance of anaerobic conditions in soil microsites for
SOM preservation [60]. This apparent contradiction could be due to the experimental design used
by Keiluweit et al. [60], where reducing conditions in soil microsites were created by changing the
soil granulometry. In these experiments the mineralization decreased by 37% from coarse to fine soil
structures. When the results of Keiluweit et al. and the present data are considered together, it can
be assumed that when the redox front moved from the microsites to the soil macropores, reducing
conditions may switch from SOM preservation to SOM vulnerability.

5. Conclusions

The investigation of C losses due to SOM destabilization along soil wetness transects was used to
highlight the key-role of water table dynamics in the coupling between DIC, DOC and FCO2.

Under the generic term of water table dynamics, three parameters are highly important: residence
time, return time and water velocity. Since these parameters changed along the topography,
the investigation of the couplings between DIC, DOC and FCO2 provide information about the
mechanisms implied in SOM destabilization. The residence and return times quantify the water
table oscillations at the investigated depth. When the water table is below this depth, water remains
immobile in the soil pores. Oxygen can diffuse into the soil and soil solution, DOC may accumulate
and diffuse into the soil pores, the likelihood of encounters between the substrate and heterotrophic
microorganisms may increase resulting in high DIC and, if the return time is long enough, high
FCO2. When the water table is above the investigated depth, water moves freely implying diffusion
and advection. DOC decreased when the residence time was long enough, highlighting that carbon
solubilization is more of a limiting process than carbon export. The reduction of the exchange area
between the liquid phase and gaseous phase may favor the export of DIC with regard to the export
of FCO2.

Decreasing the water velocity in waterlogged conditions favors the occurrence of reducing
conditions in the soil macropores, which results in increasing (i) DOC concentrations by previously
adsorbed SOM solubilization, (ii) DIC concentrations by DOM mineralization and (iii) soil CO2

emissions (FCO2) through the equilibrium between the liquid phase and gaseous phase. Consequently,
increasing WFPS may result in a decrease in soil CO2 emissions but organic matter biodegradation
could continue. Reducing conditions, when they occur in soil macropores in riparian wetlands,
increased the availability of the substrate. Consequently, the Q10 value could be misinterpreted.
This period of reducing conditions could be considered as a hot moment for SOM mineralization.
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In order to determine how riparian areas of soil will respond to modified precipitation patterns
within the context of global changes, it is important to investigate how the water table dynamics drive
the mechanisms of SOC destabilization. In particular, the oxygen diffusion, DOC solubilization and
transfer, DOC mineralization, and DIC-CO2 gas equilibrium mechanisms are of primary importance.
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