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Abstract. Pyrogenic carbon (PyC) is the carbonaceous solid residue of incomplete combustion of biomass. It is a continuum
of condensed and aromatic molecules. PyC persists for longer in soils relative to non-PyC organic carbon. However, residence
time varies depending on the method used to estimate it. The time and spatial scales investigated are not always adapted to
the long-residence time and vertical and lateral mobility of PyC in the soil profile and the landscape. In addition, agricultural
land-use and shallow slopes are under-represented in the PyC literature.

We measured the concentrations and stocks of PyC down to 60 cm along three toposequences in a small agricultural catch-
ment with shallow slopes and homogeneous soil parent material in the west of France. We used two methods (chemo-thermal
oxidation — CTO and hydropyrolysis — HyPy) of PyC quantification that cover the intermediate to highly condensed part of the
PyC continuum, and also measured the radiocarbon values in both total SOC and the PyC fraction. There was no or little PyC
inputs to the catchment in the last 150 years which gave us access to the resultant, long term PyC distribution in the landscape.
In particular, we aimed to investigate whether the vertical and horizontal distribution of PyC were similar or differed from SOC
and whether they were affected by the gradient of soil evolution along the slope.

Topographic position was not the main driver of PyC stocks in this landscape. The stock of PyCcro averaged 2.5+0.22 t ha=!
across topographic positions and was only higher in a Solimovic Cambisol at the toeslope (3.340.26 t ha=!), likely formed
following changes in erosion dynamics with land-use. Contrary to previous reports, erosion redistributed already aged PyC
without enrichment or depletion. Future studies should assess whether erosion modalities and age and quality of PyC affect its
fate during erosion events. PyCpyp, concentrations in the topsoil decreased from upslope (median = 1.6, IQR = 0.22 gCkg™*
soil) to downslope positions (median = 1.10, IQR = 0.40 gC kg~ soil), which we attribute to PyCpypy dissolution following the
destabilization of mineral associations with iron oxides in the water-table affected portion of the transects. The subsoil (30-60

cm) represented between 37 and 51 % of the PyCcro stock. PyCyypy proportion in SOC increased with depth and reached an
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average of 11£3.3 % at 50-60 cm depth. PyCyyp, had an uncalibrated radiocarbon age of 2520 to 9600 years BP at this depth,
significantly older than bulk SOC at the same depth and than PyCyypy at 0-10 cm. These results confirm the long persistence of
PyC in soils and point to a slow advection of PyC towards the soil depth under the pedoclimatic conditions of our study area.
Identifying the proportion of PyC produced which is quickly transported away from the watershed and that which remains
and is stabilized in soils for millennia after a fire is an important knowledge gap that still needs to be investigated to close the

terrestrial PyC budget.

1 Introduction

Pyrogenic carbon (PyC) is the carbonaceous solid residue of incomplete combustion or pyrolysis of biomass. It is present in all
compartments of the earth system (Santin et al., 2016; Jones et al., 2019; Wagner et al., 2018). PyC is a continuum of molecules
in which the degree of aromaticity and condensation is positively correlated with production temperature (Keiluweit et al.,
2010; Wiedemeier et al., 2015). Different PyC detection and quantification methods cover a different part of this continuum
(Hammes et al., 2007; Hammes and Abiven, 2013). Across methods, PyC represents on average 15% of soil organic carbon
(SOC) (Reisser et al., 2016).

The chemical structure of PyC means that it persists for longer in soils relative to non-PyC, however the range of PyC
residence time estimates vary widely. Large scale modelling of PyC fluxes (Bowring et al., 2022) indicates a persistence in
the order of 5000 years. Methods based on radiocarbon dating of charcoal fragments (Carcaillet, 2001; Hajdas et al., 2007;
Gavin et al., 2023; Liang et al., 2008) or of the PyC fraction of soil organic carbon (Butnor et al., 2017; Schiedung et al., 2024)
have shown that PyC can remain in soils for millennia and up to more than 10,000 years. However, much younger '*C ages
have also been reported (Kane et al., 2010; Ohlson et al., 2009; Krull et al., 2006; Czimczik et al., 2005; Belle, 2023). These
could be due to the rejuvenation of the PyC pool by recent fires or high fire frequency (Kane et al., 2010; Belle, 2023), or to
methods of PyC isolation and detection that may exclude older PyC (Ohlson et al., 2009; Krull et al., 2006), but a centennial
PyC turnover rate cannot be excluded. Extrapolations based on laboratory or field incubations (see Azzi et al., 2024, for an
extensive list) give estimates in the range of decades to millennia, with significant methodological drawbacks related to model
choice and non-representative conditions and time scales (Leng et al., 2019; Azzi et al., 2024). Long term field studies with re-
sampling (Hammes et al., 2008b; Lutfalla et al., 2017) or based on chronosequences (Alexis et al., 2012; Lehndorff et al., 2014;
Selvalakshmi et al., 2018; Nguyen et al., 2009; Cheng et al., 2008) tend to yield shorter estimates, from decades to centuries.
However, PyC losses measured at the plot scale in field based studies may not provide true estimates of PyC residence time
in soils at the catchment scale. In addition to mineralization, PyC losses at the plot scale may occur via fragmentation and
decomposition to smaller particles and less condensed, more oxidised molecules that may evade PyC quantification (Krull
et al., 2006), downward vertical transport out of the soil profile, and lateral transport to nearby or further away locations where
its fate may be altered (Abney and Berhe, 2018).

Vertical downward migration of PyC has been observed in controlled experiments (Schiedung et al., 2020; Santos et al.,

2022; Hilscher and Knicker, 2011) and in the field under different pedo-climatic contexts (Maestrini et al., 2014; Singh et al.,
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2014, 2015; Schiedung et al., 2023; Dai et al., 2005; Alexis et al., 2012; Belle, 2023; Bonhage et al., 2022; Vasilyeva et al.,
2011). In addition, many studies found that the proportion of PyC in SOC is greater in the subsoil relative to the topsoil, which is
attributed in part to favourable transport of PyC to depth (Velasco-Molina et al., 2016; Rodionov et al., 2006; Soucémarianadin
et al., 2019). The processes by which PyC can be redistributed vertically in the soil profile have been reviewed by Hobley
(2019). Leaching in dissolved form is usually limited (Abiven et al., 2011; Maestrini et al., 2014; Major et al., 2010; Hilscher
and Knicker, 2011; Schiedung et al., 2020; Abney et al., 2024) but transport as colloids and larger particles may be significant,
in particular when soil texture is coarse, soil structure is loose, sufficient water is present and/or mixing processes (bioturbation,
peloturbation, cryoturbation) are intense (Belle, 2023; Lehndorff et al., 2016; Schiedung et al., 2020; Rodionov et al., 2006;
Leifeld et al., 2007). Whether PyC will be retained in the subsoil or transported further down to the altered bedrock depends on
its interaction with the minerals and its stabilisation in the subsoil (Brodowski et al., 2007; Guggenberger et al., 2008; Vasilyeva
et al., 2011; Santos et al., 2017).

Recent reviews have highlighted the role of erosion in redistributing carbon (C) at the slope, watershed, and global scale
(Berhe et al., 2018; Van Oost and Six, 2023). These processes are likely exacerbated for PyC (Abney and Berhe, 2018). Erosion
rates often increase after fires due to removal of the vegetation and litter layer, and in some cases, increased soil hydrophobicity
(Belcher, 2013). PyC has a low density which favours its detachment and transport, even in apparently flat landscapes (Pyle
et al., 2017). Manipulative rainfall experiments showed that more than 50% of deposited PyC can be horizontally displaced
after a single rain event (Belle et al., 2021; Rumpel et al., 2009). PyC was enriched in eroded sediments relative to the mineral
soil at the plot scale (about 1 m?, Rumpel et al., 2006b) and at the micro catchment scale (Chaplot et al., 2005; Cotrufo et al.,
2016b; Abney et al., 2019) independent of the slope, but depleted at the larger catchment scale (Chaplot et al., 2005) showing
the existence of deposition and storage areas in the landscape. These areas may include alluvial deposits at riverbanks (Cotrufo
et al., 2016b), flat areas along the slope or at the toeslope (Abney et al., 2017), patches presenting high surface roughness
favouring infiltration of runoff (Boot et al., 2015), where unburned vegetation may retain the charcoal particles (Galanter et al.,
2018), or where moderate to low burn intensity did not result in increased erosion rates (Abney et al., 2019). Indeed, slope and
burn intensity seem to have an interactive effect in controlling horizontal PyC redistribution post-fire (McGuire et al., 2021;
Galanter et al., 2018). Most of the above-cited studies took place within 4 years post fire. On the decadal time scale, Giierefia
et al. (2015) showed downhill redistribution of mineral soil PyC 10 years after deforestation associated with on site charcoal
production in equatorial humid region, but the absence of a flat toeslope (convex toposequence) prevented the accumulation of
PyC near the stream 62 years after deforestation. Abney et al. (2017) showed that PyC deposited on the surface of a riparian
area | year post-fire had been remobilized 10 years post-fire. Only a few chronosequences of mineral soil PyC have investigated
geomorphic factors and landscape positions on longer time scales (Czimczik et al., 2005; Sass and Kloss, 2015). Centennial to
millennial time scales are relevant as they are commensurate with the estimates of PyC residence time in soils. Studies on large
time- and spatial-scales are needed to capture the balance of erosion processes on the C cycle (Van Oost and Six, 2023). Since
PyC dynamics is often related to its interactions with the hydrological cycle (Masiello and Berhe, 2020), the watershed seems
to be a relevant scale to trace the fate of PyC. In addition, the investigations have focused on temperate to subtropical forests

in the US, often with monsoonal precipitation regime and/or in mountainous regions (Galanter et al., 2018; Boot et al., 2015;
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Matosziuk et al., 2020; McGuire et al., 2021; Abney et al., 2017), grasslands (Dai et al., 2005; Rodionov et al., 2006), boreal
forests (Kane et al., 2007; Guggenberger et al., 2008) or on ecosystems actively managed by fire (Selvalakshmi et al., 2018;
Rumpel et al., 2006a; Alexis et al., 2012; Nicolay et al., 2024). Data on other climate zones, geomorphic settings, land-use and
vegetation, and pyromes are needed to better understand the drivers of PyC redistribution.

In this work, we measured the concentrations and stocks of PyC down to 60 cm along three toposequences in a small
catchment with shallow slopes and homogeneous soil parent material in the west of France. We used two methods of PyC
quantification that cover the intermediate to highly condensed part of the PyC continuum, and also measured the radiocarbon
(*4C) values in both total SOC and the PyC fraction. Cropland has dominated the catchment for at least 150 years, ensuring no
or little recent PyC inputs and allowing us to study the resultant, long term PyC distribution in the landscape. In particular, we
aimed to investigate whether the vertical and horizontal distribution of PyC were similar or differed from SOC and whether they
were affected by the gradient of soil evolution along the slope. We hypothesised that, even on shallow slopes, PyC produced
during past fires was transported downslope by erosion due to its light nature and enhanced post-fire erosion, and deposited
at the toeslope where it was protected from further decomposition by burial and/or unfavourable conditions for microbial
activity due to frequent water-logging. Owing to the long term persistence of PyC, these processes would result, to this day, in
higher stocks and higher radiocarbon ages at this position compared to upslope (1). We also made the hypothesis that vertical
downward transport of PyC in the soil profile, combined with its high persistence, would result in increasing proportions of

PyC in SOC with increasing soil depth (2a), and that PyC at depth would be older than at the surface (2b).

2 Material and methods
2.1 Study site

Our study site is located in a catchment of 120 ha in the region of Brittany in the west of France (Figure 1). Over the period
1994-2020, the mean annual temperature was 12 °C (January 6.1 °C - July 18.5 °C) and the mean annual precipitation was
1043.7 mm, well distributed over the year with only slightly wetter autumn-winter and drier spring-summer. This cultivated
catchment is part of the ORE AgrHys and the critical zone observatories network OZCAR. It feeds the Coé&t-Dan, an intermit-
tent stream that often dries out in summer. Slopes are at most 5%. Soils are developed on loess derived locally during the last
glacial period, overlaying weathered siltstone and sandstone, except in the immediate vicinity of the stream where alluvium
is the parent material (Walter and Curmi, 1998). The soil texture is silt loam (FAO soil triangle) and soils are acidic (pHyo0
3.7-6.9). Soils are organised along the slope in the following sequence from summit to toeslope: Cambisol — Haplic Luvisol
— Stagnic (solimovic) Luvisol — Stagnosol — Stagnic Fluvisols (transposed to the World Reference Base IUSS Working Group
WRB (2022) from Walter and Curmi, 1998). The uphill domain is well drained with mainly vertical water flow through the
soil volume. Going down slope, the winter water table comes closer to the soil surface, the water flow develops a small hori-
zontal component, and in the soils with stagnic properties, a perched water table above a dense albic horizon can sometimes
be observed (Walter and Curmi, 1998). Surface flow and erosion are present in the current agricultural land-use but of limited

extent and intensity. There is little export of material out of the catchment (Cros-Cayot, 1996).
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Figure 1. (a) Location of the transects and individual sampling sites within the study area. Shading represents topography. Sites are colored by
soil type and labelled according to their position along the toposequence (Up = summit, flat and shoulder, Mid = midslope, Down = footslope
and toeslope). (b) Organisation of the soil horizons along the lower part of a convex-concave toposequence. Modified from Cheverry (1998).

Inset : location of the study area in France

Because PyC has a long residence time in soil, we also gathered information on land-use change over several millennia.
These changes are described in Appendix Al. Fire regimes in these successive landscapes are poorly known. There are no
nowadays equivalent to the Atlantic forest, and although a little more is known about managed fire in heathland (Hobbs and
Gimingham, 1987) there are only two values of PyC production for heath in the extensive database from Jones et al. (2019).
We assume that the current PyC distribution in the landscape integrates the effects of the changes in land use and fire regime
in the last 10,000 years and interpret our data accordingly.

Most of the catchment area has been under cultivation or pasture since before 1833, except for a small wood at the south-west
border. Plot limits did not vary between 1833 and 1952 and many were delimited by hedgerows and/or paths (see Appendix
A2 for details on how we derived this information). In the 1960’s, plots were pooled together to allow for the use of heavy
machinery, some paths were abandoned and hedgerows uprooted. This affected especially the area where transect T1 and T3

are located whereas the vicinity of T2 seemed already devoid of hedgerows by 1952 (see Figure 1 for transects location).
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2.2 Study design and sampling

We sampled along three topographic transects (toposequences) on north-east (T1), south to south-east (T2) and south-west
(T3) facing slopes at upslope (6 sites), mid-slope (4 sites) and downslope (6 sites) positions (Figure 1). Existing sampling sites
from previous field campaigns in the study area were relocated based on their GPS coordinates. The GPS coordinates of new
sampling sites were recorded. At each sampling site, one lined core was taken using a hydraulic corer and three hand-held
auger cores were made about 1.5 m away from each other around the hydraulic core. The hand auger cores were sampled every
10 cm and composited together. Samples and cores were refrigerated within 48 h and kept at 4°C until analysis. A field soil

description was established based on the hand auger core. Selected soil characteristics are summarised in Table 1.
2.3 Soil characteristics
2.3.1 Sample preparation

The soils were dried at 40°C for a minimum of 48 h and sieved at 2 mm. A 20 g sub-sample of the fine soil was finely ground

(< 200 pm) using a ball mill (1 min at 25 s™). The finely ground samples were used for all carbon analyses.
2.3.2 Physical characteristics

Particle size distribution was determined by the Laboratoire d’analyse des sols (LAS, INRAE) according to NF X31 107. In
short, the sample was exposed to heated H,O, to break down organic matter prior to particle size evaluation. Coarse sand
(> 200 pum) was separated by dry sieving. The remaining material was dispersed in solution and fine fractions (< 50 pm) were
determined using Robinson’s pipetting method. Fine sand (between 50 and 200 zm) was separated by wet sieving under water
flow.

The concentration of fine soil (< 2 mm) was measured for a representative subset of sites using the hydraulic cores. Com-
paction during coring was evaluated by comparing the depth of soil in the cores to the recorded coring depth. Compaction was
considered homogeneous when < 5% and increasing with depth otherwise. Depth increments equivalent to 10 cm of uncom-
pacted soil were delimited on the outside of the transparent core liner before cutting it open longitudinally and slices were cut
out with a knife following the delimitations. The soil was dried at 105 °C for 24h and weighed (m). Coarse elements > 2 mm
were separated from the fine soil by wet sieving, dried again and their weight was recorded (mycxs). The concentration of fine
s0il (Cfine, in g cm™3) was calculated according to equation 1. Note that this is not the bulk density of fine soil as we did not
correct for the volume of coarse fragments, but it is enough to calculate the correct carbon stocks as per equations 8 and 9 of
Poeplau et al. (2017).

C o (mtot - mrocks)
fine = — >
Veq_slice

with Voy stice = 7+ (7.54)%- 10 (1)
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C'tine Was estimated for missing sites using a linear model fitted on the measured values with depth, horizon and transect as

2

adj = 0.47, residual standard error = 0.15 g.cm_3, p <0.001).

predictors (R
2.3.3 pH and cation exchange capacity (CEC)

pH and CEC were determined by the LAS (INRAE) according to NF EN ISO 10390 and ISO 23470 respectively. pH was
measured in water and in KCI (1 mol L!) at a 1:5 (v/v) soil to solution ratio. CEC was measured based on exchange with

cobaltihexamine ions at soil pH.
2.3.4 Iron and aluminium oxides and total elemental composition

Iron (Fe) and aluminium (Al) were extracted at the LAS (INRAE) by the Tamm method in the dark (also called oxalate
extraction), the Mehra-Jackson method (also called dithionate-citrate-bicarbonate (DCB) extraction) and hydrofluoric acid
(HF) digestion (NF ISO 14869-1) and measured by ICP-AES. The Tamm method extracts iron in organo-metallic complexes
and amorphous or poorly crystalline oxides (Feoxanate)- It is conducted at pH 3, 20 °C and in the dark to avoid iron reduction by
UV radiations. 50 mL of oxalate buffer solution was mixed with 1.25 g of finely ground soil during 4 h. The Mehra-Jackson
method extracts iron and aluminium in oxides and oxyhydroxides (amorphous and crystalline, Fepcp). 0.5 g of finely ground
soil was exposed to 25 mL of sodium tri-citrate (0.267 mol L'!) and sodium bicarbonate (0.111 mol L") and 1.5 mL of sodium
dithionite (200 g L") for 30 min at 80 °C. The amount of iron in crystalline oxides was calculated by difference: Fecrysaliine =
Fepcp - Feoxalate- The HF digestion breaks down all silicate minerals and gives access to the total iron (Fey) and aluminium
(Alier) content of the soil. Other elements measured by ICP-AES on the HF extract include calcium (Cayy), potassium (Kyoy),
magnesium (Mg), manganese (Mn), sodium (Nay) and phosphorus (P). From these data we calculated the weathering
index (WI, equation 2) and the chemical index of alteration (CIA, equation 3). The W1 is the ratio of Ferygaliine to total iron.
Iron forms in soils are strongly related to pedogenetic processes such as alteration of crystalline iron oxides present in the
parent rock, clay formation and breakdown and secondary precipitation of more or less crystalline iron oxides. The CIA was
proposed by Nesbitt and Young (1982) as an indicator of the alteration of feldspars from the parent rock (low CIA) to clay
minerals (high CIA), during which the mobile elements (Na, Ca, K) are lost whereas Al is retained. Note that K fertilisation

and liming will modify CIA in the topsoil independent of weathering.

o FeDC’B _Feozalate

Wi 2
Fegot @
AlyO3
IA=
¢ AlsO3+ NasO + K20 4 CaOx
Altot
2M (Al) 3)
A N K,
liot Aot + tot + ( Cagor _ CaCOs ) 10)

2M(Al)  2M(Na) * 2M(K) ' ‘M(Ca) M(CaCOs3)

7
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Where X, are the concentrations of the elements in weight % (or gX/100 g soil), M(X) is the atomic mass of the respective
elements in g mol~!, the factors 2 are to convert from elemental to oxide molar content and CaCOj is the carbonate content in

gkg™! soil.
2.3.5 Soil organic carbon and pyrogenic carbon

SOC content was measured by dry combustion - cavity ring down spectroscopy (Picarro G2101-i Isotopic CO, and combustion
module Costech) calibrated against an in-house standard. Each sample was measured in triplicate. The soils contained no
carbonates so total carbon was considered as organic carbon.

PyC content was determined using the chemo-thermal oxidation (CTO-375) method (Gustafsson et al., 1997; Caria et al.,
2011) and the hydrogen pyrolysis (or hydropyrolysis, HyPy) method (Meredith et al., 2012). The CTO-375 method removes
non-pyrogenic organic matter and the least condensed fraction of the PyC continuum and targets soot-like PyC (Hammes et al.,
2007; Gustafsson et al., 2001; Elmquist et al., 2004). HyPy isolates PyC of > 7 fused aromatic rings (Meredith et al., 2012;
Waurster et al., 2013), which covers a wider range of the PyC continuum than CTO-375 (Hammes and Abiven, 2013).

Each sample was prepared and measured in duplicate by CTO-375. 40 mg of finely ground sample were weighted in two
silver capsules (three if SOC < 0.2%). The samples were placed in a stainless steel plate and heated in a muffle furnace to
350 °C at 10 °C min"! then to 375 °C at 1 °C min™' and kept at this temperature for 24 h. This heating program has been found
to prevent in-situ formation of PyC during the procedure (M. Schiedung, personal communication). The ventilation holes in the
oven door were kept open throughout to ensure sufficient oxygen supply for complete combustion of thermally labile organic
matter. After cooling to room temperature, the samples were acidified with 20 pL of 1 % (v/v) hydrochloric acid (HCI) and
exposed to concentrated HC] vapours in a bell jar for 8 h. Samples were then dried successively in a desiccator containing
silica beads and under vacuum for 24 h and in a vacuum oven at 40 °C for 3 days. The two or three silver capsules per sample
were then composited in a tin capsule and analysed for C content (noted PyCcro) as described above for SOC. An in-house
standard was submitted to the same procedure with every batch of samples to check for analytical deviation and calculate the
coefficient of variation of the PyCcro content (CV =11 %).

Additionally, selected samples were analysed by HyPy. The finely ground samples were mixed with ammonium dioxy-
dithiomolybdate (5 % m/m) and suspended in a 20 % (v/v) water-methanol solution to dissolve the catalyst. The solution
was then evaporated to dryness at 80 °C. This allowed coating of the catalyst on the soil particles for higher contact surface.
Samples were then weighed into pre-combusted quartz inserts and were pyrolysed at 550 °C under a hydrogen pressure of 150
bar and sweep gas flow of 5 L min"! (ATP). Full details of the pyrolysis programme, including temperature ramp and hold
rates, can be found in Meredith et al. (2012). The carbon content of samples before and after hydropyrolysis was measured by
elemental analysis (EA). The PyC measured via HyPy is expressed as the proportion of SOC that is made up of PyC (noted
PyChypy (%SOC)). PyChypy content was obtained by multiplicating the PyCpyp, proportion by SOC content.
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2.3.6 PyC and SOC radiocarbon dating

The upslope and downslope sites of each transect were selected for radiocarbon analysis. We further restrained the analysis to
the 0-10 cm (A horizon) and 50-60 cm (base of the structural or illuvial B horizon) depth increments. To represent the eluvial
horizon an additional intermediate depth (20-30 cm or 30-40 cm) was added at downslope sites.

For '*C measurement of the PyC fraction, samples were prepared following the HyPy procedure as described above. After
hydropyrolysis, the quartz crucible containing PyC was converted to CO, by combustion in a sealed quartz tube, as described
in Ascough et al. (2024). The sample CO, was cryogenically purified and then reduced to graphite by sequential reaction
with Zn and Fe. The sample preparation was carried out at the Environmental Radiocarbon Laboratory (Scottish Universities
Environmental Research Center, East Kilbride, UK). The '#*C/!'>C ratio of the graphitized samples was measured by accelerator
mass spectrometry (AMS) at the Keck Carbon Cycle AMS Facility (University of California, Irvine, USA). Stable carbon
isotope ratios ('>C/!*C) were measured online on the AMS to correct the measured radiocarbon values for kinetic fractionation
effects.

For the bulk '*C analysis, the homogenized soils were fumigated with 37% HCI for 72 h at 60°C to remove all inorganic
carbon. After fumigation, the excess acid was neutralised by placing the samples in a closed bell jar with NaOH pellets at 60°C
for a minimum of 48 h. The samples were subsequently wrapped in tin boats and analysed using a coupled elemental analyzer-
accelerator mass spectrometer (EA-AMS) system (vario MICRO cube, Elementar; Mini Carbon Dating System MICADAS,
Switzerland) described in Synal et al. (2007). The '*C analysis was carried out at the Laboratory of Ion Beam Physics at the
Swiss Federal Institute of Technology (ETH), Ziirich, Switzerland.

Measured '“C/'2C ratios are reported as F!*C, as described in Reimer et al. (2004). We did not calculate calibrated ages for
PyC '4C data as PyCpypy results from the accumulation of fires over time and not a single event that can be dated. We also did
not attempt to calculate turnover times for either carbon pool. SOC is not an homogeneous pool with a single turnover time,
and even assuming PyCpypy is a homogeneous pool, the turnover time calculation requires either a steady state assumption
(inputs = outputs, unlikely for PyC produced from sparse fire events and in a context of fire suppression), known input rates,

or several time points (Torn et al., 2009), neither of which is met.
2.4 Data processing and statistical analysis

Slope position, angle and soil type were determined based on cartographic information from SAS laboratory visualised in
QGIS v3.34.8 and confirmed by field observations and laboratory analysis. This led us to modify the grouping of sites from the
original design. In particular, we singled out the summit site of transect 1 (Hyperdystric Cambisol, Figure 1), located in a small
woodland and strongly acidic (pH 3.7-4.6), from the other upslope sites (Haplic Cambisols, n=5) under cropland since at least
the first half of the 19th century and located either at intermediate flat position along a longer slope or at the slope shoulder. We
also singled out the lowest downslope site of transect 3, the only soil showing strong colluvial features (Solimovic Cambisol),
and we further subdivided the remaining downslope positions into footslope sites (n=3), at the transition from Cambisol to

Luvisol and toeslope sites (n=2) in the Stagnic Luvisol and Stognosol domain. Mid-slope Cambisols were not subdivided
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(n=4). Elevation above sea-level was determined in QGIS based on the GPS coordinates of the sites and a 1 m resolution
digital terrain model. For each site, we calculated its altitude relative to the site closest to the stream in the respective transect,
as a proxy for the slope length from that site to the toeslope. The overall slope angles were similar between the 3 transects and
local slope at the sampling sites ranged from 0 to 3%.

Carbon stocks were calculated for each 10 cm depth increment and summed to 60 cm (total stocks), the deepest common
depth to all sites, which corresponds to the apparition of the C horizon (altered parent material) at the shallowest profiles (the
deepest profiles extended deeper than 90 cm). When available, analytical error was propagated to the final results. In particular,
for total stocks, the error was propagated from each depth increment to the sum then to the mean. The degrees of freedom of
the variance obtained from error propagation can be erroneously estimated by the Welch-Satterthwaite equation when sample
size is small (O’Hagan et al., 2021) which prevented us from constructing satisfactory confidence intervals for these quantities.
Thus we chose to represent the standard deviation, unless specified otherwise. The effect of slope position (original design)
was assessed using the Kruskal-Wallis test, a non parametric alternative to ANOVA, after excluding the only solimovic site.
Slope positions were compared by the Wilcoxon-Mann-Whitney test and p-values were adjusted for multiple comparisons
with the Bonferonni-Holm correction. Some soil groups from the revised design did not contain enough observations to allow
meaningful statistical analysis. Trends were assessed visually, taking into account the propagated error. Linear regression was
fitted to the concentration and stock data as a function of altitude relative to the toeslope. Diagnostic plots were examined for
strong deviations to the normality and homoscedasticity assumptions and identification of high leverage outliers. Correlations
between PyC content, F'*C and other soil properties were assessed by Kendall’s rank correlation coefficient (7). Significance
was assessed at the 95% confidence level. Analytical and field replicates were averaged as necessary. All data processing,
statistical analysis and figure production was done with R version 4.4.0 (R Core Team, 2021) in Rstudio version 2024.04.1+748
(Rstudio, 2021), using the packages tidyverse (Wickham et al., 2019) and corrplot (Wei and Simko, 2021).

3 Results
3.1 PyC in the soil profile

Figure 2 represents the evolution of PyCcro and PyCyypyproportion in SOC with depth for the six soil groups. For all soil
groups but the Hyperdystric Cambisol under woodland at the summit, the proportion of PyCcro in SOC remains the same in
the first 20 to 30 cm due to homogenization of the soil material by ploughing. Below 30 cm, an increasing proportion of SOC
is made up by PyCcro as depth increases — between 3.440.23% and 3.834+0.26% at 30-40 cm and between 6.7+0.40% and
15.042.6% at 70-80 cm — except for the Solimovic Cambisol at the hill foot which shows a nearly flat profile down to 60 cm
depth. The Stagnic Albic Luvisol and Albic Fluvic Stagnosol at the toeslope presented a peak at 20-30 cm (albic horizon) due
to a sharper drop in SOC than PyC. Although PyC proportion in SOC increases, PyC concentration decreases with depth in all
profiles (Supplementary Figure S1).
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Figure 2. Profiles of PyCcro (dots) and PyCuypy (triangles) proportion in SOC with depth by soil group, according to the gradient of soil
evolution with slope position. CM - Cambisol, LV - Luvisol, ST - Stagnosol, jd - hyperdystric, ha - haplic, lv - luvic, rw - relectistagnic, st -

stagnic, ab - albic, fv - fluvic, sv - solimovic. Error bars represent standard error (typical analytical error when n=1)

The PyChyypy profiles show the same trends as PyCcro profiles, with the proportion of PyCyypy in SOC higher than the
proportion of PyCcro in SOC by a median of 4.3%, consistent with the commonly held assumption that the HyPy method
measures a wider range of the PyC continuum than the CTO-375 method (Hammes and Abiven, 2013).

285 3.2 PyC along the toposequence

Figure 3 shows the amount of PyC in the first 10 cm of the soil, from the toeslope upward. PyCcro (panel a) tended to be higher
at upslope and downslope positions (median = 0.5 and 0.6 gCkg ! soil, interquartile range (IQR) = 0.18 and 0.15 gCkg~!
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Figure 3. (a) PyCcro and (b) PyCuypy content in the topsoil (0-10 cm) with altitude relative to the toeslope. Points are colored by soil group,
according to the gradient of soil evolution with slope position. CM - Cambisol, LV - Luvisol, ST - Stagnosol, jd - hyperdystric, ha - haplic,
Iv - luvic, rw - relectistagnic, st - stagnic, ab - albic, fv - fluvic, sv - solimovic. In panel a points joined by a line of the same type belong to

the same transect, solid line - transect 1, dashed line - transect 2, dotted line - transect 3. Error bars represent the usual analytical error.

soil respectively) and lower at midslope (median = 0.4 and IQR = 0.04 gC kg~ soil) but these differences were not significant
(x2 = 5.3, p=0.072). This tendency remained visible in the subsoil (50-60 cm depth) although the variability was greater (not
shown). The PyCpyypy content (panel b) and proportion in SOC (not shown) linearly decreased (R?=0.46,p=0.01 and R?> =
0.51, p = 0.01 respectively) from the summit to the toeslope in the topsoil, but not in the subsoil (not shown). Slope position
was a significant factor for PyCyypy content (x2 = 7.2, p=0.027), with significantly more PyCyypy at upslope positions (median

=1.6,IQR = 0.22 gC kg ! soil) than at downslope positions (median = 1.10, IQR = 0.40 gCkg ! soil)
3.3 PyC stocks

Figure 4 shows the stocks of PyCcro for each soil group, in the topsoil (0-30 cm), subsoil (30-60 cm) and over the entire
soil profile (0-60 cm). Contrary to our hypothesis, slope position was not a significant factor explaining soil PyC stocks in
this watershed. On average PyCcto amounted to 2.540.22 t ha=!. PyCero stocks were only slightly lower in a Hyperdystric
Cambisol at the summit (1.94:0.22 tha~') and higher in a Solimovic Cambisol at the footslope (3.340.26 tha~'). The
proportion of PyCcro in total SOC stock varied little, from 1.5 + 0.35% to 3.1 = 0.48%. PyC in the subsoil represented
between 37% and 51% of the PyCcro stock in the hyperdystric Cambisol under woodland at the summit and the Solimovic
Cambisol at the footslope respectively, and on average 44% for the other soil groups. SOC stocks amounted to 100 & 10 t ha—!
on average (min = 68, max = 141 t ha™!), with 12 to 49% of the stock below 30 cm (Supplementary Figure S2).
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Figure 4. PyCcro stocks in the soil profile down to 60 cm (darker shade), topsoil (0-30 cm, intermediate shade), and subsoil (30-60 cm,
lighter shade) by soil group according to the gradient of soil evolution with slope position. CM - Cambisol, LV - Luvisol, ST - Stagnosol, jd
- hyperdystric, ha - haplic, lv - luvic, rw - relectistagnic, st - stagnic, ab - albic, fv - fluvic, sv - solimovic. The numbers above the bars are
the proportion of the topsoil (resp. subsoil) PyC stock in the total stock, the numbers inside the bars are the proportion of PyC stock in the

total SOC stocks. Error bars represent the propagated standard error.

3.4 Radiocarbon ages of PyC and SOC

There was no significant difference in F'#C with slope position for either SOC or the PyCpypy fraction in the topsoil (Figure
5, panel a) and the subsoil (not shown). PyCyypy in the topsoil was significantly older than SOC independent of slope position
(Figure 5 panel a, F'*C range 0.72 - 0.83 and 0.99 - 1.14 respectively, which corresponds to 2630 - 1530 4C years BP and
50 BP - modern), and the difference increased with depth (Supplementary Table S1). In addition, both the PyCpypy fraction
(Figure 5, panel b) and the total SOC (Supplementary Table S1) were systematically older in the subsoil relative to the topsoil
(F'*C PyCpypy subsoil median = 0.60, IQR = 0.039, topsoil median = 0.79, IQR = 0.045) except for one profile at the footslope

that showed a reverse “stratigraphy”. We found no trend in PyCgypy 14C values with altitude relative to the toeslope and/or soil
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Figure 5. (a) F'*C of bulk SOC (white fill) and PyCrypy (grey fill) in the topsoil (0-10 cm) for upslope positions (orange) and downslope
positions (purple). Two-sided Wilcoxon-Mann-Whitney test for the difference between slope positions and between C pools (*** - p < 0.01)
and between slope positions within each pool (ns - not significant, p > 0.1). (b) F'*C of PyCpypy in topsoil (0-10 cm, circles), intermediate
(20 to 40 cm depth, triangles) and subsoil (50 to 70 cm depth, squares) horizons in upslope and dowslope positions. brown - Hyperdystric
Cambisol at the summit, dark orange - Haplic Cambisols at intermediate flats and shoulders, aquamarine - Haplic Cambisol and relictistagnic
Luvisols and the footslope, green - Stagnic Albic Luvisol and Albic Fluvic Stagnosol at the toeslope and pink - Solimovic Cambisol at the

footslope. Note the different x-axis scale between the two panels.

type except for the Solimovic Cambisol which had a young PyCpypy, over the whole profile (F 14C0.73 - 0.81). All 'C data can
be found in Supplementary Table S1.

3.5 Correlations between soil characteristics and PyC

Both PyCcto and PyCyyp, were positively correlated with SOC (7 = 0.57, Figure 6). This correlation was weak and insignif-
icant in the topsoil (0-10 cm) and of intermediate strength at 50-60 cm depth (7 = 0.47 and 0.45 for PyCcro and PyCryypy
respectively). On the contrary, the proportion of PyCcro and PyCyypy in SOC was strongly negatively correlated with SOC
(1 = -0.78 and -0.62 respectively) and the C:N ratio (7 = -0.66 and -0.65 respectively) and positively with §'3C (7 = 0.49
and 0.67 respectively). Overall, with the exception of CEC¢, and WI, correlations between PyC and variables reflecting soil
chemistry (pH, CIA) and soil mineralogy and texture (Feoxaiae and Fecrystaitine, clay, silt and sand content) were weaker and
when significant did not remain so in the 0-10 and 50-60 cm depth intervals separately, indicating that they may result from

co-variation with depth rather than actual mechanistic relationship. They were however stronger for PyCpyp, concentration, in
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Figure 6. Kendall’s rank correlation between PyC content (CTO and HyPy), PyC proportion in SOC (CTO and HyPy), F*C (PyChypy
and bulk SOC) and selected soil characteristics, including SOC and indicators of SOC quality (& 13C, C:N), soil chemistry (pHu20, CECco,
Feoxalate and Fecrystatiine ), s0il texture (Clay to Sand) and soil evolution (Silt:Clay, weathering index WI and chemical index of alteration CIA),
across depths. Significant correlations at the 95% confidence level are in bold. Correlations that remain significant and of the same sign in at

least one depth increment (0-10 cm or 50-60 cm) are outlined in black.

particular the correlation with Feoxajaee (7 = 0.47). F!4C of PyChypy was positively correlated with CEC and Feoxaiae (7 = 0.66
and 0.37 respectively) and negatively correlated with clay content (7 = -0.40).

4 Discussion
4.1 Cropland soils store old PyC after centuries of fire suppression

Our results attest to the durable presence of PyC in cropland soils even after centuries of fire suppression. PyCyypy in the first
10 cm of the soil had substantially lower (i.e. older) F'*C than SOC (Figure 5a), highlighting the longer residence time of PyC
in soils, up to millennia. These low F'*C (0.72-0.83, 2630-1530 years BP) further indicate the presence of a non-negligible
proportion of old PyC remaining in the topsoil, consistent with the assumption of limited to no PyC inputs in the last two
centuries. They are similar to F'*C found at 0-15cm depth in boreal soils with discontinuous permafrost in Canada (0.76-0.86,
Schiedung et al., 2024) but significantly higher (i.e. younger) than values for continuous permafrost soils from the same study
(0.44-0.56). They are lower (i.e. older) than in the 0-15 cm layer of tropical soils under dry shrubland and forest (0.85-0.95 and
0.89-1.05 respectively, Belle, 2023). These differences could be explained by a combination of different PyC mineralization
rates (slower under permafrost and faster under tropical climate) and different fire regimes (more frequent and recent PyC
inputs in both climatic zones).

PyCcro concentrations in the topsoil (0.4 to 0.7 gC kg™! at 0-10 cm) were very similar to that found in Swiss cropland soils

(0.4 t0 0.8 gC kg™! at 0-20 cm) and slightly lower than that measured in grassland (0.8 to 1.3 gC kg™!) and forest (0.6 to 2.7 gC
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kg!) soils by Agarwal and Bucheli (2011). They were also similar to the concentrations measured in soils of the Région Centre
in France (mainly croplands and forests) that ranged from 0.4 to 1 gC kg™! (Q1 to Q3) at 0-30 cm (Paroissien et al., 2012).

To the best of our knowledge, there exist no other study that measured PyCcro stocks in a similar pedoclimatic context.
Silva et al. (2023) found an average PyCcro stock to 1 m depth of 1.3740.65 t ha'! in Amazon forest fragments in Brazil.
This is similar to our stocks to just 30 cm depth (1.2 to 1.6 t ha™!). Santos et al. (2017) and Soucémarianadin et al. (2014)
found PyC stocks to the lower limit of the B horizon between 1.75 and 4.9 t ha! in Podzols of North American forests using
a PyC isolation method based on chemical oxidation (KMD method). These higher values could be attributed to different
fire regimes, soil properties or a larger coverage of the PyC continuum by the KMD method compared to CTO. Across -
pedoclimatic contexts, PyC stocks determined with the BPCA method (Lehndorff et al., 2016; Rodionov et al., 2010) are 2 to
20 times larger than PyCcpo stocks (Schiedung et al., 2024; Belle, 2023, and this study), which points to method differences
as the most likely explanation and prevents meaningful comparisons.

The subsoil (30 - 60 cm) represented a important share of the total PyCcro stock (44%, Figure 4) in our study area. This
proportion was slightly lower (not significant) in the Cambisol under woodland (37 + 6.2%) than in the Cambisols under
cropland (44 to 46 %). Soucémarianadin et al. (2014) and Silva et al. (2023) found only 17% and 30% of the PyC stock below
30 cm in Podzols and Ferralsols respectively, under forest, whereas under cropland Lehndorff (2016) found more than 50% of
the PyC stock in the subsoil (below the A horizon) for an Andosol, an Alisol, a Cambisol and a Vertisol and less than 50% for
a Fluvisol and another Alisol, when not under paddy rice cultivation. Redistribution of PyC to the subsoil in croplands could
have been favoured by mixing and fragmentation of PyC particles due to tillage.

Altogether, these results show that PyC can be preserved in cropland soil profiles of temperate regions long after fire has

been suppressed from the ecosystem, bearing traces of past fire regimes.
4.2 SOC becomes enriched in PyC with depth

We observed an increasing proportion of PyC in SOC with depth in all profiles and for both PyC determination methods
(Figure 2). This shape of profiles of PyC proportion in SOC is commonly observed for PyCcro (Qi et al., 2017; Agarwal
and Bucheli, 2011; Koele et al., 2017; Silva et al., 2023) and PyC measured using other quantification methods (Andreeva
et al., 2011; Brodowski et al., 2005; Butnor et al., 2017; Dai et al., 2005; Hammes et al., 2008a; Matosziuk et al., 2020;
Soucémarianadin et al., 2019; Giierefia et al., 2015; Velasco-Molina et al., 2016), across soil type, vegetation and climate,
although different shapes have been observed under grasslands (Rodionov et al., 2006), in Andosols and in some cases under
paddy rice cultivation (Lehndorff et al., 2014), in Podzols (Soucémarianadin et al., 2014), and where there are frequent PyC
inputs at the surface from stubble burning (Rumpel et al., 2006a). At the same time, F'*C of PyCyypy decreased sharply with
depth in all profiles but two (Figure 5b). We are the first to report F'*C of PyCpypy in temperate cropland soils but Butnor
et al. (2017) found a regular decrease in the F'#C of the chemically resistant SOC fraction (which can be equated to PyC) from
0-20 cm (0.88-0.66) down to 100 cm (0.28-0.54) in forest soils in the southern US, in close agreement with our findings.
Several hypotheses have been brought forward by the above-cited authors to explain these observations: (1) PyC is prefer-

entially transported to depth relative to non-PyC, (2) PyC is preferentially preserved (via retention or stabilisation) at depth

16



375

380

385

390

395

400

405

https://doi.org/10.5194/egusphere-2025-2693
Preprint. Discussion started: 26 June 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

relative to non-PyC, or (3) the intrinsically higher persistence of PyC relative to non-PyC increases the likelihood to find it at
depth. Although our study was not designed to answer this question, we examined the three mechanisms of PyC enrichment
with depth and argue that higher persistence is sufficient to explain the profiles we observe.

(1) Estimates of downward vertical transport rate of particulate and dissolved PyC range from 2 to 30 mm yr~! (Rumpel
et al., 2015). Such fast transport of PyC to depth is not compatible with the large age difference between topsoil and subsoil
PyC (see also figure 5b in Hobley, 2019): at 2 mm yr—' it would take only 250 years for PyC to migrate from the 0-10 to
50-60 cm layer when the age difference we observe is between 1740 and 7410 '“C years. The sharp increase of PyC proportion
in SOC at the E horizon of the Stagnic Albic Luvisol and Albic Fluvic Stagnosol (Figure 2), where SOC eluviation is the
strongest, is also contrary to the hypothesis of preferential advection of PyC relative to SOC in the pedoclimatic context of our
study area. Fast vertical transport in the soil profile may only apply to a small portion of the PyC pool. Indeed, dissolution and
leaching of PyC is usually limited relative to SOC (Abiven et al., 2011; Maestrini et al., 2014; Major et al., 2010; Hilscher
and Knicker, 2011; Schiedung et al., 2020; Abney et al., 2024). Alternatively, these elevated rates may apply only to soils with
high porosity (Leifeld et al., 2007), coarse texture (Schiedung et al., 2020) and/or where annual rainfall is important (Alexis
et al., 2012; Major et al., 2010; Nguyen et al., 2009), conditions that are not met in our study area. Soil mixing processes
(bioturbation, peloturbation, cryoturbation) can transfer particulate PyC to depth (Lehndorff et al., 2016; Schiedung et al.,
2020) but are not selective for PyC. As demonstrated by Hobley (2019, see figure 1d), these spatially heterogeneous processes
are also inconsistent with the nearly systematic increase of PyCpypy age with depth that we observe here (Figure 5) and in other
studies (Carcaillet, 2001; Hajdas et al., 2007).

(2) Both PyC and SOC in the subsoil are effectively protected from erosion and usually experience lower microbial activity.
The proportion of mineral-associated SOC, a fraction which typically has longer persistence, is often found to increase with
depth (e.g. Sanderman et al. (2021)). PyC was found to form mineral-associations potentially mediated by iron (Solomon et al.,
2012; Brodowski et al., 2005; Schiedung et al., 2023). Schiedung et al. (2020) have shown that PyC migrating in a saturated
soil column was preferentially found in the mineral associated fraction in a finer textured soil with higher clay and Feoyajae
contents, and interaction of PyC with iron (hydr)oxides was suggested as the reason for PyC retention in podzolic Bs horizons
(Soucémarianadin et al., 2014; Santos et al., 2017), but there is no compelling evidence that PyC is preferentially preserved
relative to non-PyC.

In our study, Feyxqae (iron in organo-metallic complexes + poorly crystalline oxides) showed weak, negative correlations
with the proportion of PyCcro and PyCpypy in SOC and a weak positive correlation with F*C of PyCyyp, (Figure 6) indicating
no preferential preservation of PyC in presence of reactive iron phases. The proportion of PyCyypy in SOC presented an
intermediate, positive correlation with iron in crystalline oxides overall (Figure 6) but not in the 0-50 cm layer (7 = -0.09,
p = 0.73), indicating that this form of iron was not a factor of PyC stabilization in the subsoil. In previous studies, PyC
content correlated positively with pyrophosphate and Meilich-3 solution extractable iron (iron in organo-metallic complexes,
Eckmeier et al., 2010; Soucémarianadin et al., 2014; Butnor et al., 2017) but not with Feyyaiae, Fepcp and total iron (Qi et al.,
2017; Lehndorff et al., 2016; Velasco-Molina et al., 2016), warranting further investigation of PyC interaction with iron in

soils.
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We also found no significant correlation between the proportion of PyCcro and PyChypy in SOC and clay content (Figure
6). Their was a negative correlation of intermediate strength between PyCyypy F'*C and clay content overall but it disappeared
when looking at each depth interval separately, which points to a co-variation with depth rather than a mechanistic relationship.
This is not inconsistent with the sparse evidence of correlations between PyC and clay content in the literature (Qi et al., 2017,
Velasco-Molina et al., 2016; Butnor et al., 2017; Paroissien et al., 2012; Soucémarianadin et al., 2014; Schiedung et al., 2024;
Sanderman et al., 2021). In addition, uncertainties remain about whether or not PyC in the clay fraction is actually mineral-
associated (Lutfalla et al., 2017; Hilscher and Knicker, 2011; Brodowski et al., 2007; Skjemstad et al., 1996) and whether or
not mineral-associated PyC is more persistent than its particulate counterpart (Hilscher and Knicker, 2011; Chassé et al., 2021;
Vasilyeva et al., 2011).

(3) Centennial to multi-millennial persistence of at least some portion of PyC is attested by radiocarbon dating of charcoal
fragments (Carcaillet, 2001; Hajdas et al., 2007; Gavin et al., 2023; Ohlson et al., 2009; Liang et al., 2008) and thermally or
chemically isolated PyC (Butnor et al., 2017; Schiedung et al., 2024), and by long term field experiments (Lutfalla et al., 2017,
Chassé et al., 2021), whereas the rest of SOC turns over on decadal to centennial time scales (Schmidt et al., 2011; Barré et al.,
2016). Our observations support this difference, with modern to ~ 1000 *C years old total SOC and =~ 1500 to ~ 10000 *C
years old PyCpypy. Longer residence time of PyC in soil would give it time to be transported down the soil profile from the
surface where it is produced, and explain its higher proportion in the subsoil relative to SOC, despite potentially large inputs
of relatively stable SOC from roots directly to the subsoil (e.g. Rasse et al. (2006); Sokol et al. (2019)). During ageing, PyC is
fragmented and oxidised (Hockaday et al., 2006; Sorrenti et al., 2016; Pignatello et al., 2015), its solubility increases (Abiven
et al., 2011) and colloids are formed which could move more easily through the soil porosity. These processes could favour
PyC transport to depth over time (Carcaillet, 2001). In addition, small, oxidised PyC particles are more prone to form mineral
association (Schiedung et al., 2020), which could favour their retention once in the subsoil.

Intrinsically higher persistence of PyC relative to SOC, not preferential transport or preservation, explains the large pro-
portion of very old PyC in subsoil SOC stocks in most soils in our watershed. Despite good drainage in the upslope domain
(Walter and Curmi, 1998), PyC advection likely remains slow, consistent with the large F'*C difference between topsoil and

subsoil PyC and the lingering presence of old PyC in the topsoil.
4.3 Slope position does not control stocks and age of PyC
4.3.1 Toeslopes do not accumulate PyC in the long term

The hypothesis that toeslopes would represent large stocks of old PyC is refuted. On the contrary, PyC stocks in this watershed
were relatively homogeneous along the gradient of soil evolution with slope position (Figure 4), around 2.5 tha=!. In the
topsoil, PyC content and proportion in SOC even decreased with elevation relative to the toeslope for PyCpyypy, the fraction of
PyC that is 7-14 aromatic rings or bigger, and showed a minimum at midslope for PyCcro, at the most condensed end of the
PyC continuum (Figure 3). Our hypothesis was based on the assumption that after a fire, PyC characteristics (low bulk density,

hydrophobicity) and favourable conditions for erosion (lesser vegetation and litter cover) would lead to the redistribution of
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PyC to the toeslope, where the shallow slope and riparian vegetation would stop it from reaching the stream. Its incorporation
into the soil profile would then protect it from further transport and decomposition. To explain our results, we suggest that
PyC produced by past fires was either not significantly redistributed along the slope, washed out to the stream, or lost from the
toeslope since then.

If evidence of (preferential) PyC erosion post fire is numerous (Rumpel et al., 2009; Cotrufo et al., 2016a; McGuire et al.,
2021), most PyC erosional studies took place on steep slopes (Cotrufo et al., 2016a; Rumpel et al., 2006b; Giierena et al.,
2015), or under high rainfall intensity on bare soil (Rumpel et al., 2009; Bell¢ et al., 2021). In case of high severity fires, PyC
can be eroded independent of slope if sufficient rainfall occurs (McGuire et al., 2021; Boot et al., 2015). On shallow slopes (or
no slope at all) or where burn intensity is lower or patchy, PyC may only be redistributed locally (Pyle et al., 2017; Galanter
et al., 2018). Little is known about past fire regimes in our study area, let alone fire severity (Appendix A1l). However, under
the current agricultural land-use which leaves the soil bare a large part of the year, erosion proceeds in successive steps, with
overland flow infiltration several times along the slope and without formation of rills and gullies able to carry material further
away (Cros-Cayot, 1996). This suggest that post-fire transport of PyC to the toeslope may have been limited.

Even where there was transport of PyC to the toeslope, several studies have failed to detect long term accumulation of PyC in
low topographic positions (Rumpel et al., 2006a; Galanter et al., 2018; Glierena et al., 2015; Abney et al., 2017). Galanter et al.
(2018) suggested that PyC directly flowed over the riparian area and into the stream, whereas other researchers demonstrated
that PyC was only temporarily stored at the river bank before being picked up by the river in later erosion/flood events, both
at convex (Giierefia et al., 2015) and concave (Abney et al., 2017) slopes. Here, the presence of a dense albic eluvial layer
under the A horizon in the Stagnic Luvisols and Stagnosols near the stream (Figure 1) reduces infiltration (Curmi et al., 1998;
Cros-Cayot, 1996), favouring surface flow that could take away light, freshly deposited PyC to the stream and prevent its
incorporation deeper into the soil profile. Rumpel et al. (2006b) suggested that because it is preferentially found in the light
fraction, PyC is easily eroded and transported out of the watershed. Studies considering different spatial scales showed that
PyC was enriched in sediment eroded from the headwater catchment but depleted in the larger order catchment (Chaplot et al.,
2005), indicating that PyC was transported away from its production site and redeposited further downstream, for instance at
river banks (Cotrufo et al., 2016a).

Finally, PyC at the toeslope may have been lost overtime at a faster rate than in the upslope domain. Studies on SOC and
DOC in porewater and in the stream have shown that the fluctuation of the water table in the soil profile affects OC dynamics
(Lambert et al., 2013, 2014; Jeanneau et al., 2014). In the area close to the stream where the water table is present to the surface
a large part of the year, SOC mineralization was reduced relative to midslope areas but dissolution was increased which resulted
in export of OC from the subsoil. The dissolution of SOC was related to the destabilisation of OC-retaining iron oxides under
reducing conditions (Lambert et al., 2013; Jeanneau et al., 2014). Indeed, the Stagnic Luvisols and Stagnosols at the toeslope
were depleted in free and amorphous iron which partly re-precipitated as more crystalline iron oxides in mottles in the illuvial B
horizon. PyCyypy content was significantly positively correlated t0 Feoxarae (intermediate) and Fecygaliine (Strong) in the topsoil
but not in the subsoil, indicating that the same dissolution processes may have affected PyCpypy (Whether deposited post-fire

or progressively transported by subsurface flow from the upper domain), preventing its accumulation in toeslope positions.
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The difference between PyCyypy and PyCcro along the toposequence may result from differences in PyC quality, with
PyCyypy being more soluble and more labile, and thus depending more on mineral interactions for its preservation, while

PyCcro would remain unaffected by such processes.
4.3.2 Recent erosion caused redistribution of PyC with the soil matrix to specific locations

PyCcro and SOC stocks were higher in the Solimovic Cambisol at the toeslope of transect 3. This soil presented a thick
A horizon down to 60 cm, with homogeneous soil properties, PyCcro, PyChypy and SOC contents, proportion of PyC in
SOC (Figure 2) and radiocarbon age (Figure 5 and Supplementary Table S1) over the entire depth. The composition of this
horizon did not differ significantly from the A horizon of other soils in the same transect. In particular, there was no textural
differentiation, and no SOC or PyC enrichment or depletion, whereas in the other two transects PyCcro reached a minimum at
midslope (not significant) and PyCyypy was higher in upslope positions relative to downslope positions (Figure 3). We interpret
these observations as signs of recent (relative to PyC residence time) erosion processes that have redistributed topsoil PyC in
the watershed.

Under the current land use in the watershed, erosion is higher at midslope position (Cros-Cayot, 1996), progressively re-
moving the topsoil and exposing the former subsoil at the surface. Since PyC content in the soil decreased with depth, this
change in the relative soil surface could explain the lower PyCcro concentrations at midslope positions relative to less eroding
summit or flat and toeslope positions. Aggregate stability measured in previous studies was high (Cros-Cayot, 1996) and soil
was likely transported in aggregated form, as evidenced by the absence of textural differentiation in the Solimovic material
(not shown). Under these conditions, centuries to millennia old PyC present within aggregates or in interaction with soil min-
erals was not preferentially eroded, as opposed to what was observed for fresh PyC (Belle et al., 2021; Cotrufo et al., 2016b;
Rumpel et al., 2009; Chaplot et al., 2005). The eroded material did not seem to accumulate at the toeslope except where there
was an obstacle to erosion between the toeslope and the river, as in transect 3. PyC accumulation at this site was only related to
accumulation of topsoil material, not PyC enrichment, and would have gone undetected if we did not consider the entire soil
profile. The PyC and SOC radiocarbon age profile was consistent with recent deposition (see also figure 2d in Hobley, 2019).
Indeed, erosion usually increases on going from grassland or forest to cropland due to exposition of bare soil during prolonged
periods. Agricultural activity in the area may date back to as far as 5000 BP but continuous cultivation is likely much more
recent (Astill and Davies, 1997; Tonnerre, 1992) and slope continuity along transect 3 was only established in the 1960’s when
the hedgerows at the former plot boundaries were removed.

Rumpel et al. (2006a), using the dichromate oxidation method for PyC quantification, found a tendency of decreasing PyC
content and proportion in SOC in the A horizon along a steep sloping agricultural convex-concave toposequence in the tropics.
On the other hand, across three temperate forested mountainous catchments, at least 90 years after the last fire, Galanter et al.
(2018) found no significant differences between hillslopes and riparian areas in the content and proportion of PyC determined
by a modified CTO method (at 340 °C instead of 375 °C) in the A horizon. Using mid-infared spectroscopy calibrated against
HyPy and a space-for-time approach, (Giierefia et al., 2015) showed that topsoil (0-15cm depth) PyC seemed to have been

redistributed towards the lower part of a convex toposequence in the first 10 years following deforestation but was subsequently
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lost (probably to the stream) and more PyC content and proportion could be found at shallower slopes at the summit 62 years
after deforestation. These contrasting results highlight the importance of site-specific erosion-deposition dynamics in PyC

lateral transport.

5 Conclusions and perspectives

We showed that topographic position was not the main driver of PyC stocks in the landscape, in a shallow sloping watershed
dominated by agricultural land-use under temperate oceanic climate, and after hundreds of years of fire suppression. If it ex-
isted, PyC enrichment at the toeslope would have been only temporary and probably reversed in the decades following fire due
to subsequent erosion or conditions favouring dissolution and leaching of PyC. Changes in erosion dynamics related to land-
use redistributed already aged PyC to a localised area of soil accumulation (soil with solimovic material) without enrichment
or depletion of PyC. This could make PyC an interesting indicator to trace erosion in temperate agricultural landscape where
fire is rare to inexistent. More studies are needed to assess whether different erosion modalities (formation of rills and gullies,
disaggregation of the soil during erosion) affect the fate of aged PyC. Large stocks of old PyC in the subsoil supports the long
persistence of PyC in soils and slow advection towards soil depth under the pedoclimatic conditions of our study area. More
than 150 years of cultivation did not seem to deplete PyC stocks relative to an adjacent wooded area but may have favoured its
redistribution below 30 cm depth, although replication is needed to confirm this finding. We call attention to the importance
of subsoil sampling when studying persistent forms of organic carbon and estimating their stocks. These results are of inter-
est in the context of biochar, as losses of biochar from the topsoil may be accounted for by lateral and/or vertical transport,
and not only by mineralization, which impacts the carbon budget of the system. Identifying the proportion of PyC produced
which is quickly transported away from the watershed and that which remains in soils for millennia after a fire is an important
knowledge gap that still needs to be investigated to close the terrestrial PyC budget, but it necessitates a better estimate of PyC
production from fires and knowledge of fire history and past fire regimes. Pools of PyC of different quality measured by dif-
ferent PyC quantification methods showed different patterns of concentration in the topsoil along the gradient of soil evolution
with slope position. The most condensed, soot-like form of PyC measured by CTO tended to be depleted at midslope, possibly
as a results of recent erosion that exposed former subsoils less rich in PyC, whereas the intermediate to highly condensed PyC
measured by HyPy was increasingly depleted with proximity to the river, which may be related to changes in iron-mediated
mineral interactions favouring its dissolution and leaching. These interactions need to be studied in more details. Multi-method

PyC characterization is an opportunity to study the interplay between PyC quality and soil processes.

Data availability. Data used to produce the figures of this article will be made publicly available online in a Zenodo repository upon publi-

cation
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Sample availability. Soil samples can be provided on reasonable demand within five years of publication

Appendix A: Land-use and fire history at the study site
Al Land-use and fire history in Brittany over the Holocene

The loess that form the parent material of the soils in our study area derive from both local and remote sources and were
likely deposited on the periglacial landscape during the last glacial maxima (Pellerin and Van Vliet-Lanoe, 1998; Van Vliet-
Lanoé et al., 1998). To the best of our knowledge, there are little indications as to the vegetation dynamics in the region at
the Pleistocene to Holocene transition and into the early Holocene. Paleoenvironmental and archaeological studies have shown
that the Atlantic oak forest that was likely predominant in Britanny before 7500 BP started to be opened by early human
population during the neolithic period, from the coast inwards. The forest was first cleared for pasture, with only localised
cropping. Abandoned land was re-colonized by heath and heliophytes tree species that could be maintained by grazing or fire
(Gebhardt and Marguerie, 2006; Briard et al., 1989). It is estimated that most of the primary Atlantic forest had been cleared
by the end of the Iron Age (Gaudin et al., 2014). Heath and cropland increased globally from the Bronze Age to the end of
the Middle Ages with periods of acceleration or stability (Gaudin et al., 2014). Tonnerre (1992) points out that in the Early
Middle Ages (1500-1000 BP), small pieces of land were cropped probably for short periods and rotated often, which could
have led to frequent slash-and-burn practices. Blank spaces (small woods, some wetlands) were taken into cultivation in the
late mediaeval - early modern period but heath and secondary growth woodland dominated the landscape until the end of the
19th century (Astill and Davies, 1997). The division in small plots, delimited by fences, ditches and/or hedgerows, originated
in the 16th-17th century and lasted until the 1960’s when plots were pooled together to allow the use of heavier machinery on
larger surfaces (Astill and Davies, 1997).

There are no good nowadays equivalent of the Atlantic forest that would allow us to estimate pre-historical fire regimes in
the area. Fires during the period of human presence after the first deforestation may have been mostly related to slash and burn
practices to maintain the heather or clear the secondary growth forest (Gebhardt and Marguerie, 2006; Briard et al., 1989).
Heath and moorland fires can be very intense, although very variable (Hobbs and Gimingham, 1987; Davies et al., 2022), and
burn into the moss and litter layer (Davies et al., 2022). However, as it is a multi-millennial landscape shaping practice, users
have developed a traditional knowledge on how to minimize soil impacts (in particular erosion) while achieving management

goals (Davies et al., 2022). This could have limited the severity of heath fires.
A2 Land-use and fire in the study area in the last 150 years

The reconstruction of land-use and plot borders in the catchment area over the last 150 years was based on maps, aerial
photographs and farmer’s declarations. In the following paragraphs we highlight the main changes and their potential impacts

on the watershed hydrology.
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The oldest document available for our study area is the land register established in 1833, commonly referred to as "cadastre
Napoléonien" (Ministere des Finances. Direction départementale des contributions directs. Bureau du cadastre, 2007). This
register consists of two layers, one that displays the limits of plots of land based on ownership and one that represents land
use. The later has unfortunately been lost for most municipalities in the "département” (french administrative division, similar
to a county) where our study area is located. However, the military survey map established between 1820 and 1866 (IGN)
indicated that most of the study area was open land (cropland, grassland or heath), apart from a wooded area at the south-west
border of the catchment (most upslope sampling location in T1) and localised patches of trees, notably around the upslope
area of T3. The stream was surrounded by small wetlands in most of the study area. Comparing the 1833 land register and its
updated version of 1952 (Direction départementale des finances publiques, 2020), we observed that plot borders have remained
the same over the period. Both registers are publicly available on the website Patrimoine et Archives of the département du
Morbihan.

The aerial photograph taken in 1952 (IGN and GEOPAL) revealed the presence of hedgerows at most plot borders in the
area of T1 and T3 whereas only a sparse hedge separated the top-most sampling site in T2 from the rest of the transect. The
wetlands around the stream appeared to have been taken into cultivation whereas the wood at the south-west border was still
present (and still is to this day).

For the most part, hedgerows were removed in the 1960’s as part of a government driven process to modernize agriculture
via the use of heavier machinery on larger surfaces. Several path cutting through T1 and T3 were abandoned in the process.
These changes likely increased the possible path length for erosion fluxes along these two transects. Drains have been installed
in several of the fields cross-cut by T2 in the 1990’s, significantly reducing the waterlogging in the midslope to toeslope section
of the transect (C. Walter, personal communication). The current land-use (since the 90’s) consist of a rotation of maize, cereals
and sometimes vegetables in most of the study area. The wetland around the stream has been left fallow or used as grassland,
with recent tree plantation in part of the buffer zone.

Hedgerow removal associated with in-situ residue and/or stump burning could have generated localised PyC inputs. Al-
though some of our sampling points are close to former plot boundaries, we have found no charcoal accumulation layer that

could corroborate such practice.

Author contributions. Conceptualization: Samuel Abiven, Christian Walter, Pierre Barré
Funding acquisition: Samuel Abiven, Christian Walter
Resources : Christian Walter, Philippa Ascough, Sebastian Doetterl
Investigation : Johanne Lebrun Thauront, Negar Haghipour
Methodology: Johanne Lebrun Thauront
Formal analysis, Visualisation, Data curation : Johanne Lebrun Thauront
Supervision: Samuel Abiven, Christian Walter, Pierre Barré, Philippa Ascough, Sebastian Doetterl
Writing — original draft: Johanne Lebrun Thauront

Writing — review and editing: All authors have been involved

23



https://doi.org/10.5194/egusphere-2025-2693
Preprint. Discussion started: 26 June 2025 EG U h
© Author(s) 2025. CC BY 4.0 License. spnere

Competing interests. The authors declare no competing insterests

Acknowledgements. Johanne Lebrun Thauront thanks Bertrand Guenet and Lauric Cécillon for their assistance and expertise in the field
; Jacques Meriguet for his assistance in preparing soil samples ; Dr Xiaomei Xu at the Keck Carbon Cycle AMS Facility, University of
605 California, Irvine, USA for his expertise in analysing small samples ; Patrick Meunier for his valuable inputs on the interpretation of data ;

Dominique Marguerie for his expertise on paleoenvironments in Britanny.

24



https://doi.org/10.5194/egusphere-2025-2693
Preprint. Discussion started: 26 June 2025 EG U h
© Author(s) 2025. CC BY 4.0 License. spnere

References

Abiven, S., Hengartner, P, Schneider, M. P, Singh, N., and Schmidt, M. W.: Pyrogenic Carbon Soluble Fraction Is
610 Larger and More Aromatic in Aged Charcoal than in Fresh Charcoal, Soil Biology and Biochemistry, 43, 1615-1617,
https://doi.org/10.1016/].s0ilbi0.2011.03.027, 2011.
Abney, R., Barnes, M. E., Moss, A., and Santos, F.: Constraints and Drivers of Dissolved Fluxes of Pyrogenic Carbon in
Soil and Freshwater Systems: A Global Review and Meta-Analysis, Global Biogeochemical Cycles, 38, €2023GB008 092,
https://doi.org/10.1029/2023GB008092, 2024.
615 Abney, R. B. and Berhe, A. A.: Pyrogenic Carbon Erosion: Implications for Stock and Persistence of Pyrogenic Carbon in Soil, Frontiers
in Earth Science, 6, 26, https://doi.org/10.3389/feart.2018.00026, 2018.
Abney, R. B., Sanderman, J., Johnson, D., Fogel, M. L., and Berhe, A. A.: Post-Wildfire Erosion in Mountainous Terrain Leads to Rapid
and Major Redistribution of Soil Organic Carbon, Frontiers in Earth Science, 5, 99, https://doi.org/10.3389/feart.2017.00099, 2017.
Abney, R. B., Kuhn, T. J., Chow, A., Hockaday, W. C., Fogel, M. L., and Berhe, A. A.: Pyrogenic Carbon Erosion after the Rim Fire,
620 Yosemite National Park: The Role of Burn Severity and Slope, Journal of Geophysical Research: Biogeosciences, 124, 432-449,
https://doi.org/10.1029/20181G004787, 2019.
Agarwal, T. and Bucheli, T. D.: Adaptation, Validation and Application of the Chemo-Thermal Oxidation Method to Quantify Black
Carbon in Soils, Environmental Pollution, 159, 532-538, https://doi.org/10.1016/j.envpol.2010.10.012, 2011.
Alexis, M., Rasse, D., Knicker, H., Anquetil, C., and Rumpel, C.: Evolution of Soil Organic Matter after Prescribed Fire: A 20-Year
625 Chronosequence, Geoderma, 189-190, 98—107, https://doi.org/10.1016/j.geoderma.2012.05.003, 2012.
Andreeva, D., Leiber, K., Glaser, B., Hambach, U., Erbajeva, M., Chimitdorgieva, G., Tashak, V., and Zech, W.: Gen-
esis and Properties of Black Soils in Buryatia, Southeastern Siberia, Russia, Quaternary International, 243, 313-326,
https://doi.org/10.1016/j.quaint.2010.12.017, 2011.
Ascough, P., Bompard, N., Garnett, M. H., Gulliver, P., Murray, C., Newton, J.-A., and Taylor, C.: 14C Measurement of Samples for
630 Environmental Science Applications at the National Environmental Isotope Facility (NEIF) Radiocarbon Laboratory, SUERC, UK,
Radiocarbon, 66, 1020-1031, https://doi.org/10.1017/RDC.2024.9, 2024.
Astill, G. and Davies, W.: A Breton Landscape, UCL Press, 1997.
Azzi, E. S., Li, H., Cederlund, H., Karltun, E., and Sundberg, C.: Modelling biochar long-term carbon storage in soil with harmonized
analysis of decomposition data, Geoderma, 441, 116 761, https://doi.org/10.1016/j.geoderma.2023.116761, 2024.
635 Barré, P, Plante, A. F.,, Cécillon, L., Lutfalla, S., Baudin, F., Bernard, S., Christensen, B. T., Eglin, T., Fernandez, J. M., Houot, S.,
Kitterer, T., Le Guillou, C., Macdonald, A., Van Oort, F., and Chenu, C.: The Energetic and Chemical Signatures of Persistent Soil
Organic Matter, Biogeochemistry, 130, 1-12, https://doi.org/10.1007/s10533-016-0246-0, 2016.
Belcher, C. M., ed.: Fire Phenomena and the Earth System: An Interdisciplinary Guide to Fire Science, John Wiley & Sons, Ltd, ISBN
978-1-118-52953-9, https://doi.org/10.1002/9781118529539.ch11, 2013.
640 Belle, S.-L.: The Fate of Organic and Pyrogenic Carbon in Tropical Plant-Soil Systems across Spatial and Temporal Scales, Ph.D. thesis,
Universitit Ziirich, Ziirich, 2023.
Belle, S.-L., Berhe, A. A., Hagedorn, F., Santin, C., Schiedung, M., Van Meerveld, 1., and Abiven, S.: Key Drivers of Pyrogenic Carbon
Redistribution during a Simulated Rainfall Event, Biogeosciences, 18, 1105-1126, https://doi.org/10.5194/bg-18-1105-2021, 2021.

25



https://doi.org/10.5194/egusphere-2025-2693
Preprint. Discussion started: 26 June 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

Berhe, A. A., Barnes, R. T., Six, J., and Marin-Spiotta, E.: Role of Soil Erosion in Biogeochemical Cycling of Essential Elements:
645 Carbon, Nitrogen, and Phosphorus, Annual Review of Earth and Planetary Sciences, 46, 521-548, https://doi.org/10.1146/annurev-
earth-082517-010018, 2018.

Bonhage, A., Raab, T., Schneider, A., Fischer, T., Ramezany, S., Ouimet, W., Raab, A., and Hirsch, F.: Vertical SOC Dis-
tribution and Aromatic Carbon in Centuries Old Charcoal-rich Technosols, European Journal of Soil Science, 73, €13293,
https://doi.org/10.1111/ejss.13293, 2022.

650 Boot, C. M., Haddix, M., Paustian, K., and Cotrufo, M. F.: Distribution of Black Carbon in Ponderosa Pine Forest Floor and Soils
Following the High Park Wildfire, Biogeosciences, 12, 3029-3039, https://doi.org/10.5194/bg-12-3029-2015, 2015.

Bowring, S. P, Jones, M. W, Ciais, P., Guenet, B., and Abiven, S.: Pyrogenic carbon decomposition critical to resolving fire’s role in the
Earth system, Nature Geoscience, 15, 135-142, https://doi.org/10.1038/s41561-021-00892-0, 2022.

Briard, J., Gebhardt, A., Marguerie, D., and Querré, G.: Archéologie et environnement en forét de Broceliande, un exemple d’études

655 pluridisciplinaires, Bulletin de la Société préhistorique francaise, 86, 397-403, https://doi.org/10.3406/bspf.1989.9899, 1989.

Brodowski, S., Rodionov, A., Haumaier, L., Glaser, B., and Amelung, W.: Revised Black Carbon Assessment Using Benzene Polycar-
boxylic Acids, Organic Geochemistry, 36, 1299-1310, https://doi.org/10.1016/j.orggeochem.2005.03.011, 2005.

Brodowski, S., Amelung, W., Haumaier, L., and Zech, W.: Black Carbon Contribution to Stable Humus in German Arable Soils, Geo-
derma, 139, 220-228, https://doi.org/10.1016/j.geoderma.2007.02.004, 2007.

660 Butnor, J. R., Samuelson, L. J., Johnsen, K. H., Anderson, P. H., Gonzalez Benecke, C. A., Boot, C. M., Cotrufo, M. F., Heckman, K. A.,
Jackson, J. A,, Stokes, T. A., and Zarnoch, S. J.: Vertical Distribution and Persistence of Soil Organic Carbon in Fire-Adapted Longleaf
Pine Forests, Forest Ecology and Management, 390, 15-26, https://doi.org/10.1016/j.foreco.2017.01.014, 2017.

Carcaillet, C.: Soil Particles Reworking Evidences by AMS 14C Dating of Charcoal, Comptes Rendus de 1’Académie des Sciences -
Series IIA - Earth and Planetary Science, 332, 21-28, https://doi.org/10.1016/S1251-8050(00)01485-3, 2001.

665 Caria, G., Arrouays, D., Dubromel, E., Jolivet, C., Ratié, C., Bernoux, M., Barthes, B. G., Brunet, D., and Grinand, C.: Black Carbon
Estimation in French Calcareous Soils Using Chemo-thermal Oxidation Method, Soil Use and Management, pp. 333-339, 2011.

Chaplot, V. A. M., Rumpel, C., and Valentin, C.: Water Erosion Impact on Soil and Carbon Redistributions within Uplands of Mekong
River, Global Biogeochemical Cycles, 19, 2005GB002 493, https://doi.org/10.1029/2005GB002493, 2005.

Chassé, M., Lutfalla, S., Cécillon, L., Baudin, F., Abiven, S., Chenu, C., and Barré, P.: Long-Term Bare-Fallow Soil Fractions Reveal

670 Thermo-Chemical Properties Controlling Soil Organic Carbon Dynamics, Biogeosciences, 18, 1703-1718, https://doi.org/10.5194/bg-
18-1703-2021, 2021.

Cheng, C.-H., Lehmann, J., Thies, J. E., and Burton, S. D.: Stability of Black Carbon in Soils across a Climatic Gradient, Journal of
Geophysical Research: Biogeosciences, 113, 2007JG000 642, https://doi.org/10.1029/2007JG000642, 2008.

Cotrufo, M. F, Boot, C., Abiven, S., Foster, E. J., Haddix, M., Reisser, M., Wurster, C. M., Bird, M. 1., and Schmidt, M. W.: Quan-

675 tification of Pyrogenic Carbon in the Environment: An Integration of Analytical Approaches, Organic Geochemistry, 100, 42-50,
https://doi.org/10.1016/j.orggeochem.2016.07.007, 2016a.

Cotrufo, M. F., Boot, C. M., Kampf, S., Nelson, P. A., Brogan, D. J., Covino, T., Haddix, M. L., MacDonald, L. H., Rathburn, S., Ryan-
Bukett, S., Schmeer, S., and Hall, E.: Redistribution of Pyrogenic Carbon from Hillslopes to Stream Corridors Following a Large
Montane Wildfire, Global Biogeochemical Cycles, 30, 1348-1355, https://doi.org/10.1002/2016GB005467, 2016b.

680 Cros-Cayot, S.: Distribution spatiale des transferts de surface a 1’échelle du versant. Contexte armoricain, These de doctorat, Ecole Na-

tionale Supérieure Agronomique de Rennes, Rennes, 1996.

26



https://doi.org/10.5194/egusphere-2025-2693
Preprint. Discussion started: 26 June 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

Curmi, P., Walter, C., Hallaire, V., Gascuel-Odoux, C., Widiatmaka, Taha, A., and Zida, M.: Les sols du bassin versant du Coét Dan
: caractéristiques hydrodynamiques des volumes pédologiques, Science update, Institut national de la recherche agronomique, Paris,
ISBN 978-2-7380-0801-5, 1998.

685 Czimezik, C. 1., Schmidt, M. W. L, and Schulze, E.-D.: Effects of Increasing Fire Frequency on Black Carbon and Organic Matter in Pod-
zols of Siberian Scots Pine Forests, European Journal of Soil Science, 56, 417-428, https://doi.org/10.1111/j.1365-2389.2004.00665 .x,
2005.

Dai, X., Boutton, T., Glaser, B., Ansley, R., and Zech, W.: Black Carbon in a Temperate Mixed-Grass Savanna, Soil Biology and Bio-
chemistry, 37, 1879-1881, https://doi.org/10.1016/j.s0ilbio.2005.02.021, 2005.

690 Davies, G. M., Vandvik, V., Marrs, R., and Velle, L. G.: Fire Management in Heather-Dominated Heaths and Moorlands of North-West
Europe, in: Global Application of Prescribed Fire, edited by Weir, J. R. and Scasta, J. D., CRC Press, ISBN 978-1-4863-1248-1, 2022.

Direction départementale des finances publiques: Naizin - 1952 - Section B, 2020.

Eckmeier, E., Egli, M., Schmidt, M., Schlumpf, N., N6tzli, M., Minikus-Stary, N., and Hagedorn, F.: Preservation of Fire-Derived Carbon
Compounds and Sorptive Stabilisation Promote the Accumulation of Organic Matter in Black Soils of the Southern Alps, Geoderma,

695 159, 147-155, https://doi.org/10.1016/j.geoderma.2010.07.006, 2010.

Elmquist, M., Gustafsson, 0., and Andersson, P.: Quantification of Sedimentary Black Carbon Using the Chemothermal Oxidation
Method: An Evaluation of Ex Situ Pretreatments and Standard Additions Approaches, Limnology and Oceanography: Methods, 2,
417-427, https://doi.org/10.4319/1om.2004.2.417, 2004.

Galanter, A., Cadol, D., and Lohse, K.: Geomorphic Influences on the Distribution and Accumulation of Pyrogenic Carbon

700 (PyC) Following a Low Severity Wildfire in Northern New Mexico, Earth Surface Processes and Landforms, 43, 2207-2218,
https://doi.org/10.1002/esp.4386, 2018.

Gaudin, L., Bernard, V., and Marguerie, D.: Foréts, friches, landes, marais. .. et cultures dans 1’ouest de la Gaule : dynamique spatio-
temporelle des données archéobotaniques au début du Subatlantique dans le massif Armoricain, in: Silva et saltus en Gaule Romaine :
Dynamique et gestion des foréts et des zones rurales marginales, edited by Bernard, V., Favory, F., and Fiches, J.-L., pp. 81-89, Presses

705 universitaires de Franche-Comté, https://doi.org/10.4000/books.pufc.8353, 2014.

Gavin, D. G., Brubaker, L. B., and Lertzman, K. P.: Holocene Fire History of a Coastal Temperate Rain Forest Based on Soil Charcoal
Radiocarbon Dates, Ecology, 84, 186-201, https://doi.org/10.1890/0012-9658(2003)084[0186:HFHOAC]2.0.CO;2, 2023.

Gebhardt, A. and Marguerie, D.: II. Les sols, leur couvert végétal et leur utilisation au Néolithique, Gallia Préhistoire, 38, 2006.

Giierefia, D. T., Lehmann, J., Walter, T., Enders, A., Neufeldt, H., Odiwour, H., Biwott, H., Recha, J., Shepherd, K., Barrios, E., and

710 Waurster, C.: Terrestrial Pyrogenic Carbon Export to Fluvial Ecosystems: Lessons Learned from the White Nile Watershed of East
Africa, Global Biogeochemical Cycles, 29, 1911-1928, https://doi.org/10.1002/2015GB005095, 2015.

Guggenberger, G., Rodionov, A., Shibistova, O., Grabe, M., Kasansky, O. A., Fuchs, H., Mikheyeva, N., Zrazhevskaya, G., and Flessa, H.:
Storage and Mobility of Black Carbon in Permafrost Soils of the Forest Tundra Ecotone in Northern Siberia, Global Change Biology,
14, 1367-1381, https://doi.org/10.1111/j.1365-2486.2008.01568.x, 2008.

715 Gustafsson, O., Haghseta, F., Chan, C., MacFarlane, J., and Gschwend, P. M.: Quantification of the Dilute Sedimentary Soot Phase: Impli-
cations for PAH Speciation and Bioavailability, Environmental Science & Technology, 31, 203-209, https://doi.org/10.1021/es960317s,
1997.

27



720

725

730

735

740

745

750

https://doi.org/10.5194/egusphere-2025-2693
Preprint. Discussion started: 26 June 2025 EG U h
© Author(s) 2025. CC BY 4.0 License. spnere

Gustafsson, O., Bucheli, T. D., Kukulska, Z., Andersson, M., Largeau, C., Rouzaud, J.-N., Reddy, C. M., and Eglinton, T. L.:
Evaluation of a Protocol for the Quantification of Black Carbon in Sediments, Global Biogeochemical Cycles, 15, 881-890,
https://doi.org/10.1029/2000GB001380, 2001.

Hajdas, I., Schlumpf, N., Minikus-Stary, N., Hagedorn, F., Eckmeier, E., Schoch, W., Burga, C., Bonani, G., Schmidt, M. W., and Cheru-
bini, P.: Radiocarbon Ages of Soil Charcoals from the Southern Alps, Ticino, Switzerland, Nuclear Instruments and Methods in Physics
Research Section B: Beam Interactions with Materials and Atoms, 259, 398-402, https://doi.org/10.1016/j.nimb.2007.02.075, 2007.

Hammes, K. and Abiven, S.: Identification of Black Carbon in the Earth System, in: Fire Phenomena and the Earth System, edited by
Belcher, C. M., pp. 157-176, Wiley, 1 edn., https://doi.org/10.1002/9781118529539.ch9, 2013.

Hammes, K., Schmidt, M. W. L., Smernik, R. J., Currie, L. A., Ball, W. P., Nguyen, T. H., Louchouarn, P., Houel, S., Gustafsson, 0.,
Elmquist, M., Cornelissen, G., Skjemstad, J. O., Masiello, C. A., Song, J., Peng, P., Mitra, S., Dunn, J. C., Hatcher, P. G., Hocka-
day, W. C., Smith, D. M., Hartkopf-Froder, C., Bohmer, A., Liier, B., Huebert, B. J., Amelung, W., Brodowski, S., Huang, L., Zhang,
W., Gschwend, P. M., Flores-Cervantes, D. X., Largeau, C., Rouzaud, J.-N., Rumpel, C., Guggenberger, G., Kaiser, K., Rodionov, A.,
Gonzalez-Vila, F. J., Gonzalez-Perez, J. A., De La Rosa, J. M., Manning, D. A. C., Lépez-Capél, E., and Ding, L.: Comparison of Quan-
tification Methods to Measure Fire-derived (Black/Elemental) Carbon in Soils and Sediments Using Reference Materials from Soil,
Water, Sediment and the Atmosphere, Global Biogeochemical Cycles, 21, 2006GB002 914, https://doi.org/10.1029/2006GB002914,
2007.

Hammes, K., Smernik, R. J., Skjemstad, J. O., and Schmidt, M. W.: Characterisation and evaluation of reference materials for black carbon
analysis using elemental composition, colour, BET surface area and 13C NMR spectroscopy, Applied Geochemistry, 23, 2113-2122,
https://doi.org/10.1016/j.apgeochem.2008.04.023, 2008a.

Hammes, K., Torn, M. S., Lapenas, A. G., and Schmidt, M. W. L.: Centennial Black Carbon Turnover Observed in a Russian Steppe Soil,
Biogeosciences, 5, 1339-1350, 2008b.

Hilscher, A. and Knicker, H.: Degradation of Grass-Derived Pyrogenic Organic Material, Transport of the Residues within a Soil Col-
umn and Distribution in Soil Organic Matter Fractions during a 28month Microcosm Experiment, Organic Geochemistry, 42, 42-54,
https://doi.org/10.1016/j.orggeochem.2010.10.005, 2011.

Hobbs, R. and Gimingham, C.: Vegetation, Fire and Herbivore Interactions in Heathland, in: Advances in Ecological Research, vol. 16,
pp. 87-173, Elsevier, ISBN 978-0-12-013916-3, https://doi.org/10.1016/S0065-2504(08)60088-4, 1987.

Hobley, E.: Vertical Distribution of Soil Pyrogenic Matter: A Review, Pedosphere, 29, 137-149, https://doi.org/10.1016/S1002-
0160(19)60795-2, 2019.

Hockaday, W. C., Grannas, A. M., Kim, S., and Hatcher, P. G.: Direct Molecular Evidence for the Degradation and Mobility of Black
Carbon in Soils from Ultrahigh-Resolution Mass Spectral Analysis of Dissolved Organic Matter from a Fire-Impacted Forest Soil,
Organic Geochemistry, 37, 501-510, https://doi.org/10.1016/j.orggeochem.2005.11.003, 2006.

IGN: Carte de I’Etat-Major (1820-1866).

IGN and GEOPAL: Photographie Aérienne 1952.

IUSS Working Group WRB: World Reference Base for Soil Resources. International Soil Classification System for Naming Soils and
Creating Legends for Soil Maps, no. 106 in World Soil Resources Reports, International Union of Soil Sciences (IUSS), Vienna,
Austria, 4th edition edn., ISBN 979-8-9862451-1-9, 2022.

28



https://doi.org/10.5194/egusphere-2025-2693
Preprint. Discussion started: 26 June 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

Jeanneau, L., Jaffrezic, A., Pierson-Wickmann, A.-C., Gruau, G., Lambert, T., and Petitjean, P.: Constraints on the Sources and

755 Production Mechanisms of Dissolved Organic Matter in Soils from Molecular Biomarkers, Vadose Zone Journal, 13, 1-9,
https://doi.org/10.2136/vzj2014.02.0015, 2014.

Jones, M. W,, Santin, C., Van Der Werf, G. R., and Doerr, S. H.: Global Fire Emissions Buffered by the Production of Pyrogenic Carbon,
Nature Geoscience, 12, 742—747, https://doi.org/10.1038/s41561-019-0403-x, 2019.

Kane, E. S., Kasischke, E. S., Valentine, D. W., Turetsky, M. R., and McGuire, A. D.: Topographic Influences on Wildfire Consumption

760 of Soil Organic Carbon in Interior Alaska: Implications for Black Carbon Accumulation, Journal of Geophysical Research: Biogeo-
sciences, 112, 2007JG000 458, https://doi.org/10.1029/2007JG000458, 2007.

Kane, E. S., Hockaday, W. C., Turetsky, M. R., Masiello, C. A., Valentine, D. W., Finney, B. P., and Baldock, J. A.: Topographic Controls
on Black Carbon Accumulation in Alaskan Black Spruce Forest Soils: Implications for Organic Matter Dynamics, Biogeochemistry,
100, 39-56, https://doi.org/10.1007/s10533-009-9403-z, 2010.

765 Keiluweit, M., Nico, P. S., Johnson, M., and Kleber, M.: Dynamic molecular structure of plant biomass-derived black carbon (biochar),
Environmental Science and Technology, 44, 1247-1253, https://doi.org/10.1021/es9031419, 2010.

Koele, N., Bird, M. L., Haig, J., Marimon-Junior, B. H., Marimon, B. S., Phillips, O. L., De Oliveira, E. A., Quesada, C., and
Feldpausch, T. R.: Amazon Basin Forest Pyrogenic Carbon Stocks: First Estimate of Deep Storage, Geoderma, 306, 237-243,
https://doi.org/10.1016/j.geoderma.2017.07.029, 2017.

770 Krull, E. S., Swanston, C. W., Skjemstad, J. O., and McGowan, J. A.: Importance of Charcoal in Determining the Age
and Chemistry of Organic Carbon in Surface Soils, Journal of Geophysical Research: Biogeosciences, 111, 2006JG000 194,
https://doi.org/10.1029/2006JG000194, 2006.

Lambert, T., Pierson-Wickmann, A.-C., Gruau, G., Jaffrezic, A., Petitjean, P., Thibault, J.-N., and Jeanneau, L.: Hydrologically Driven
Seasonal Changes in the Sources and Production Mechanisms of Dissolved Organic Carbon in a Small Lowland Catchment: Seasonal

775 Changes in Doc Dynamics, Water Resources Research, 49, 5792-5803, https://doi.org/10.1002/wrcr.20466, 2013.

Lambert, T., Pierson-Wickmann, A.-C., Gruau, G., Jaffrezic, A., Petitjean, P., Thibault, J. N., and Jeanneau, L.: DOC Sources and DOC
Transport Pathways in a Small Headwater Catchment as Revealed by Carbon Isotope Fluctuation during Storm Events, Biogeosciences,
11, 3043-3056, https://doi.org/10.5194/bg-11-3043-2014, 2014.

Lehndorff, E., Roth, P. J., Cao, Z. H., and Amelung, W.: Black Carbon Accrual during 2000 Years of Paddy-Rice and Non-Paddy Cropping

780 in the Yangtze River Delta, China, Global Change Biology, 20, 1968-1978, https://doi.org/10.1111/gcb.12468, 2014.

Lehndorff, E., Houtermans, M., Winkler, P., Kaiser, K., Kolbl, A., Romani, M., Said-Pullicino, D., Utami, S., Zhang, G., Cao, Z., Mikutta,
R., Guggenberger, G., and Amelung, W.: Black Carbon and Black Nitrogen Storage under Long-Term Paddy and Non-Paddy Manage-
ment in Major Reference Soil Groups, Geoderma, 284, 214-225, https://doi.org/10.1016/j.geoderma.2016.08.026, 2016.

Leifeld, J., Fenner, S., and Miiller, M.: Mobility of Black Carbon in Drained Peatland Soils, Biogeosciences, 4, 425-432, 2007.

785 Leng, L., Xu, X., Wei, L., Fan, L., Huang, H., Li, J, Lu, Q. Li, J, and Zhou, W.: Biochar stability assessment
by incubation and modelling: Methods, drawbacks and recommendations, Science of the Total Environment, 664, 11-23,
https://doi.org/10.1016/j.scitotenv.2019.01.298, 2019.

Liang, B., Lehmann, J., Solomon, D., Sohi, S., Thies, J. E., Skjemstad, J. O., Luizdo, F. J., Engelhard, M. H., Neves, E. G.,
and Wirick, S.: Stability of Biomass-Derived Black Carbon in Soils, Geochimica et Cosmochimica Acta, 72, 6069-6078,

790 https://doi.org/10.1016/j.gca.2008.09.028, 2008.

29



https://doi.org/10.5194/egusphere-2025-2693
Preprint. Discussion started: 26 June 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

Lutfalla, S., Abiven, S., Barré, P., Wiedemeier, D. B., Christensen, B. T., Houot, S., Kitterer, T., Macdonald, A. J., Van Oort, F.,
and Chenu, C.: Pyrogenic Carbon Lacks Long-Term Persistence in Temperate Arable Soils, Frontiers in Earth Science, 5, 96,
https://doi.org/10.3389/feart.2017.00096, 2017.
Maestrini, B., Abiven, S., Singh, N., Bird, J., Torn, M. S., and Schmidt, M. W. L.: Carbon Losses from Pyrolysed and Original Wood
795 in a Forest Soil under Natural and Increased N Deposition, Biogeosciences, 11, 5199-5213, https://doi.org/10.5194/bg-11-5199-2014,
2014.
Major, J., Lehmann, J., Rondon, M., and Goodale, C.: Fate of Soil-applied Black Carbon: Downward Migration, Leaching and Soil
Respiration, Global Change Biology, pp. 1366—1379, https://doi.org/10.1111/j.1365-2486.2009.02044.x, 2010.
Masiello, C. A. and Berhe, A. A.: First Interactions with the Hydrologic Cycle Determine Pyrogenic Carbon’s Fate in the Earth System,
800 Earth Surface Processes and Landforms, 45, 2394-2398, https://doi.org/10.1002/esp.4925, 2020.
Matosziuk, L. M., Gallo, A., Hatten, J., Bladon, K. D., Ruud, D., Bowman, M., Egan, J., Heckman, K., SanClements, M., Strahm, B., and
Weiglein, T.: Short-Term Effects of Recent Fire on the Production and Translocation of Pyrogenic Carbon in Great Smoky Mountains
National Park, Frontiers in Forests and Global Change, 3, 6, https://doi.org/10.3389/tfgc.2020.00006, 2020.
McGuire, L. A., Rasmussen, C., Youberg, A. M., Sanderman, J., and Fenerty, B.: Controls on the Spatial Distribution of Near-Surface
805 Pyrogenic Carbon on Hillslopes 1 Year Following Wildfire, Journal of Geophysical Research: Earth Surface, 126, e2020JF005 996,
https://doi.org/10.1029/2020JF005996, 2021.
Meredith, W., Ascough, P. L., Bird, M. L., Large, D., Snape, C., Sun, Y., and Tilston, E.: Assessment of Hydropyrolysis as a Method
for the Quantification of Black Carbon Using Standard Reference Materials, Geochimica et Cosmochimica Acta, 97, 131-147,
https://doi.org/10.1016/j.gca.2012.08.037, 2012.
810 Ministere des Finances. Direction départementale des contributions directs. Bureau du cadastre: Naizin - 1833 - Section B de Penvern et
Section E Du Boterf, 2007.
Nesbitt, H. W. and Young, G. M.: Early Proterozoic Climates and Plate Motions Inferred from Major Element Chemistry of Lutites,
Nature, 299, 715-717, https://doi.org/10.1038/299715a0, 1982.
Nguyen, B. T., Lehmann, J., Kinyangi, J., Smernik, R., Riha, S. J., and Engelhard, M. H.: Long-Term Black Carbon Dynamics in Cultivated
815 Soil, Biogeochemistry, 92, 163-176, 2009.
Nicolay, R. E., Mkhize, N. R., Tedder, M. J., and Kirkman, K. P.: Fire Suppression Interacts with Soil Acidity to Maintain Stable Recalci-
trant Pyrogenic Carbon Fractions in South African Mesic Grasslands Soil, African Journal of Range & Forage Science, 41, 204-212,
https://doi.org/10.2989/10220119.2024.2355909, 2024.
O’Hagan, A., Cox, M., and Wright, L.: Anomalous Behaviour of the Welch-Satterthwaite Approximation, Unpublished. Submitted to
820 Journal of Applied Statistics, 2021.
Ohlson, M., Dahlberg, B., Jkland, T., Brown, K. J., and Halvorsen, R.: The Charcoal Carbon Pool in Boreal Forest Soils, Nature Geo-
science, 2, 692—-695, https://doi.org/10.1038/ngeo617, 2009.
Paroissien, J.-B., Orton, T. G., Saby, N. P. A., Martin, M. P., Jolivet, C. C., Ratie, C., Caria, G., and Arrouays, D.: Mapping Black Carbon
Content in Topsoils of Central France, Soil Use and Management, 28, 488-496, https://doi.org/10.1111/j.1475-2743.2012.00452.x,
825 2012.
Pellerin, J. and Van Vliet-Lanoe, B.: Le du bassin versant du Coét-Dan au coeur du massif armoricain. 2. Analyse cartographique de la
région de Naizin, in: Agriculture intensive et qualité des eaux, edited by Cheverry, C., Science update, Institut national de la recherche

agronomique, Paris, ISBN 978-2-7380-0801-5, 1998.

30



https://doi.org/10.5194/egusphere-2025-2693
Preprint. Discussion started: 26 June 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

Pignatello, J. J., Uchimiya, M., Abiven, S., and Schmidt, M. W. L.: Evolution of Biochar Properties in Soil, Routledge, London, 2nd ed
830 edn., ISBN 978-0-415-70415-1, 2015.
Poeplau, C., Vos, C., and Don, A.: Soil Organic Carbon Stocks Are Systematically Overestimated by Misuse of the Parameters Bulk
Density and Rock Fragment Content, SOIL, 3, 61-66, https://doi.org/10.5194/s0il-3-61-2017, 2017.
Pyle, L. A., Magee, K. L., Gallagher, M. E., Hockaday, W. C., and Masiello, C. A.: Short-Term Changes in Physical and Chemical
Properties of Soil Charcoal Support Enhanced Landscape Mobility, Journal of Geophysical Research: Biogeosciences, 122, 3098—
835 3107, https://doi.org/10.1002/2017JG003938, 2017.
Qi, F, Naidu, R., Bolan, N. S., Dong, Z., Yan, Y., Lamb, D., Bucheli, T. D., Choppala, G., Duan, L., and Semple, K. T.: Pyrogenic Carbon
in Australian Soils, Science of The Total Environment, 586, 849—857, https://doi.org/10.1016/j.scitotenv.2017.02.064, 2017.
R Core Team: R : A language and environment for statistical computing, https://www.r-project.org, 2021.
Rasse, D. P.,, Mulder, J., Moni, C., and Chenu, C.: Carbon Turnover Kinetics with Depth in a French Loamy Soil, Soil Science Society of
840 America Journal, 70, 2097-2105, https://doi.org/10.2136/sss2j2006.0056, 2006.
Reimer, P. J., Brown, T. A., and Reimer, R. W.: Discussion: Reporting and Calibration of Post-Bomb 4 C Data, Radiocarbon, 46, 1299—
1304, https://doi.org/10.1017/S0033822200033154, 2004.
Reisser, M., Purves, R. S., Schmidt, M. W. 1., and Abiven, S.: Pyrogenic Carbon in Soils: A Literature-Based Inventory and a Global
Estimation of Its Content in Soil Organic Carbon and Stocks, Frontiers in Earth Science, 4, https://doi.org/10.3389/feart.2016.00080,
845 2016.
Rodionov, A., Amelung, W., Haumaier, L., Urusevskaja, 1., and Zech, W.: Black Carbon in the Zonal Steppe Soils of Russia, Journal of
Plant Nutrition and Soil Science, 169, 363-369, https://doi.org/10.1002/jpIn.200521813, 2006.
Rodionov, A., Amelung, W., Peinemann, N., Haumaier, L., Zhang, X., Kleber, M., Glaser, B., Urusevskaya, 1., and Zech, W.: Black Carbon
in Grassland Ecosystems of the World, Global Biogeochemical Cycles, 24, 2009GB003 669, https://doi.org/10.1029/2009GB003669,
850 2010.
Rstudio: RStudio, 2021.
Rumpel, C., Alexis, M., Chabbi, A., Chaplot, V., Rasse, D., Valentin, C., and Mariotti, A.: Black Carbon Contribution to
Soil Organic Matter Composition in Tropical Sloping Land under Slash and Burn Agriculture, Geoderma, 130, 35-46,
https://doi.org/10.1016/j.geoderma.2005.01.007, 2006a.
855 Rumpel, C., Chaplot, V., Planchon, O., Bernadou, J., Valentin, C., and Mariotti, A.: Preferential Erosion of Black Carbon on Steep Slopes
with Slash and Burn Agriculture, CATENA, 65, 3040, https://doi.org/10.1016/j.catena.2005.09.005, 2006b.
Rumpel, C., Ba, A., Darboux, F., Chaplot, V., and Planchon, O.: Erosion Budget and Process Selectivity of Black Carbon at Meter Scale,
Geoderma, 154, 131-137, https://doi.org/10.1016/j.geoderma.2009.10.006, 2009.
Rumpel, C., Leifeld, J., Santin, C., and Doerr, S. H.: Movement of Biochar in the Environment, Routledge, London, 2nd ed edn., ISBN
860 978-0-415-70415-1, 2015.
Sanderman, J., Baldock, J. A., Dangal, S. R. S., Ludwig, S., Potter, S., Rivard, C., and Savage, K.: Soil Organic Carbon Frac-
tions in the Great Plains of the United States: An Application of Mid-Infrared Spectroscopy, Biogeochemistry, 156, 97-114,
https://doi.org/10.1007/s10533-021-00755-1, 2021.
Santin, C., Doerr, S. H., Kane, E. S., Masiello, C. A., Ohlson, M., De La Rosa, J. M., Preston, C. M., and Dittmar, T.: Towards a Global
865 Assessment of Pyrogenic Carbon from Vegetation Fires, Global Change Biology, 22, 76-91, https://doi.org/10.1111/gcb.12985, 2016.

31



https://doi.org/10.5194/egusphere-2025-2693
Preprint. Discussion started: 26 June 2025 EG U h
© Author(s) 2025. CC BY 4.0 License. spnere

Santos, F., Wagner, S., Rothstein, D., Jaffe, R., and Miesel, J. R.: Impact of a Historical Fire Event on Pyrogenic Car-
bon Stocks and Dissolved Pyrogenic Carbon in Spodosols in Northern Michigan, Frontiers in Earth Science, 5, 80,
https://doi.org/10.3389/feart.2017.00080, 2017.

Santos, F.,, Bird, J. A., and Asefaw Berhe, A.: Dissolved Pyrogenic Carbon Leaching in Soil: Effects of Soil Depth and Pyrolysis Temper-

870 ature, Geoderma, 424, 116 011, https://doi.org/10.1016/j.geoderma.2022.116011, 2022.

Sass, O. and Kloss, S.: Distribution of Macro Charcoal from Forest Fires in Shallow Soils of the Northern Alps, Journal of Soils and
Sediments, 15, 748-758, https://doi.org/10.1007/s11368-014-0954-9, 2015.

Schiedung, M., Belle, S.-L., Sigmund, G., Kalbitz, K., and Abiven, S.: Vertical Mobility of Pyrogenic Organic Matter in Soils: A Column
Experiment, Biogeosciences, 17, 6457-6474, https://doi.org/10.5194/bg-17-6457-2020, 2020.

875 Schiedung, M., Belle, S.-L., Hoeschen, C., Schweizer, S. A., and Abiven, S.: Enhanced Loss but Limited Mobility of Py-
rogenic and Organic Matter in Continuous Permafrost-Affected Forest Soils, Soil Biology and Biochemistry, 178, 108959,
https://doi.org/10.1016/j.s0ilbio.2023.108959, 2023.

Schiedung, M., Ascough, P. L., Belle, S.-L., Bird, M. 1., Broder, L., Haghipour, N., Hilton, R. G., Lattaud, J., and Abiven,
S.: Millennial-Aged Pyrogenic Carbon in High-Latitude Mineral Soils, Communications Earth & Environment, 5, 177,

880 https://doi.org/10.1038/543247-024-01343-5, 2024.

Schmidt, M. W. 1, Torn, M. S., Abiven, S., Dittmar, T., Guggenberger, G., Janssens, 1. A., Kleber, M., Kégel-Knabner, 1., Lehmann, J.,
Manning, D. A. C., Nannipieri, P., Rasse, D. P., Weiner, S., and Trumbore, S. E.: Persistence of Soil Organic Matter as an Ecosystem
Property, Nature, 478, 49-56, https://doi.org/10.1038/nature10386, 2011.

Selvalakshmi, S., De La Rosa, J. M., Zhijun, H., Guo, F, and Ma, X.. Effects of Ageing and Successive Slash-

885 and-Burn Practice on the Chemical Composition of Charcoal and Yields of Stable Carbon, CATENA, 162, 141-147,
https://doi.org/10.1016/j.catena.2017.11.028, 2018.

Silva, L. J. D., Oliveira, D. M. D. S., Nébrega, G. N., Barbosa, R. 1., and Cordeiro, R. C.: Pyrogenic Carbon Stocks and Its
Spatial Variability in Soils from Savanna-Forest Ecotone in Amazon, Journal of Environmental Management, 340, 117980,
https://doi.org/10.1016/j.jenvman.2023.117980, 2023.

890 Singh, B. P, Fang, Y., Boersma, M., Collins, D., Van Zwieten, L., and Macdonald, L. M.: In Situ Persistence and Migration of Biochar
Carbon and Its Impact on Native Carbon Emission in Contrasting Soils under Managed Temperate Pastures, PLoS ONE, 10, 1-20,
https://doi.org/10.1371/journal.pone.0141560, 2015.

Singh, N., Abiven, S., Maestrini, B., Bird, J. A., Torn, M. S., and Schmidt, M. W. I.: Transformation and Stabilization of Pyrogenic Organic
Matter in a Temperate Forest Field Experiment, Global Change Biology, 20, 1629-1642, https://doi.org/10.1111/gcb.12459, 2014.

895 Skjemstad, J., Clarke, P., Taylor, J., Oades, J., and Mcclure, S.: The Chemistry and Nature of Protected Carbon in Soil, Soil Research, 34,
251, https://doi.org/10.1071/SR9960251, 1996.

Sokol, N. W., Kuebbing, Sara. E., Karlsen-Ayala, E., and Bradford, M. A.: Evidence for the Primacy of Living Root Inputs, Not Root or
Shoot Litter, in Forming Soil Organic Carbon, New Phytologist, 221, 233-246, https://doi.org/10.1111/nph.15361, 2019.

Solomon, D., Lehmann, J., Wang, J., Kinyangi, J., Heymann, K., Lu, Y., Wirick, S., and Jacobsen, C.: Micro- and Nano-Environments

900 of C Sequestration in Soil: A Multi-Elemental STXM-NEXAFS Assessment of Black C and Organomineral Associations, Science of
The Total Environment, 438, 372-388, https://doi.org/10.1016/j.scitotenv.2012.08.071, 2012.

Sorrenti, G., Masiello, C. A., Dugan, B., and Toselli, M.: Biochar Physico-Chemical Properties as Affected by Environmental Exposure,
Science of The Total Environment, 563-564, 237-246, https://doi.org/10.1016/j.scitotenv.2016.03.245, 2016.

32



https://doi.org/10.5194/egusphere-2025-2693
Preprint. Discussion started: 26 June 2025 EG U h
© Author(s) 2025. CC BY 4.0 License. spnere

Soucémarianadin, L., Reisser, M., Cécillon, L., Barré, P., Nicolas, M., and Abiven, S.: Pyrogenic Carbon Content and Dynamics in Top
905 and Subsoil of French Forests, Soil Biology and Biochemistry, 133, 1215, https://doi.org/10.1016/j.s0ilbi0.2019.02.013, 2019.
Soucémarianadin, L. N., Quideau, S. A., and MacKenzie, M. D.: Pyrogenic Carbon Stocks and Storage Mechanisms in Podzolic Soils of
Fire-Affected Quebec Black Spruce Forests, Geoderma, 217-218, 118-128, https://doi.org/10.1016/j.geoderma.2013.11.010, 2014.
Synal, H.-A., Stocker, M., and Suter, M.: MICADAS: A New Compact Radiocarbon AMS System, Nuclear Instruments and Methods
in Physics Research Section B: Beam Interactions with Materials and Atoms, 259, 713, https://doi.org/10.1016/j.nimb.2007.01.138,
910 2007.
Tonnerre, N.-Y.: Villages et Villageois Dans La Bretagne Du Haut Moyen Age, in: Villages et Villageaois Au Moyen-Age, edited by
Société des historiens dédiévistes de I’enseignement supérieur public, Editions de la Sorbonne, 1992.
Torn, M. S., Swanston, C. W., Castanha, C., and Trumbore, S.: Storage and Turnover of Organic Matter in Soil, in: Biophysico-Chemical
Processes Involving Natural Nonliving Organic Matter in Environmental Systems, edited by Senesi, N., Xing, B., and Huang, P. M.,
915 Wiley, 2009.
Van Oost, K. and Six, J.: Reconciling the Paradox of Soil Organic Carbon Erosion by Water, Biogeosciences, 20, 635-646,
https://doi.org/10.5194/bg-20-635-2023, 2023.
Van Vliet-Lanoé, B., Pellerin, J., and Chauvel, J.: Le du bassin versant du Coét-Dan au coeur du massif armoricain. 1. Le cadre géologique
et géomorphologique, in: Agriculture intensive et qualité des eaux, edited by Cheverry, C., Science update, Institut national de la
920 recherche agronomique, Paris, ISBN 978-2-7380-0801-5, 1998.
Vasilyeva, N. A., Abiven, S., Milanovskiy, E. Y., Hilf, M., Rizhkov, O. V., and Schmidt, M. W.: Pyrogenic Carbon Quantity and
Quality Unchanged after 55 Years of Organic Matter Depletion in a Chernozem, Soil Biology and Biochemistry, 43, 1985-1988,
https://doi.org/10.1016/j.s0ilbio.2011.05.015, 2011.
Velasco-Molina, M., Berns, A. E., Macfas, F., and Knicker, H.: Biochemically Altered Charcoal Residues as an Im-
925 portant Source of Soil Organic Matter in Subsoils of Fire-Affected Subtropical Regions, Geoderma, 262, 62-70,
https://doi.org/10.1016/j.geoderma.2015.08.016, 2016.
Wagner, S., Jaffé, R., and Stubbins, A.: Dissolved Black Carbon in Aquatic Ecosystems, Limnology and Oceanography Letters, 3, 168—
185, https://doi.org/10.1002/1012.10076, 2018.
Walter, C. and Curmi, P.: Les sols du bassin versant du Coét-Dan: organisation, variabilité spatiale et cartographie, in: Agriculture intensive
930 et qualité des eaux, edited by Cheverry, C., Science update, Institut national de la recherche agronomique, Paris, ISBN 978-2-7380-
0801-5, 1998.
Wei, T. and Simko, V.: R package "corrplot": Vizualization of a Correlation Matrix, https://github.com/taiyun/corrplot, 2021.
Wickham, H., Averick, M., Bryan, J., Chang, W., D’ Agostino McGowan, L., Frangois, R., Grolemund, G., Hayes, A., Henry, L., Hes-
ter, J., Kuhn, M., Pedersen, T. L., Miller, E., Milton Bache, S., Miiller, K., Ooms, J., Robinson, D., Seidel, D. P., Spinu, V., Taka-
935 hashi, K., Vaughan, D., Wilke, C., Woo, K., and Yutani, H.: Welcome to the tidyverse, Journal of Open Source Software, 4, 1686,
https://doi.org/10.21105/j0ss.01686, 2019.
Wiedemeier, D. B., Abiven, S., Hockaday, W. C., Keiluweit, M., Kleber, M., Masiello, C. A., McBeath, A. V., Nico, P. S., Pyle, L. A.,
Schneider, M. P., Smernik, R. J., Wiesenberg, G. L., and Schmidt, M. W.: Aromaticity and Degree of Aromatic Condensation of Char,
Organic Geochemistry, 78, 135-143, https://doi.org/10.1016/j.orggeochem.2014.10.002, 2015.
940 Waurster, C. M., Saiz, G., Schneider, M. P., Schmidt, M. W., and Bird, M. L.: Quantifying pyrogenic carbon from thermosequences of wood
and grass using hydrogen pyrolysis, Organic Geochemistry, 62, 28-32, https://doi.org/10.1016/j.orggeochem.2013.06.009, 2013.

33



EGUsphere\

https://doi.org/10.5194/egusphere-2025-2693
Preprint. Discussion started: 26 June 2025

(© Author(s) 2025. CC BY 4.0 License.

6vS  6'LI €'LT 19 80 0C I¢ €l 94 9¢ 4! v 01  [osqns
681 TS 89 9°¢ ¥l 6'¢ €C I 61 23 €l 81 9 wWdQI-0 adoyse0) pue -1004
798 §'IT 9'LT €T 6'1 1'C 1 €l 91 €C 4! 81 S [rosqng
€€ ¥'81 ol 6'S Sy Ly S1 Cl 14! (44 €l 14! g wd0I-0 adoyspriy
6'8C 86l L'Te Le 9C 0¢ 1c 4! LT 81 SI 91 9 [rosqng
Iec  <S91 €'1c ¥'S 9'¢ Sy 14! Cl €l €C ¢l 14! 9 WOQ[-Q Iep[noys puejuwng
Xew UMW UBIPOW  CXBW UMW UBIPAW  CXBW U URIPOW  XBW U URIPW
(ros 35 D) (ros 35 H3) (%) (%)
Dayq ae[exoy y pues Ae[D u Jfe| uonisod adofS
STl 880 S0'1 ¢'8 C € 69 s €9 181 € LS 0l  [rosqng
160 ¥9°0 80 811 89 9°8 69 1Y 6°¢ 9¢L S'IC ST 9 WdQI-0 ado[sa0) pue -100,
Ier 160 T 6 1T 9°¢ 89 LS ¥'9 19 ¥'e e S [rosqng
160 S9°0 L0 ¢'8 69 YL L9 ¥'S 79 gey €81 9'1¢ g wWdOI-0 adoyspiA
LT'T 160 AN I'y LT v'e 99 oY 19 el 0¢ I's 9 [rosqng
160  +9°0 80 6 9 €L g9 L't <9 I'PIT  O'LI £'7TT 9 wWOQI-Q Jep[noys puejruwing
Xew UM UBIPOW  CXBWI UM URIPAW  CXBUW UMW URIPOW  CXBW  CUTW  URIPSW
(;_u°8) (;—3Y + owo) (110s ;8 D9)
auy-y oYX 10) otHyd JO0S U REY\ g | uonisod ado[g

"WNWIXBW - "XBW ‘WAWIUIW - “Ul ‘(Josougdel§ pue s[oSIANT OIuSe)S 9y} Ul SUOZLIOY PAeNUAIRPIP A[3Uols 9y) J0J JUNOJIE 0) WD (-(O¢ e ojdwes
[euonIppe ue pue ‘wd ()8-()/ e pordures sem [10sqns Y} AIYM [0SIqUIBD) ITAOWI[OS Y} J0F 3dooXa S[10S [ J0J Wd ()9-()S) Ydap wd ()¢ < - [10sqnS ‘uonnjos Ioynq
P1o® OI[BX0/2)R[BX0 Y} AQ PIOBIIXS UOI] - PIPX09 1 ‘Uonnjos 9JeuoqiedIq-9)es}10-9JeuoIy)Ip Ay} AQ pojoeIIx uol[ - 8249 ‘[10S Ul JO UONBIUIOUOD - *UU)) ‘uonn[os

OPLIO[YD QUIWEXIYN[eGod B SuIsn pauruidlap Ayoedes a3ueyoxe uoned - °)g) 1oke] pue uonisod adofs £q sonsiaioeIRyd [10S JO SONsHe)s Arewwung T J[qeL

34



