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A B S T R A C T   

Few studies have simultaneously addressed the issue of the short- and long-term hydrological control of organic 
carbon (OC) export from soils and the role of the leaching process in the long-term dynamics of the soil OC pool. 
We combined short- and long-term approaches by investigating dissolved organic carbon (DOC) at the outlet of a 
small drainage catchment and establishing a relationship between DOC concentrations (3.5 ± 1.8 mgC L-1 on 
average) and subsurface runoff (175 mm yr− 1 on average). We then calculated the annual DOC export as a 
function of average annual water runoff for a 9-year period. We assumed that the annual flux of leaching is 
proportional to the active soil OC stock, which we compared with data from the literature. We added a leaching 
function to the AMG two-compartment model of soil carbon dynamics. The innovative use of the Rock–Eval 
method for agricultural soils made it possible to determine the stable and active carbon fractions (OCp and OCA, 
respectively), necessary to characterize the system in the model, for 52 plots in organic and conventional 
agricultural farms in the Seine Basin. No significant difference was found in OC for the two agricultural systems 
(11.4 ± 2.5 gC kg− 1 vs. 12.3 ± 4.2 gC kg− 1, respectively, for the 0 to 30 cm layer). 

Using the AMG model with its leaching function, we calculated the equilibrium value of OCA, representing the 
size of the OCA pool that would be reached in the long term under constant farming practices and hydrological 
conditions in a given plot. Deviation from this equilibrium indicates whether carbon storage or loss occurs. 
Overall, for the plots sampled in the Seine Basin, an annual carbon loss of ~− 0.24 % yr− 1 of the total OC pool 
was found. This may increase by 15% (i.e., to ~− 0.28% yr− 1) under higher subsurface runoff, which is plausible 
under ongoing climate change (e.g., 600 mm yr− 1 vs. 175 mm yr− 1 currently observed).   

1. Introduction 

The pool of organic matter in soils is recognized as a major compo
nent of the global carbon cycle, and its variations can considerably affect 
the greenhouse gases responsible for climate change (Caddeo et al., 
2019; Friedlingstein et al., 2020 and other references therein). 
Regarding cropland, declining trends in the soil organic carbon (OC) 
content of agricultural soils have often been evidenced by long-term 
monitoring studies (e.g., Gregorich et al., 2001; Heikkinen et al., 
2013; Hobley et al., 2018) and experimental agricultural assays in 
Europe (Clivot et al., 2019; Autret et al., 2016). Several models have 
been proposed to quantitatively assess the effect of agricultural practices 

on how the soil OC stock evolves over long periods of time, Century and 
Roth-C being the most well-known with multiple compartments (Parton, 
1996; Coleman et al., 1997, respectively). Recently, six different soil 
models were compared and combined for a better prediction of soil OC 
(Riggers et al., 2019). In addition, a number of studies have addressed 
the issue of leached organic matter and the role of hydrology in the 
dynamics of soil OC. Indeed, OC exports by rivers have long been found 
to be related to their discharge and the land cover of their watershed 
(Meybeck, 1982; Hope et al., 1994) or to the carbon/nitrogen (C/N) 
ratio of soil organic matter on a biome basis (Aitkenhead and McDowell, 
2000). Soil dissolved organic carbon (DOC) lost from leaching is not 
only problematic because of the decline in soil OC, but also because, 
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transformed and transported along the land-to-sea continuum, it may 
potentially affect the ecological functioning of aquatic systems in terms 
of the production vs. respiration ratio, to the same extent as organic 
matter input from urban point sources (Garnier and Billen, 2007). In 
addition to being processed by detritivores and mineralized by microbes 
leading to CO2 evasion over the water course (Cole et al., 2007; Battin 
et al., 2009; Marescaux et al., 2020), DOC may also impact marine 
coastal systems by modifying community structures (Manninen et al., 
2018). In coastal systems, riverine DOC can potentially be taken up by 
mixotrophic microorganisms causing eutrophication and hypoxia (Gli
bert, 2017; Ghyoot et al., 2017). 

Carbon losses from soils to rivers (and to the atmosphere) are very 
complex and require studies at the land-water interface. With climate 
change, most experts predict an increase in extreme events (IPCC, 2014), 
conditions that could affect soil OC (dissolved [DOC] and particulate 
[POC]) deliveries to surface water. At the annual scale, the largest 
proportions of DOC and POC are known to occur during floods, so that 
30–90% of POC and 20–50% of water and DOC fluxes occur during short 
(10%) periods of the year (Meybeck et al., 2003; Meybeck, 2009). 
Several studies have also shown the discharge dependency of OC fluxes 
during rainy events (Manninen et al., 2018; Strohmeier et al., 2013; 
Wagner et al., 2008). Further, DOC leached to surface waters is 
controlled by the seasonality of not only the hydrology but also tem
perature (Sinsabaugh and Findlay, 2003). In addition to climate, soil 
features play a major role in OC losses (Lal, 2004, 2016; Hobley et al., 
2018). While POC (OC attached to soil mineral particles) can be eroded 
and exported with surface runoff, DOC is mostly lost by soil leaching, 
both leading to soils losing carbon (Chaplot et al., 2019). Such processes 
of soil OC loss tend to decrease soil fertility and may be exacerbated by 
land use changes (e.g., Bellamy et al., 2005; Chaplot et al., 2019; Chaplot 
and Cooper, 2015; Chahal and Van Eerd, 2020; Sheng et al., 2015). 
Although carbon storage at a rate of 0.4% per year (the 4 per mil 

initiative, Pellerin and Bamière, 2019) would help compensate green
house gas emissions from fossil carbon use, any OC loss due to increased 
runoff may not only hamper soil storage, but this lost carbon as DOC or 
POC may also return to the atmosphere as CO2 (Menichetti et al., 2015). 

The overall objective of the present study was to link the dynamics of 
OC in soils with its DOC leaching to surface water in agricultural set
tings. To accomplish this, we chose a small drained experimental 
catchment in the Seine Basin, representative of its temperate climate, 
with both conventional and organic crops, and where erosion is very 
limited (Guerrini et al., 1998). 

Aiming to quantify is the size of the effect of DOC lost by leaching on 
soil OC storage, we needed to relate OC dynamics in soils and DOC in 
sub-surface runoff. To combine the soil and water compartments, a soil 
OC dynamic model was upgraded with a leaching module for the first 
time. The existing AMG model of soil OC dynamics was chosen (Clivot 
et al., 2017; Clivot et al., 2019). At an annual time step, it simulates 
three compartments of OC: fresh OC coming from crop residues or 
organic amendments and two soils OC pools, stable and active. The 
relevant information needed to upgrade the AMG with the DOC leaching 
module was gathered by analyzing DOC and subsurface water runoff in 
this small drained catchment. The upgraded model was used to quantify 
how much DOC leaching affects soil OC dynamics, by means of a dual 
approach on soils OC dynamics and DOC leaching. 

2. Material and methods 

2.1. Study sites 

The DOC samples were taken at the outlet of a small fully drained 
36.4 ha experimental catchment (herein referred to as a giant lysimeter; 
Kladivko et al., 2001), which, in the late 2000s, was instrumented with a 
device for continuously measuring subsurface flows and collecting 

Fig. 1. Land use of a. the Seine Basin and b. the embedded Orgeval catchment. c. Location of the small experimental catchment (giant lysimeter) in the Orgeval 
catchment. d. Device for automatic measurements of water flow and concentration in water quality variables at its outlet. The black line represents the drainage 
perimeter of the giant lysimeter, and the blue dot shows its outlet. Orange squares represent the seven plots of the giant lysimeter where soils were auger sampled and 
suction cups were installed. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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samples at its outlet (Fig. 1, Tournebize et al., 2015). It is located in the 
Orgeval watershed, which covers 104 km2 and is located 70 km east of 
Paris in the Seine Basin (Seine-et-Marne department, France). This tile 
drainage network, consisting of perforated pipes installed 10 m apart 
and buried 0.8–1 m deep, was installed starting in the 1950s to facilitate 
the evacuation of excess water during winter and thus reducing the 
clogging and anoxia phases of these hydromorphic soils (Beaudoin et al., 
2012; Arlot, 1999). This subsurface drainage, applied on a large scale, 
led to a redistribution of the water balance, reducing the share of deep 
infiltration in favor of subsurface runoff. Runoff refers to the amount of 
water per surface area flowing more or less rapidly through the soil 
profile to ultimately joining rivers. In the specific case of this giant 
lysimeter subsurface runoff is actually measured and represents by far 
the most important share of total runoff. More generally, runoff (in mm 
yr− 1) is estimated by dividing the annual river flow by the catchment 
area. 

The climate is semi-oceanic, with 727 mm annual precipitation 
(2011–2019) and annual averaged minimum and maximum daily air 
temperature reaching 7.3 ◦C and 16 ◦C, respectively, for the same 
period. The average humidity for the Seine Basin (rainfall–potential 
evapotranspiration) is approximately 200 ± 39 mm yr− 1. Homogeneous 
in terms of climate, the Orgeval watershed is also rather uniform in 
elevation (mean altitude, 148 m). It is located in the upper Tertiary Brie 
Formation with siliceous and marly limestone, covered by Quaternary 
loess deposits and enriched in clay, resulting in low permeability and 
waterlogged soil during winter. In the Orgeval watershed, agricultural 
land dominates (82%) with conventional cereal cropping (wheat, maize, 
barley, and rapeseed), based on mineral nitrogen fertilization and short 
crop rotations. The remaining surface is covered by woods (17%), 
pasture close to streams (<1 %), and the rest is urban or artificialized 
zones (Fig. 1). Organic farming accounts for only 4.1 % of the agricul
ture in this area and is based on long crop rotations, eight to nine suc
cessive crops: typically, 2–3 years of alfalfa, 2 years of cereals, 1 year of 
grain legumes, 2 years of cereals and 1 year with flax or hemp (Benoit 
et al., 2014; Benoit et al., 2016). 

Agriculture in this giant lysimeter is representative of the Orgeval 
watershed as well as the Seine Basin watershed, i.e., intensive conven
tional cropping systems dominated by cereals with rather short rotation 
cycles (Mignolet et al., 2007; Garnier et al., 2016). Therefore, we also 
included here other similar investigations on cropped soils in the Seine 
Basin for additional organic farming references: in the Yonne, Eure, and 
Oise departments, in addition to Seine-et-Marne. These are part of a 
network of farms that have been surveyed since 2011 (known as the 
“ABAC network,” see supplementary material, Fig. 1 SM), together with 
those of the Orgeval catchment (Benoit et al., 2014; Benoit et al., 2016), 
comprising the giant lysimeter area. 

2.2. Sampling 

Water flow rates were continuously recorded in the main drainage 
collector outlet of the giant lysimeter from 2011 to 2020, in a gradient of 
hydrological conditions. The water level measurement devices (SE-200 
OTT and Druck PDCR1830 sensors) were installed in a weir box 
equipped with baffles to still the water and a 90-cm V-notch section 
situated on the main drain. Discharge gauges were used to relate water 
levels to flow rates by means of rating curves with a 15-min time step. 
During the period from November 2018 to March 2020, 25 water sam
ples were taken periodically at bi-weekly or monthly intervals at the 
outlet of the drainage collector for DOC analysis, when the drain was 
flowing. Using an ISCO automatic sampler (model 3700, Teledyne Isco), 
five flood episodes were also sampled in February, May, and December 
2019, and February and March 2020, for which 5, 12, 19, 12, and 24 
samples were analyzed, respectively (Table 1). 

Sub-root water and soils were sampled from seven farm plots 
covering 82% of the giant lysimeter surface area (Fig. 1c). Six ceramic 
suction cups (SDEC, France, SPS Ø 31 mm, 85 cm long) per plot were 

installed vertically 90-cm deep with a manual auger of the same diam
eter, the head placed below the ground surface (− 5 cm) to allow for 
shallow tillage (Benoit et al., 2014; Benoit et al., 2016). They were ar
ranged 2 m apart on a line parallel to the soil tillage. Sub-root water 
samples were taken fortnightly, after 48 h of vacuum setting, during the 
rainy hydrological season (between the end of November and the end of 
March). Soils sampled over the 0- to 30-cm horizon with the auger for 
the six suction cups were pooled for analysis. Other farm plots (45) were 
sampled in the Seine Basin, in the same way for soils as the seven in the 
Orgeval watershed; a total of 52 farm plots from 14 farming systems, six 
of which were in organic (OF) and eight in conventional farming (CF), 
respectively represented 32 and 20 farm plots (see location in Fig. 1 SM). 
Soils samples were collected in mid-November when the suction cups 
were installed. Water and soil samples were stored in a cooler on the 
field and at 4 ◦C when back in the laboratory. Following Autret et al. 
(2016) and Veloso et al. (2018), we sought to determine whether the 
effect of OF practices would differ from CF practices in terms of carbon 
storage. 

As required by the AMG model, we determined the average annual 
input of fresh OC to the soil on the basis of recorded detailed interviews 
with farmers, which were conducted to document the practices of the 14 
farming systems (OF and CF) and 52 farm plots (crops, sowing and 
harvest dates, yield; type of residue and residue management and 
biomass left on the field; mineral and organic fertilizer application, 
other inputs; introduction of intermediate crops and their sowing, har
vest/destruction dates, associated biomass; soil preparation, tillage). 

2.3. Water chemical analysis 

Samples were filtered on the sampling day. The DOC was analyzed 
on the filtrate (filtration through GF/F 0.7-μm filters, 25 mm, pre- 
combusted for 4 h at 500 ◦C). One fraction (T0) of the filtrate (30 mL) 
was immediately acidified by adding 0.1 mL of sulfuric acid (3 M) to 

Table 1 
Sampling frequency for water and soil analysis.  

Water sampling   Number of 
samples 

DOC from the tile drain of 
the giant lysimeter 

Ponctual 28 Nov 
2018–13 
March 2020 

25  

Continous, 1 6–12 Feb 2019 5  
Continous, 2 10–11 May 

2019 
12  

Continous, 3 21–25 Dec 
2019 

19  

Continous, 4 12–17 Feb 
2020 

12  

Continous, 5 5–6 March 
2020 

24 

BDOC from tile drain Ponctual and 
continuous 

02 Feb 
2018–13 
March 2020 

61 

DOC from suction cups in 
the giant lysimeter 

Ponctual (7 plots 
and 6 suction cups 
per plots) 

10 Dec 
2019–13 
March 2020 

51 

BDOC from suction cups idem 10 Dec 
2019–13 
March 2020 

51 

Soil sampling   Number of 
plots 

Soils OC content from the 
Seine Basin, including 
the 7 from the giant 
lysimeter 

0–30 cm, auger 
sampling 

Nov 2016 or 
2017 

52 

Flux of fresh aerial root and crop residues 

fOCF Farmer interviews 
of C input to soils 

2013–2018 52  
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determine DOC. For biodegradable dissolved organic carbon (BDOC), 
another filtered fraction (250 mL) was re-inoculated with the corre
sponding water sample and its native bacterial assemblage (1% in final 
concentration) and batch-incubated for 45 days (T45) in the dark at 
20 ◦C under constant agitation. At the end of the incubation time, 30 mL 
of the batch was filtered and stored in the same conditions as its cor
responding T0 sample (Servais et al., 1995). DOC analysis was per
formed using infrared chromatography (TOC analyzer, Aurora 1030). 
BDOC is estimated as the difference between the DOC on the sampling 
day (T0) and the DOC after incubation (T45). 

A total of 97 DOC and 61 BDOC samples from the subsurface water 
drained by the giant lysimeter were analyzed (Table 1). Overall, 51 DOC 
and BDOC samples were analyzed from the sub-root water in the suction 
cups. Combined with the flow measurements, these data made it 
possible to estimate the flux of organic carbon leaching. As also shown in 
Table 1, soil samples and farmer interviews for 52 plots allowed us to 
determine the three carbon fractions for the AMG model. 

2.4. Soil chemical analysis for total carbon and its fraction of permanent 
carbon 

To characterize the soil from the 52 plots (including the seven from 
the giant lysimeter), samples from their 0 to 30-cm horizon were freeze- 
dried, ground, and sieved at 2 mm. The contents in clay, CaCO3, as well 
as in carbon and nitrogen were classically measured in accordance with 
the respective standard methods, NF X 31-107, NF ISO 10693, NF ISO 
10694, and NF ISO 13878; the latter two were dry combustion methods 
(DC). The C/N ratio was then calculated. 

The Rock-Eval (RE) method was used on the same 52 samples at the 
ISTeP Laboratory with an RE turbo device (Vinci Technologies, France; 
see Behar et al. (2001) for details on the equipment). The analytical 
procedure was adapted from the procedure developed for the analysis of 
soil organic matter by Disnar et al. (2003). Briefly, approximately 60 mg 
of ground sample was subjected to two consecutive heating treatments, 
first in a pyrolysis oven (200–650 ◦C; thermal ramping rate, 
30 ◦C⋅min− 1; under N2 atmosphere) then in a combustion oven 
(300–850 ◦C; thermal ramping rate, 20 ◦C⋅min− 1; under laboratory air 
atmosphere). At the beginning of the pyrolysis stage, the sample was 
kept at 200 ◦C for 180 s during which the free hydrocarbons (HC) were 
thermovaporized (S1 peak). The pyrolysis effluents (mostly HC) were 
quantified with flame ionization detection, while CO and CO2 were 
quantified using infrared detection during both the pyrolysis and 
oxidation stages. One of the major advantages of the RE method is that it 
provides TOC values without preliminary treatment such as decarbon
ation as required for the determination of the OC using classic com
bustion techniques (Disnar et al., 2003; Baudin et al., 2015). 

Moreover, this innovative approach using RE data can quantify the 
proportion of centennially stable soil organic carbon (OCs) and active 
soil OC pools for each plot (OF or CF), in any temperate soils (Cécillon 
et al., 2018; Cécillon et al., 2021). A statistical model based on Rock- 
Eval® thermal analysis (PARTYSOC Cécillon et al., 2021) optimally 
partitions the active and stable pools of AMG (Kanari et al., 2021). This 
statistical model uses Rock-Eval thermal analyses data as entry variables 
and provides the proportion of C stable in the analyzed sample. The 
proportion of stable C was then multiplied by TOC to calculate the C 
stable content. The content of active C was determined by the difference 
between the two. 

2.5. The AMG model 

The AMG model was built for simulating the long-term dynamics of 
organic matter in agricultural soils under the effect of different climatic 
or crop factors (Bouthier et al., 2014; Clivot et al., 2017). The AMG 
model has been intensively verified and validated based on a large 
number of experimental plots for which long chronicles of soil organic 
carbon measurements were available (see Clivot et al, 2019 and 

references herein). In addition to fresh organic matter soil inputs to soils, 
it considers two soil OC compartments (Fig. 2): (i) an active OC (OCA), 
fed from the initial decomposition of this fresh organic matter inputs to 
soils (fOCF), such as unharvested above and belowground crop residues 
as well as organic amendments, and subjected to mineralization, and (ii) 
a stable OC (OCs) pool, considered fully inert at the timescale of the 
simulation (typically less than 50 years). 

The “humification” coefficient for OC inputs (hi, see Fig. 2) de
termines the proportion of the C from fresh organic residues and 
amendments remaining after 1 year of decomposition. It therefore cor
responds to the fraction of OC that is entering the OCA active soil carbon 
pool. This “humification” coefficient is considered dependent only on 
the nature of the original material, with a negligible influence of 
pedoclimatic properties (Clivot et al., 2019; Levavasseur et al., 2020). 
The mean residence time of OCA is ca. 30 years, which is about the mean 
residence time measured for lignin compounds in temperate soils. It is 
also on the same order of magnitude as the “hum” pool of the Roth-C 
model. The rate of OCA mineralization depends on the pedoclimatic 
characteristics of each farm plot (Fig. 2). The balance between annual 
humified carbon inputs and mineralization of the active carbon de
termines how the soil OC stock evolves. The first-order constant rate of 
OCA mineralization (km, see Fig. 2) varies as a function of clay content, 
calcium carbonate (CaCO3) content, pH, C/N ratio, water balance (W, in 
mm.yr− 1 = rainfall– potential evapotranspiration), and temperature (T), 
according to the following functions (Clivot et al., 2017; Clivot et al., 
2019): 

km
(
yr− 1) = k0*f(clay)*f(CaCO3)*f(pH)*f(C/N)*f(W)*f(T) (1) 

with: 
k0 = 0.1 yr− 1 

f(clay) = exp(-a*clay) where a = 2.72 and clay is the clay content in 
gclay/gsoil 

f(CaCO3) = 1/(1 + b*CaCO3) with b = 0.15 and CaCO3 the calcium 
carbonate content in g/gsoil 

f(pH) = exp(-c*(pH- pHref)2) with c = 0.112 and pHref = 8.5 
f(C/N) = 0.8*exp(-d*C/N-11)2) + 0.2 with d = 0.06 
f(W) = 0.989 
f(T) = x/(1+(x-1)*exp(-t*(T-Tref)) with x = 20; t = 0.12 ◦C− 1; Tref 

= 15 ◦C 

2.6. Determination of soil active carbon inputs 

Detailed interviews with farmers allowed us to assemble, for each of 
the 52 plots and over 3–6 consecutive years, a comprehensive data set of 
farming practices (see section 2.2, Table 3 SM). C inputs from above- and 
underground residues of main and intermediate crops were calculated 
from crop yields using the allometric functions provided by Bollinder 
et al. (2007). Depending on the plant and the organ (root, stubble, etc.), 
a fraction of the fresh C inputs is transferred annually to OCA depending 
on its specific humification coefficient, hi (Clivot et al., 2019; Leva
vasseur et al., 2020). The same was done for inputs of organic fertilizers 
such as manure, droppings, vinasse, etc. 

From these data, it was possible to calculate the corresponding total 
active humified carbon flux (fOCAH) (values provided in Table 2 SM). 

2.7. Statistical tests 

The Student test was used to compare the DOC concentrations 
measured in drained sub-surface water (n = 97) from the drain collector, 
and those from sub-root water from suction cups (n = 51). The flux of 
active humified OC to soils (fOCAH) and DOC concentrations were 
compared for OF (n = 20) and CF (n = 37) farming plots with a Man
n–Whitney-Wilcoxon rank test, given that observations did not follow a 
normal distribution. Similarly, the differences in biodegradable DOC in 
drained sub-surface water runoff (n = 59) and in sub-root water from 
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suction cups (n = 51) were tested with the Mann–Whitney–Wilcoxon 
rank test. All statistical tests were performed using R software (R version 
4.0.3 (2020–10-10)). 

3. Results 

3.1. Soil organic carbon pools 

The mean characteristics of soils necessary for running the AMG 
model are shown in Table 2. The loamy clay soils of the Seine Basin and 
the Orgeval watershed (including the giant lysimeter) contain on 
average 73% silt and 20% clay for the 0- to 30-cm horizon. OC and ni
trogen soil contents amounted to roughly 13.5 and 1.3 g kg− 1 for a C/N 
ratio of 10.1, very close to 10, a ratio generally cited for French arable 
soils (Nicolardot et al., 2001). The pH measured at the soil surface 
during the 2018–2019 period averaged 6.79, very close to the value of 
6.8 provided by the RMQS (2000–2020) network for the area studied 
(Martin et al., 2019). 

The total OC measured using the RE technique has been previously 
shown to be closely related to the elemental analysis. Here, the average 
total OC (Rock-Eval) amounted to 11.8 ± 3.3 gC/kgDWsoil. 

OCs and OCA (stable and active OC, respectively) accounted for 58 ±
6% and 42 ± 6% of total OC in the 0- to 30-cm layer. Interestingly, no 

significant difference (Wilcoxon–Mann–Whitney test, p = 0.1675) was 
found between the amount of the different carbon forms on the farm 
plots in OF and CF, respectively (Table 3). 

3.2. Carbon leaching from the soils to the hydrosystem 

Continuous records of subsurface runoff at the outlet of the drainage 
collector are shown from 2011 to 2020 (Fig. 3a, b). A hydrological year 
is considered from September 1 to August 31 of the following year, i.e., 
after the crops have been harvested, with soils prepared for the next 
cropping year. The hydrological years 2011–2012 and 2016–2017 were 
particularly dry, with water runoff of ~ 63 and 42 mm yr− 1, respec
tively, less than half the average over the 2011–2020 period (175 mm 
yr− 1). The wettest yearly subsurface water runoff was observed during 
2017–2018 (380 mm yr− 1). 

Overall, the measurements of DOC concentration in water samples 
from the giant lysimeter averaged 3.6 mgC L-1 (SD = 1.8, n = 97). These 
values showed a hyperbolic relationship with subsurface runoff (mm d- 

1) (Fig. 4). Interestingly, the averaged DOC measured in suction cups 
(sub-root concentrations) for plots within the giant lysimeter were close 
to those from the collector (mean 3.8 mgC L− 1 SD = 2.5, n = 51, Student 
test, p = 0.521), with a lower DOC concentration for OF than CF farming 
plots (2.8 vs. 4.4 mgC L− 1), but not significantly different (Man
n–Whitney test, p = 0.003). 

Regarding the biodegradable DOC fraction (BDOC, after 45 days 

Fig. 2. Schematic representation of the AMG model: carbon fluxes and stocks. fOCF is the flux of fresh organic matter input to soils; hi is the humification rate (yr− 1) 
of each organic input Clivot et al., 2019; Levavasseur et al., 2020); fOCAH is the flux of active humified organic carbon input to soils, km is the mineralization constant 
of active soil carbon (yr− 1). The representation of leaching loss of active OCA has been added in this study. 

Table 2 
Average characteristics of the soils (0–30 cm) of the farm plots studied in terms 
of clay and silt, organic carbon (OCDC), total nitrogen (TN), C/N, and pH. Hu
midity was calculated for the Seine Basin using data from hydrological records 
(https://www.ecologie.gouv.fr/banque-hydro). Average CaCO3 values were 
proposed for the Ile-de-France region by the RMQS (2000–2020) database (www 
.gissol.fr/tag/rmqs, Martin et al., 2019).   

Units Values 

Clay g kg− 1 203.6 ± 43.4 
Silt 2–50 µm g kg− 1 730.1 ± 44.6 
OCDC g C kg− 1 13.5 ± 4.5 
N g N kg− 1 1.3 ± 0.3 
C/N  10.1 ± 1.5 
pH  6.79 ± 0.71 
CaCO3 g kg− 1 0.1 
Humidity mm yr− 1 200 ± 39  

Table 3 
Average contents in soils with organic and conventional farming practices. Total 
organic carbon: OC; stable organic carbon: OCS; active organic carbon: OCA.  

Farming systems Units Values 

OC 
Organic gC kg− 1 11.4 ± 2.5 
Conventional gC kg− 1 12.3 ± 4.2  

OCs 

Organic gC kg− 1 6.5 ± 1.3 
Conventional gC kg− 1 7.1 ± 2.1  

OCA 

Organic gC kg− 1 4.9 ± 1.5 
Conventional gC kg− 1 5.3 ± 2.7  
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incubation) in the water from the giant lysimeter outlet, a rather low 
average of 11.5% was found (SD = 6.3, n = 59), without identifying any 
relationship for either DOC concentrations or the specific period. A 
BDOC average of 22.8% (SD = 14.2, n = 51) was found in the sub-root 
water from suction cups, although the differences were not significant 
on average (Mann–Whitney test, p = 0.14). 

This relationship shown in Fig. 4 was then made used to reconstruct 
the daily export of DOC by leaching from agricultural soils. This 
depended largely on the cumulative discharge of the drained water 
(Fig. 5a) and therefore varied considerably from one hydrological year 
to another. At the annual scale, a linear relationship between total DOC 
export and annual runoff was found (Fig. 5.b). 

3.3. Incorporating leaching in the model of organic carbon dynamics in 
soils 

It is important to determine the extent to which DOC leaching is 

likely to affect the stock of OC in soils, which can be conceptually rep
resented as in Fig. 2 (above, in blue). Since mineralization of soil OC by 
micro-organisms requires soluble OC (generally produced by the action 
of exoenzymes) to enter microbial cells, it is logical to consider that the 
leaching process preferentially concerns the active carbon stock of the 
soil rather than the stable OC, which is inert at a centennial timescale. 

If we then consider that the annual flux of DOC leaching (flx leach, in 
tC ha− 1 yr− 1) is a linear function of the annual runoff (runoff in mm 
yr− 1) (Fig. 5b) and proportional to the soil active OC stock (OCA tonC 
ha− 1), it can be expressed as: 

flxleach = (aleach*runoff)*OCA (2) 

The leaching constants (aleach, in mm− 1) can be calibrated from the 
observations shown in Fig. 5b (y = 0.04x, R2 = 0.96), considering an 
average stock of active OC (OCA) in soils of the experimental area 
amounting to 20 ± 8 tC ha− 1, obtained from an average OCA content of 
5 g kg− 1 over 30 cm and considering an apparent density of 1.3 ton m− 3: 

aleach = 0.04 /20/1000 = 2.10− 6mm− 1 

This also assumes that DOC mostly originated from the 0- to 30-cm 
horizon and that this contribution was homogeneous for the soils 
studied. 

The equation for OC dynamics in soils can then be written as: 

dOCA/dt = fOCAH − km.OCA − (aleach*runoff )*OCA (3)  

where active humified carbon inputs (fOCAH) represent the average 
yearly inputs (tonC ha− 1 yr− 1) depending on agricultural practices, and 
km (yr− 1) the mineralization constant depending on soil-pedoclimatic 
conditions. 

From equation (3), an equilibrium value of OCA (eqOCA) can be 
derived, representing the value of OCA that would be reached in the long 
term under constant farming practices (i.e., constant fOCAH) and con
stant hydrological conditions (i.e., constant annual runoff): 

eqOCA = fOCAH/(km + aleach*runoff) (4) 

The calculation shows that, compared with a hypothetical situation 
with no leaching, the effect of runoff on the equilibrium stock of OCA is 
rather low. At the average values of runoff observed during the 
2011–2020 period in the giant lysimeter (175 mm yr− 1), the equilibrium 
stock is decreased by only 1% compared with a situation with no 

Fig. 3. a. Measurements of daily variations in subsurface runoff (mm d-1) drained from the experimental catchment (2011–2020) b. Cumulative subsurface runoff for 
the hydrological years (September 1 to August 31 of the following year). 

Fig. 4. Relationship between concentrations of dissolved organic carbon (DOC) 
and subsurface runoff values (R, mm d-1) at the outlet of the experimental basin. 
The relationship can be formalized as a hyperbolic function: DOC = a +
DOCmax*R /(R + Rk), with DOCmax the asymptotic value of DOC at high R, and 
Rk the subsurface runoff value for which DOC reaches half of the DOCmax value. 
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leaching. A further 1% and 2% decrease can be expected, respectively, at 
higher runoff such as 380 mm yr− 1 observed during 2017–2018 and 600 
mm yr− 1 possibly reached in very wet years (Fig. 6). 

3.4. Net storage or loss of soil organic carbon in cropland soils 

The concept of the equilibrium of active OC in soil (eqOCA) defined 
in the previous section can be used to determine whether the organic 

matter pool of a given agricultural plot, for which the OCA value has 
been determined using the RE method, is currently increasing or 
decreasing, considering its current agricultural practices and hydrolog
ical conditions. The idea is simply to compare the OCA value measured 
with its equilibrium value on the way to being reached, calculated from 
equation (4). 

The mineralization constant km was calculated using equation (1) 
from the AMG model according to the pedological characteristics of the 
soils (Table 1). It varied from 0.031 to 0.058 yr− 1 for the 52 farm plots 
and averaged 0.042 ± 0.07 yr− 1. The average runoff values obtained 
from the last 10 years (2011–2020) of hydrological records (htt 
ps://www.ecologie.gouv.fr/banque-hydro) varied from 150 to 320 
mm yr− 1, and were used for the various locations of the plots in the Seine 
Basin. 

For each plot, the equilibrium active organic carbon (eqOCA) was 
calculated and compared with the actual OCA value measured with the 
RE method. If OCA is lower than eqOCA, this indicates that the soil is 
experiencing a phase of storing carbon; otherwise, the soil is likely in a 
process of OC loss (Fig. 7). At the farm level, the different plots inves
tigated in a given farm most often were all storing (e.g., OF1, CF2) or 
loosing carbon (e.g., OF5, CF7), but occasionally some plots in the same 
farm were losing carbon while others were storing carbon. The results 
showed no systematic difference in this regard between OF and CF farms 
(Fig. 7, and see Table 2 SM). 

4. Discussion 

4.1. The Rock–Eval method for quantifying the two major carbon pools in 
soils 

A large (30–70%) proportion of OC in soils is not expected to be 
mineralized at the centennial timescale (i.e., stable at a secular or 
multidecadal scale) (e.g., Balesdent et al., 1987; Barré et al., 2010). Until 
recently, no analytical method was able to quantify this pool, a step 

Fig. 5. a. Calculated daily variations of the leached flux of dissolved organic carbon (DOCleached) for the 2011–2020 period. b. Total annual export of dissolved 
organic carbon according to total water subsurface runoff for the 9 hydrological years. 

Fig. 6. Relationship between the stock of active organic carbon (OCA) and the 
flux of active humified carbon (fOCAH) for different annual values of subsurface 
runoff (minimum 40 mm yr− 1 during 2016–2017; maximum 380 mm yr− 1 

during 2017–2018; mean 175 mm yr− 1 for the 2011–2020 period; a hypo
thetical extreme value of 600 mm yr− 1). 
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currently done using default values provided by Clivot et al. (2017, 
2019) or the difference between the measured total OC values and the 
active OC modeled values (Nemo et al., 2016; Le Noë et al., 2019). 

Recent studies have evidenced that the RE method can be used to 
determine the stable carbon pool in temperate soils (Cécillon et al., 
2018; Cécillon et al., 2021) and here we used this pool to characterize 
the AMG model. Other pool-compartment models at a small scale (Roth- 
C: Coleman et al., 1997; JULES, based on Roth-C-: Nakhavali et al., 
2018; Century: Parton, 1996) and even at the global scale (Davidson 
et al., 2014; Luo et al., 2016) could similarly benefit from the determi
nation of this stable carbon pool. The distinction of an active and stable 
pool of OC is indeed crucial for evaluating carbon dynamics in soils. 
Here, the RE method (see Cécillon et al., 2018; Cécillon et al., 2021) 
again appeared to be an efficient and rapid tool for directly determining 
these two stable and active carbon pools characterizing the 52 agricul
tural soils, and for running the AMG model. In addition, RE can evaluate 
the total OC with a difference of about 10% or less (9%: Disnar et al., 
2003; 6%: Behar et al., 2001). 

4.2. Carbon storage and loss in cropped soils: Organic vs. Conventional 
farming systems 

In this survey of 52 plots in the Seine Basin, whereas the flux of active 
humified OC to soils (fOCAH) did not systematically differ between 
organic and conventional farming (OF and CF respectively), carbon loss 
and sequestration appear to indifferently occur for both CF and OF plots, 
contrary to the view that OF would increase carbon in soils owing to a 
higher occurrence of legumes in crop rotations (Gregorich et al., 2001; 
Gattinger et al., 2012; Autret et al., 2016; Veloso et al., 2018). In fact, the 
dynamics of the soil OC pool primarily depends on the intensity of 
above- and underground crop residues inputs, which is largely depen
dent on the production intensity of the cropping system. In general, OF 
systems are less intensive than CF systems in the same pedoclimatic 
context (approximately 30% lower total N fertilization and yield, Benoit 
et al., 2016). There are, however, quite intensive OF systems, providing 
high active humified carbon inputs (fOCAH), leading to high carbon 
storage (e.g., OF1, see Fig. 7 and Table 2 SM), in clear contrast to 
extensive OF systems with no external N inputs, which lose OC (e.g., 
OF6, see Fig. 7 and Table 3 SM). In CF systems, soil OC storage is often 
associated with solid manure inputs, as shown by the example of CF9, 
the plots of which either store or lose OC according to the input of solid 
manure (see Table 3 SM). Fertilization with mineral fertilizers, or by C- 
poor methanizer digestate (CF6), do not by themselves enhance soil OC 
storage. 

Although storage or loss of soil carbon depends on current practices, 
it also depends on the legacy of previous land use. For example, a 

cultivated plot settled on plowed previous grassland might show losses 
for more than a decade (Guo and Gifford, 2002). This might well be the 
case for plots (cf. Fig. 7; Fig. 1 SM) located in the Orgeval watershed 
where pasture and milk production for Brie cheese were traditional; only 
after drains were installed in these clayey soils were wet pastures con
verted into arable cereal croplands (Garnier et al., 2016). 

We analyzed the 0- to 30-cm horizon, but several studies have 
demonstrated complex interactions for subsoils, between the root sys
tem and carbon dynamics (Hobley et al., 2018), especially in the context 
of global warming (Jia et al., 2019). In contrast to other studies mostly 
considering only top soils as reactive (e.g., Blanco-Canqui et al., 2017), 
Nakhavali et al. (2018) implemented a soil profile over 3 m in the JULES 
model, while Hobley et al. (2018) reported a gain in carbon over a 1-m 
soil depth. We sampled ten soils for three horizons (0–30 cm, 30–60 cm, 
and 60–90 cm) for which OCA in the top layer (0–30 cm) accounted for 
61% of the total OCA (0–90 cm) (data not shown): this result indicates an 
underestimation of OC loss by approximately 40 %, arguing in favor of 
considering carbon in subsoils, in agreement with Sheng et al. (2015 and 
references herein). 

In the cropland soils investigated herein, the relative yearly increase 
(or decrease) in OC can be calculated as the difference between inputs 
(fOCAH) and losses (km*OCA + leaching). Dividing this increase rate by 
the current size of the total OC pool provides a relative annual rate of 
storage (or loss if negative). The results of the present study show an 
average relative rate of − 0.24% yr− 1 (ranging from − 2.7% yr− 1 to 
+2.3% yr− 1 depending on the agricultural plots). Increasing the carbon 
storage rate in agricultural soils to the level of the recommended 0.4% 
yr− 1 (4 per mil initiative) would thus require huge efforts in increasing 
crop residue input, the establishment of intermediate crops, the intro
duction of temporary grassland within crop rotations, etc. (see Lal, 
2016; Pellerin and Bamière, 2019). 

4.3. Subsurface runoff and DOC leaching 

The relationship between measured DOC concentrations and runoff, 
similar to that reported by Fabre et al. (2019) and Wen et al. (2020) from 
various rivers, led to a daily carbon leached value varying along with 
water runoff, with maximum values up to 0.7–0.8 kg C ha− 1 d-1 during 
the wettest days. Therefore, meteorological conditions strongly influ
enced the timing of DOC leaching and its yearly load, the lowest in 2012 
down to 1.4 kg C ha− 1 yr− 1 and the highest in 2018, up to 16.8 kg C ha− 1 

yr− 1 (6.7 kg C ha− 1 yr− 1 on average). These values were lower than the 
range reported for crops in southwestern Michigan (USA) and in the 
Midwestern Big Pine Creek watershed (Indiana, USA), i.e., 15.4 kg C 
ha− 1 yr− 1 (Hussain et al., 2020) and 14–19 kg C ha− 1 yr− 1 (Datzell et al., 
2007), two sites with similar temperatures to those in the area studied, 

Fig. 7. Deviation from soil carbon equilibrium concentra
tion indicating a OC loss or an increase of carbon storage 
calculated as the difference between the active organic 
carbon (OCA determined from Rock-Eval) and the soil car
bon equilibrium concentration (eqOCA, calculated by the 
AMG model) plotted against the average annual humified 
active carbon inputs (fOCAH) corresponding to the agri
cultural practices (organic or conventional) documented in 
the farmers’ interviews. OF1 to OF8: organic farms, from 
farm 1 to farm 8. CF1 to CF10: conventional farms, from 
farm CF1 to farm CF10 (OF3, OF7, CF4 and CF5 are 
missing, because they were trials). The symbols distinguish 
the plots studied on a single farm.   
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but with 20–40% higher precipitation (i.e., ~900–1200 mm yr− 1 vs. 
727 mm yr− 1 for our site). They were also much lower than for agri
cultural land in Finland (20–50 kg C ha− 1 yr− 1 for precipitation ranging 
from 533 to 740 mm yr− 1, with lower temperatures (Manninen et al., 
2018)), and for untilled and superficially tilled cropping systems of the 
Arlington Research Station (Wisconsin, USA) (8.4 and 13.3 kg C ha− 1 

yr− 1, Brye et al., 2001) where precipitation amounted to approximately 
800 mm. 

Regarding the biodegradable fraction of leached DOC, the 11.5% 
BDOC found in the drained water in the current study was on the same 
order as the figures reported for different land uses (6%, Autio et al., 
2016; 8.7%, Manninen et al., 2018), independent of DOC variations and 
the sampling period. This BDOC fraction was twofold lower than in the 
sub-root water (22.8 %), corresponding to a concentration in BDOC of 
0.5 mg C L-1 lower. This tends to show further degradation during the 
water transport from the sub-root areas to the outlet of the giant 
lysimeter. As reported by Autio et al. (2016) and Manninen et al. (2018), 
more studies are needed to classify the various factors that might control 
the biodegradability of DOC (type of soil and vegetation, hydrology, and 
agricultural practices). Overall, in the intensively cropped agriculture 
area in our study, where all the soils investigated have rather similar 
clayey silt characteristics and are located in a homogeneous temperate 
climatic zone, DOC export is relatively low. 

4.4. DOC leaching and effect on soils carbon stock 

At the scale of rainfall events, our observations confirmed that 
intense drainage events result in an increasing DOC concentration in 
runoff water, enhancing total DOC leaching from agricultural soils, as 
already reported by several authors (Hinton et al., 1997; Royer et al., 
2007; Dalzell et al., 2007; Andrews et al., 2011; Van Gaelen et al., 2014). 

For higher runoffs, such as the 380 mm yr− 1 observed during 
2017–2018 and 600 mm yr− 1 possibly reached in very wet years, an OCA 
stock decreasing by 1% and 2% was observed (see Fig. 6). Further, we 
can calculate a corresponding carbon loss rate, to be compared with the 
current rate modeled (− 0.24 % yr− 1). The losses would be increased by 
7% and by 15% for 380 mm yr− 1 and 600 mm yr− 1, respectively (i.e., a 
loss rate of, respectively, − 0.26% yr− 1 and − 0.28% yr− 1). These cal
culations show that even new agricultural practices or management 
measures devoted to enhancing OC storage in soils may be unsuccessful 
due to the feedback effects of climate change and their interannual 
variations (Le Quéré et al., 2018; Sleeter et al., 2019). 

In spite of this effect of the rainfall regime, a linear relationship 
between DOC export and total annual runoff is observed at the annual 
scale. This allowed us to define a weighted mean DOC leaching con
centration, which is the same at low and high runoff (see Fig. 5b). The 
model assumed that this DOC export concentration was linearly related 
to the watershed soil OC stock, or more specifically to its active fraction 
(eq. (3); see previous section). This is consistent with the observations 
reported by Aitkenhead et al. (1999) that the total OC stock in soils is the 
single most important determinant of the amount of DOC exported from 
a watershed. Aitkenhead and McDowell (2000) even showed that the 
mean soil C/N ratio, a good proxy for soils OC degradability, would 
account for 99% of the variance in annual riverine DOC flux among 
biomes. 

Examining the studies in the literature reporting annual fluxes of 
DOC leaching together with OC content in the watershed soils, we were 
able to quantitatively validate the assumption and the calibrated value 
used for the aleach factor (Fig. 8), even if the DOC concentrations seem to 
level off somewhat at a very high soil OC stock. Note that the studies 
gathered in Fig. 8 excluded those concerning watersheds with high 
peatland coverage, such as those reported by Aitkenhead et al. (1999), 
which have a much greater organic matter stock and behave differently 
(Autio et al., 2016). 

5. Conclusions 

The RE approach was used in this study not only to quantify organic 
carbon (OC) in soils but also to distinguish the OC fractions of both 
centennially stable (OCS) and active (OCA) OC for 52 cropped plots in 
the rich deep loamy agricultural soils of the Seine Basin. Interestingly, 
we found no significant difference in the soil OC pool or humified C 
input to soils between organic and conventional cropping systems. 

Using the AMG model upgraded with a leaching term, we developed 
the concept of a long-term equilibrium value, eqOCA, from which the 
deviation of actually measured OCA indicates whether the soil is losing 
or storing OC. Although soil OC storage is assessed in 15 of the 52 plots 
investigated, the average trend is a loss of soil OC at a rate of − 0.24% 
yr− 1. The loss of carbon by leaching is rather low in this agricultural 
temperate clayey silt soil, but could be enhanced at higher runoff. 
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