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Abstract soil organic carbon (SOC) is a crucial component of the terrestrial carbon cycle and its turnover
time in models is a key source of uncertainty. Studies have highlighted the utility of §'*C measurements for
benchmarking SOC turnover in global models. We used **C as a tracer within a vertically discretized soil
module of a land-surface model, Organising Carbon and Hydrology In Dynamic Ecosystems- Soil Organic
Matter (ORCHIDEE-SOM). Our new module represents some of the processes that have been hypothesized
to lead to a '*C enrichment with soil depth as follows: 1) the Suess effect and CO, fertilization, 2) the
relative *C enrichment of roots compared to leaves, and 3) 13C discrimination associated with microbial
activity. We tested if the upgraded soil module was able to reproduce the vertical profile of §'*C within the soil
column at two temperate sites and the short-term change in the isotopic signal of soil after a shift in C3/C4
vegetation. We ran the model over Europe to test its performance at larger scale. The model was able to
simulate a shift in the isotopic signal due to short-term changes in vegetation cover from C3 to C4; however, it
was not able to reproduce the overall vertical profile in soil 8**C, which arises as a combination of short and
long-term processes. At the European scale, the model ably reproduced soil CO, fluxes and total SOC stock.
These findings stress the importance of the long-term history of land cover for simulating vertical profiles of
8"3C. This new soil module is an emerging tool for the diagnosis and improvement of global SOC models.

1. Introduction

Global soil organic carbon (SOC) simulated by Earth system models (ESMs) may be consistent with global
observations, but the uncertainty surrounding models output remains collectively high (Huntzinger et al.,
2017; Todd-Brown et al., 2013). Good overall model-data agreement may result from compensating model
biases, and unless the sources of these biases are identified and corrected, ESMs stand little chance of provid-
ing useful projections of SOC under a changing climate (Todd-Brown et al., 2013). Reducing the high uncer-
tainty associated with predictions of SOC in ESMs involves a range of approaches, including the
incorporation of missing key carbon cycling mechanisms and improving model parameterization.

The turnover times of modeled soil-carbon pools are key sources of uncertainty in the simulations of SOC,
primarily because experimentally isolating the SOC pools as defined by ESMs is technically and conceptually
difficult (Barré et al., 2010; Elliott et al., 1996). In the long-term, we may use innovative approaches that radi-
cally change the soil carbon modules of ESMs (Abramoff et al., 2017; Huang et al., 2018; Luo et al., 2016) but
such approaches would first require a deep rethinking of the ESMs themselves. In the short-term, we may
use C-tracers to better constrain the model parameters, which is something already being done in site-scale
models (Braakhekke et al., 2014). Using observational isotopic data to constrain soil turnover times is not yet
possible for ESMs, because global models usually do not represent either stable carbon or radiocarbon iso-
topes even though some attempts have been carried out with ORCHIDEE for radiocarbon (Tifafi et al.,
2018). The Community Land Model (CLM) has fully implemented photosynthetic discrimination, and
tracks 8"*C within the biomass and soil carbon but without post-photosynthetic discrimination (Koven
et al., 2013). Nevertheless, radiocarbon has been used for decades to constrain SOC turnover times in a
1-D model (Coleman et al., 1997) and has been used to indirectly evaluate ESMs (He et al., 2016). Chen
et al. (2019) recently used radiocarbon to evaluate the E3SM ESMs, and they underline the importance of
fresh carbon supply on soil carbon turnover including in deep soils. Stable isotope tracers (**C) have also
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Figure 1. Overview of the processes and factors determining the isotopic signature of soil C pools and fluxes (modified
from Briiggemann et al., 2011). Oval boxes represent C pools processes are in red and the controlling factors of each
process are in italics. Dlscrlmlnatlon values are taken from (%) Keeling et al. (2017) ( ) Hobbie and Werner (2004),

@) Jagercikova et al. (2017), ( ) Bird et al. (2003), (¥) Gleixner et al. (2005), ( ) Yakir and Wang (1996), ® Klumpp et al.
(2005), and (h) Brugnoli et al. (1988).

been considered to be a potential tool for constraining SOC turnover times in the medium-long term
(decades to century) in global models (Balesdent et al., 2018a). To the best of our knowledge, stable
isotope tracers have not yet been applied.

Observed variations of the composition of stable carbon isotopes (5'>C) are useful for tracing carbon sources
and fluxes between plants, microorganisms, and soils, thus serving to constrain various processes and iden-
tify carbon sources (Balesdent & Mariotti, 1987; Ehleringer et al., 2000). Including 813C in global carbon
models can therefore help us to better understand the cycling of soil carbon, diagnose model imperfections,
and improve model parameterization. However, variations in the isotopic composition of soils remain diffi-
cult to predict (Hogberg et al., 2005) because environmental factors impact discrimination during photo-
synthesis and C allocation in the plants (Briiggemann et al., 2011). In addition, the mechanisms
underlying discrimination of stable isotopes aboveground (e.g., photosynthetic discrimination; Bowling
et al., 2008) have not been fully disentangled.

The long-term reconstruction of ecosystem dynamics, more specifically the historical changes of relative
C3/C4 vegetation, is one of the most common applications of stable isotopes. Based on observations showing
that photosynthetic **C discrimination is large compared to post-photosynthetic discrimination (Bowling
et al., 2008), models using 8'C for the reconstruction of ecosystem dynamics consider post-photosynthetic
discrimination as negligible (e.g. Diels et al., 2004; Molina et al., 2001; Raczka et al., 2016). Nevertheless,
other mechanisms driving the 8**C in soil may also significantly affect the observed values. Indeed, §'*C
tends to increase with soil depth across many ecosystems, with widespread observations of 1-3%. enrich-
ment in §'3C in the soil profiles of forests (Balesdent et al., 1993; Bird et al., 2003; Briiggemann et al.,
2011; Ehleringer et al., 2000). The processes involved in the variations of SOC isotopic values are diverse
and cover large spatial and temporal scales (Figure 1).

The potential mechanisms for the natural variation (i.e., all except Suess effect—the depletion of atmo-
spheric and plant-derived *C due to the increase in fossil-fuel emissions in the 20th century—and CO, fer-
tilization in Figure 1) of stable isotopes in soil can be summarized into three groups as follows: physical
mixing, preferential preservation, and microbial discrimination (Ehleringer et al., 2000). First, the physical
mixing of bulk SOC derived from biomass with different isotopic signatures may partly account for the dif-
ferences in isotopic signatures in the SOC pool. For example, mixing between C3 and C4 plants, or between
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Table 1

Factors Affecting SOM 5">C and Their Use in the Model ORCHIDEE-SOM

Factor Magnitude (approx.) In ORCHIDEE-SOM

1. Suess effect (including changes in 613C—C02 Transient (see Fig. 2) Prepare a temporal record of litter 53¢
in the atmosphere and the effect of increasing inputs with e depletion for 1765-2011
atmospheric CO, concentration on 513C-litter)

2. Difference in the isotopic composition +1%o Introduce a parameter to enrich input 5Cin

between roots and plant leaves/litter

“belowground” litter (assumed as roots)
compared to “aboveground” litter (assumed as leaves)

3. Isotopic fractionation associated with CO, depleted by 0.1%o ¢ Introduce a discrimination factor in the fluxes

heterotrophic respiration

ompared to substrate. associated with heterotrophic respiration

leaf litter and roots, have different isotopic composition. Second, the preferential preservation or movement
of some compounds may cause a shift in the isotopic signal of SOC. For example, lignin is depleted in **C
more than bulk SOC, so SOC in ecosystems richer in lignin will have a lower st3c (Ehleringer et al., 2000;
Gleixner et al., 2005; Lichtfouse et al., 1995, 1998). Third, microbial discrimination of carbon isotopes
during the decomposition of SOC may enrich the substrate by a differential use of *C-depleted carbon
sources in the metabolic reactions of litter and SOC decomposition. The evidence for microbial kinetic
discrimination, however, is inconsistent across studies (Ehleringer et al., 2000; Wynn et al., 2006), and **C
enrichment of respired CO, compared to the bulk substrate for C3 soils suggests the opposite to what we
expect by assuming a kinetic discrimination during SOC decomposition (Werth & Kuzyakov, 2010). The
13C enrichment in soil microorganisms may be due to the preferential use of 13C-enriched compounds,
such as sugars or cellulose, by microbial decomposers (Menichetti et al., 2015; Werth & Kuzyakov, 2010).
In summary, no consensus has been reached on the relative importance of each process to the observed
variation in soil '*C. Moreover, §"°C of SOC is also indirectly impacted by the depletion of '*C in
relatively recently generated atmospheric CO, due to the burning of fossil fuels (depleted in **C-the Suess
effect; Hogberg et al., 2005; Keeling et al., 2017; Tans et al., 1979; Wynn et al., 2006).

ORCHIDEE-SOM is a recently-developed soil module within the land-surface model ORCHIDEE that
represents a substantial advance toward accurate future predictions of global soil carbon fluxes by modeling
deep, soil layer-discretized SOC to 2 m (Camino-Serrano et al., 2018). However, the model in still in early
stages of its development, with attendant uncertainty in both its output and their interpretation, for which
data-based stable isotope parameter calibration will help to constrain the parameters involved in carbon
transfers and SOC turnover times (Luo et al., 2016). Our aim was therefore to incorporate *C into
ORCHIDEE-SOM and to test if the upgraded model could reproduce the stock of '*C in the following two
cases: 1) observed stock of '*C at two temperate sites, a forest and a grassland and 2) the short-term change
in the isotopic signal of soil after a C3/C4 shift in vegetation at two temperate experimental sites where C4
crops were planted in C3 soils a few decades ago. The benefits of introducing soil **C into ORCHIDEE-SOM
are twofold as follows: 1) it will give us insight into the factors controlling the dynamics of **C in soils and 2)
it will allow us to use another source of data to evaluate the model.

2. Materials and Methods
2.1. The ORCHIDEE-SOM Model: The Starting Point

ORCHIDEE-SOM is an extension of the soil module in ORCHIDEE, the global land-surface component of
the Institut Pierre-Simon Laplace ESM. ORCHIDEE-SOM starts from the default structure of the
ORCHIDEE soil model, based on the CENTURY model (Parton et al., 1987) that represents four litter (meta-
bolic and structural below- and above- ground litter) and three SOC (passive, slow, and active) pools distin-
guished by their turnover times. Two pools were added to represent dissolved organic carbon (DOC) and
labeled stable and labile DOC with low and high turnover times, respectively. The values of the decomposi-
tion parameters are based on Table 1 from Camino-Serrano et al. (2018). In this study, we did not perform
any formal data integration due to the computational resources required to run the model. The soil profile
is discretized into 11 layers of geometrically increasing thicknesses to a depth of 2 m (Campoy et al.,
2013). The biological processing of litter, SOC and DOC, and the sorption of DOC to minerals are
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represented within each layer. Soil carbon is transported between layers due to the vertical advection of DOC
and the diffusion of SOC and DOC. In the following subsections, we describe the processes included in
ORCHIDEE-SOM in more detail. Camino-Serrano et al. (2018) have provided an exhaustive description of
the model and some clarifying details are given in the supporting information.

2.1.1. Biological Activity

The decomposition of litter, SOC, and DOC are represented in ORCHIDEE-SOM following first-order
kinetic equations, with different decomposition rates for each pool parameterized by Camino-Serrano
et al. (2018). All decomposed litter and SOC enter the DOC pool, which is then partly respired and partly
returned to the original SOC pools. Modeling microbial biomass as a separate soil pool is key for improving
the representation of soil carbon in models (Schmidt et al., 2011).

2.1.2. Sorption to Minerals

Sorption and organo-mineral interactions are usually neglected in global models, such as ORCHIDEE,
despite their large influence on SOC stabilization (Kalbitz et al., 2005; Schrumpf et al., 2013). In contrast,
ORCHIDEE-SOM represents the adsorption of DOC to soil minerals using an equilibrium-partition coeffi-
cient (Nodvin et al., 1986), which implies that the DOC is split into two pools as follows: free DOC in soil
solution and DOC adsorbed on soil minerals. This approach assumes that the equilibrium between adsorp-
tion and desorption is very rapid in comparison to other processes, which is supported by previous work
(Kothawala et al., 2008). The remaining DOC free in solution can be transported between soil layers with
the flux of soil water, whereas the adsorbed DOC is immobilized and therefore immune to decomposition.
2.1.3. Carbon Transport Through the Soil

ORCHIDEE-SOM accounts for the diffusive and advective fluxes that lead to the reallocation of soil carbon
along the vertical profile. The pools of belowground litter, SOC, and DOC are subject to diffusion. Diffusion
is represented by Fick's second law, which is a proxy for bioturbation in the case of SOC whereas it is stricto
sensu diffusive for DOC transport (Camino-Serrano et al., 2018). We used a diffusion coefficient that varies
as a function of soil depth (Jagercikova et al., 2014), which diverges from the original ORCHIDEE-SOM ver-
sion that uses a constant diffusion coefficient across soil depths. We based this decision on results from
another study that found an improvement of the simulated SOC stocks and SOC age profiles in
ORCHIDEE-SOM using the depth-dependent diffusion coefficient (Tifafi et al., 2018). Finally, DOC in only
the soluble pools are subject to transport with the soil-water flux, that is, by advection. Advective fluxes of
DOC are calculated by simply multiplying the DOC concentration in each layer by the water flux out of that
layer (Futter et al., 2007).

2.2. Stable Carbon Isotope (*3C) as a Tracer in Soil

ORCHIDEE-SOM simulates all the processes mentioned above for total carbon. Here, we sought to simulate
the observed >C stock as a soil tracer for all soil carbon pools, including the vertical distribution of 13C. The
inputs of '*C in our model come directly from a predefined 8'3C value given to litter, meaning that
ORCHIDEE-SOM does not calculate the *>C fraction in living vegetation. We choose such an approach to
reduce uncertainty of 8'3C due to biases in modeled vegetation processes (allocation, phenology, etc.).
However, doing so neglects potentially large changes in photosynthetic discrimination due to changes in cli-
mate impacting leaf stomatal conductance.

The various terrestrial carbon compartments (soil carbon input, litter, SOC, DOC, and heterotrophic respira-
tion) are represented in the original version of ORCHIDEE-SOM as a system of interacting matrices, with a
single dimension referring to total carbon. We therefore added a new dimension containing the **C stock for
each carbon compartment and pool, calculated as a function of the bulk soil carbon. The **C/*2C isotopic
ratio of litter (R[sample]) was calculated based on the classical equation by O'Leary (1981):

51°C (%) = {R(sample) 3 }7 o

R(standard)

where 8'3C is the input 8'3C of the litter, R (standard) is the 3C/*2C isotopic ratio of the standard (0.0111802
for the standard in general use, Vienna-Pee Dee Belemnite (V-PDB)), and R (sample) is the Be/2e isotopic
ratio of the litter. R (standard) and the input litter §*>C are known values, so we applied equation (1) to cal-
culate the '3C/'2C ratio of litter (R[sample]). The 13¢/*2C ratio was then used to calculate *>C stock as a func-
tion of the total soil carbon stock (**C + '*C stocks, assuming **C stock was negligible):
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. R(sample) .
Litter(1*C) = ————xLitter(C 2
itter (*°C) 1 + R(sample) itter(Crotal), @
where Litter(*>C) is the litter 1*C stock (gC m~2) and Litter (Croy) is the total soil carbon stock (gC m2).
All processes that affect total soil carbon in litter, SOC and DOC (including decomposition, heterotrophic
respiration, diffusion, and advection) in the model also apply to **C. The current version of the model con-
sequently calculates soil **C stocks and fluxes alongside the total carbon stocks and fluxes.

The simulated §'*C was calculated back within the model from the simulated **C stocks and the total carbon
stocks using equations (1) and (2) to facilitate the comparison of model measurements. The output 8'3C was
calculated for total soil carbon, that is, the sum of the total litter and soil carbon pools and for each carbon
pool separately: total soil carbon, passive carbon, slow carbon, active carbon, metabolic belowground litter,
structural belowground litter, and DOC.

2.3. Sources of variation of soil 1*C

The measured §'°C in soil is not constant but tends to increase with depth (Ehleringer et al., 2000; Garten
et al., 2008). We designed a modeling strategy for the four main potential mechanisms underlying this
increase, when possible, as explained below.

2.3.1. The Suess and pCO, Effects

We simulated the Suess effect on soil *>C by creating a time series of yearly §'>C litter inputs, taking into
account the effects of atmospheric §'°C (Keeling et al., 2017) and an additional effect of atmospheric
(CO,) variation on isotope discrimination, assuming a 2%. depletion for each 100 ppm increase in pCO,
(Feng & Epstein, 1995). A customized time series was created for each site simulation, using as a reference
point either 8'>C measured in the leaves or, lacking that, in the uppermost soil layer (Figure 2).

2.3.2. Difference in the Isotopic Composition of Roots and Plant Leaves/Litter

To reproduce the discrimination in isotopic composition between roots and plant leaves/litter due to post-
photosynthetic discrimination (Hobbie & Werner, 2004), we introduced a new model parameter (“enrich”)
to enrich the input §°C in belowground litter (assumed to be roots) compared to aboveground litter
(assumed to be leaves). We additionally assumed an enrichment factor of +1%. between belowground and
aboveground matter based on averaged published data (Brugnoli & Farquhar, 2000; Schweizer et al.,
1999; Werth & Kuzyakov, 2010).

2.3.3. Isotopic Discrimination Associated With Heterotrophic Respiration

Microbial discrimination during litter and SOC decomposition that causes the respired CO, to be depleted in
13¢ relative to the litter and SOC residues has been hypothesized (Ehleringer et al., 2000), but no clear evi-
dence has been found. Nevertheless, most models of soil >C (e.g., Agren et al., 1996; Jagercikova et al., 2017;
Poage & Feng, 2004) represent the enrichment of §'*C associated with the decomposition of organic matter.
We represented '*C discrimination associated with heterotrophic respiration to test the relevance of this pro-
cess. We assumed that 8"*C discrimination occurs during heterotrophic respiration by enriching SOC Bc
compared to CO, by a discrimination factor of 0.1%o, following (Jagercikova et al. (2017). This factor is fixed
with time and does not depend on the decomposition rate.

2.3.4. Differential Preservation of Compounds (Lignin)

Differing decomposition rates of specific chemical compounds introduce isotopic shifts in bulk SOC, with
relative lignin contents causing an isotopic shift to more depleted 5">C than the bulk SOC (Gleixner et al.,
1993, 2005). Moreover, grassland lignins are degraded more efficiently than softwood lignins (Dignac
et al., 2005). Sites with lower lignin contents (e.g., grasslands) should therefore have higher '*C enrichment
than sites with other vegetation cover, such as forests. The difference in lignin content among sites can then
be specifically parameterized by changing the lignin/carbon (L/C) ratio for each site, selecting lower ratios
for grasslands or croplands as a proxy for their lower SOC lignin contents.

ORCHIDEE-SOM does not explicitly differentiate lignin components, so introducing 813C discrimination
between lignin and bulk components is not straightforward. To be able to simulate a lignin-dependent
3¢, we would need to calculate the amount of *3C in above and belowground litter as a function of the
L/C ratio, assuming that 1) the plant material has two isotopic compartments (lignin and nonlignin), 2)
all lignin goes first to structural litter and the rest to metabolic litter, and 3) the difference in 8'*C between
lignin and bulk litter is —4%., a typical value found in the literature (Dignac et al., 2005; Gleixner et al., 2005).
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Figure 2. Synthetic time series of litter 813 for (a) Feucherolles, (b) Mons, (c) Closeaux and Boigneville control experi-
ment, and (d) Closeaux and Boigneville C4 experiment. Total effect (black line) is calculated as the sum of the litter
8¢ changes due to Suess effect (changes in atmospheric 8¢ signature induced by fossil fuel combustion; Graven et al.,
2017; blue line) and the 53¢ changes due to CO, fertilization effect and its estimated impact upon photosynthetic dis-
crimination (red line; Feng & Epstein, 1995). The initial litter 8'3C is calculated based on the site measurements of 8 >C for
the present day (see section 2.4) and the relation of Feng and Epstein (1995) to backwards evaluate the 8'3C values of
the litter for each year. The large increase in 8"3C for the panel d) was due to a transition between C3 and C4 species
leading to a decrease in photosynthetic discrimination.

We developed and coded the mass-balance isotopic equations from this approach, but the L/C ratio had only
a minimal effect on the distribution of litter between metabolic and structural pools, so the effect of the
discrimination between lignin and nonlignin 8'3C had a minor impact on the model outputs. We
therefore deferred representation of differential compounds preservation in ORCHIDEE-SOM after
assessing the trade-off between model complexity and improvement.

2.4. Site Descriptions

Four long-term experimental sites with available measurements of SOC stocks and soil §'>C in the Parisian
Basin in France were used to evaluate the model. The observed stock of **C along the soil profile was first
tested against soil 8'3C measurements from two sites with different vegetation covers as follows:
Feucherolles, a temperate deciduous forest and Mons, a temperate C3 grassland with no change in vegeta-
tion cover for centuries, which helps us to evaluate how the model reproduces long-term process and
changes. We also used data from two cropland sites where C4 vegetation had been planted in C3 soils,
Closeaux and Boigneville, to assess the simulated shifts in 8'*C with short-term changes (a few decades)
in vegetation cover.

The four sites have similar temperate climates, with mean annual precipitation between 600 and 700 mm
and mean annual temperatures between 10 and 12 °C (Table 2). The long-term Feucherolles and Mons
experimental sites have been intensively studied (Jagercikova et al., 2014; Keyvanshokouhi et al., 2016).
Both sites have Luvisol soils around 15, 000-16, 000 years old. Mons is a grassland with well-drained soil,
and Feucherolles is an oak forest where clay and gritstone deposits extend to a depth of approximately 1.5
m. The clay content is about 20% at both sites, but the pH ranges from 6 in Feucherolles to 7 in Mons
(Table 2; Jagercikova et al., 2014). The soil profiles at Feucherolles and Mons were sampled in 2011, and
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Table 2
Site Characteristics
Feucherolles Mons Closeaux Boigneville
Coordinate 48.9°N, 1.97°E 49.87°N, 3.03°E 48.8°N, 2.08°E 48.32°N, 2.37°E
Land use Oak forest Grassland Wheat cultivation Wheat-corn rotation Wheat cultivation
‘Wheat-corn rotation
Mean Annual Precipitation (mm) 660 680 680 630
Mean Annual Temperature (°C) 11.2 11 11 104
Soil type Luvisol Luvisol Cambisol, Fluvisol Luvisol
Soil pH 5.9 6.89 6.8 6.8
Soil bulk density (g cm=1) 1.34 14 1.5 1.4
Soil clay fraction (%) 20 23 17.4 22

the samples were analyzed for carbon stock, 8'*C isotopic ratios and other soil properties (J agercikova et al.,
2017). '3C/'C ratios were analyzed using the online continuous elementary analyzer coupled with an
isotopic ratio mass spectrometer (Finigan Delta+XP, Bremen Germany). The results are expressed in 8">C
per mil (%o) against the international standard V-PDB.

Boigneville is an experimental site, also with Luvisol soil (Table 2; Jagercikova et al., 2014), that was used for
an experiment of C3-C4 succession. The soil pH is 6.8 and the clay content 22% (Table 2). The experiment
contained various rotations from 1970 that compared continuous wheat (C3) and continuous maize (C4)
crop cover. Wheat and maize plots were sampled in 1985 and 1987, respectively. More details on the sam-
pling and analytical methods have been provided by Balesdent et al. (1990). We used 8'*C isotopic ratios
measured from untilled plots. The soil at the Closeaux site is classified as a Eutric Cambisol. The mean clay
content of the soil measured in 2003 was 17.4%, and the mean pH was neutral (Table 2). The experiment on
C3-C4 succession at Closeaux was carried out by planting maize in 1993 in a wheat field that had never pre-
viously grown any C4 plants. The plots were managed following standard agricultural practices for similar
field crops in the Parisian Basin (Rasse et al., 2006). The experimental plots (maize and control plots) were
first sampled in 2003 and again in 2016, and the soil samples were analyzed for carbon stock, §**C isotopic
ratios, and other soil properties (Rasse et al., 2006).

2.5. Simulation Setup

ORCHIDEE needs the following environmental drivers as forcings as follows: air temperature, wind speed,
solar radiation, air humidity, precipitation, and atmospheric CO, concentration. We extracted the meteoro-
logical forcings for each site from the Climatic Research Unit National Centers for Environmental Prediction
(CRUNCEP) data set with a resolution of 0.5°, which is a combination of two existing data sets as follows: the
CRU TS.3.2 0.5 X 0.5° monthly climatology (Mitchell et al., 2004) and the NCEP reanalysis (Kalnay
et al., 1996).

For sites and regional simulations over Europe, we followed similar protocols. Before running over a histor-
ical period (1901-2011), we ran the model for approximately 13,000 years by looping over the meteorological
data for the available period for each site until all soil variables reached a steady state (spin-up). We consid-
ered that the model reached equilibrium when the pool increase was less than 1%, year™* during the last dec-
ade of the spin-up. The meteorological forcings were randomly selected between 1901 and 1910 during the
spin-up, and the atmospheric CO, concentration was maintained at 296.13 ppm, representing 1901 (Keeling
& Whorf, 2006). For the spin-up, litter §"*C was fixed to a specific value calculated for 1901, taking into
account the >C depletion due to the Suess effect and CO, fertilization (see section 2.2.1, Fig. 2) and using
as a reference the best approximation for litter §*>C presently available for each site. For European simula-
tions we followed the same approach but we used 8">C values of litter collected literature mainly gathered by
Diefendorf et al. (2010) that we completed with data from Schweizer et al. (1999). For Closeaux and
Boigneville, we used the 813C of wheat leaves measured in 2005 as a reference. 8'>C had not been measured
for leaves or litter at Feucherolles or Mons, so we used 8'*C measured in the uppermost soil layer as a refer-
ence for calculating the input 8">C for 1901 (Table 2). Site-specific measurements were used for pH, clay con-
tent, and bulk density. For the European scale simulation we used pH, clay content, and bulk density from
the harmonized world soil database (HWSD; Nachtergaele et al., 2012) product.
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Table 3

Set of Simulations Performed. Crosses Indicate the Processes That Have
Been Included in Each Simulation

The state of the ecosystem at the last time step of the spin-up was then
used as the initial state for running the historical simulations with outputs

written at time steps of 1 year for 1901-2011 for Feucherolles, Mons,

Set 1: Full-model simulations Boigneville, and Europe and 1901-2016 for Closeaux. The historical simu-
Suess Root Microbial lations were driven by 6-hourly meteorological forcings and yearly time
Location effect enrichment Discrimination series of CO, and litter §'C data (Figure 2). We performed two historical
Feucherolles X X X simulations for Closeaux and Boigneville, a “control” simulation, with a
Mons X X X yearly variation of litter 5'3C based on the Suess effect and CO, fertiliza-
Closeaux_C4 X X X tion, and a “C4” simulation, where an abrupt change in litter s3C to
glgseau%cogtlrol ))g i i —12.8%o0 was simulated for the year of the maize crop. Finally, it is impor-
o'gnevL e tant to note that for parameters related to bulk soil carbon, we kept the
Boigneville_control X X X o A .
Europe X X X original parameters values published by Camino-Serrano et al. (2018).
Set 2: Relatge 1rr{por.tar}ce 9f processes of 2.6. Model Experiments
C Discrimination
Feu_Suess X We performed two sets of simulations after the introduction of *C and its
Feu_Enrich X X related processes into ORCHIDEE-SOM as follows:
Mons_Suess X
Mons_Enrich X X 1. First, we evaluated the full-model performance by simulating the soil

8'3C profiles at the four sites (Feucherolles, Mons, Closeaux, and
Boigneville). For these simulations, we used the complete model with the three processes of **C discrimi-
nation “activated,” that is, the Suess effect and CO, fertilization, root enrichment and discrimination.

2. Second, we tested the relative importance of each of the processes of *C discrimination included in the
model by activating one at a time and comparing the model outputs. These simulations were performed
only for Feucherolles and Mons, the two sites where the abundance of *C had been measured, thus dis-
carding the additional short-term effect of changes in vegetation cover at the Closeaux and Boigneville
experimental sites.

3. Finally, we ran a simulation over Europe with the full model including the three processes of **C discri-
mination (Suess effect and CO, fertilization, root enrichment, and discrimination) for the period 1901-
2011.

The full set of simulations is shown in Table 3.

2.7. Comparison of Model Results With Measured Data

At the European scale, we compared the SOC stocks (kg m™2) with those given by the HWSD v1.2 regridded
at 2° to match with the resolution of the model. The heterotrophic respiration was compared with the global
products of (Hashimoto et al., 2015) who used a climate-driven model of soil respiration based on a global
soil respiration data set to predict the heterotrophic fluxes at monthly time step during the 1901-2012 period.
At the site level, SOC stocks (kg m_z), and soil 8'3C measured along the soil profiles at the four sites were
compared with the soil 8**C simulated with ORCHIDEE-SOM. The simulated and measured soil §'*C were
compared using the mean squared deviation (MSD) and its three components: the squared bias (SB), the
non-unity slope (NU) and the lack of correlation (LC; Hugh et al., 2003). SB is an indicator of the mean bias
of the simulation from the measurement, NU provides information on the ability of the model to reproduce
the magnitude of fluctuations among the measurements, and LC indicates the ability of the model to repro-
duce the shape of the data. The lower the MSD, SB, NU, and LC, the better the fit. These indicators have been
shown to be useful for comparing model-observation fits among models (e.g., Guenet et al., 2013).

The four statistical indices were calculated for 10 site simulations (Table 3) to identify the simulation with
the best fit to the measured 8'>C (lowest MSD) in the following cases: 1) for Feucherolles and Mons, we com-
pared the model with different numbers of processes included, and 2) for Closeaux and Boigneville, we com-
pared the “control” and “C4” simulations. The intervals of soil depth of the model outputs and the
measurements were homogenized by interpolating the data to common depth intervals defined for each site.
The simulations and data were then compared for each depth interval, so the statistical indices indicated the
performance of the model for identifying spatial patterns (soil profiles). The MSDs of the simulations for
Feucherolles and Mons were directly comparable because the measurements were the same, so the MSDs
for the Closeaux and Boigneville simulations were based on different field measurements (control and
C4 plots).

CAMINO-SERRANO ET AL.

3657



Journal of Advances in Modeling Earth Systems

10.1029/2018MS001392

Table 4
Measured (+SD) and Simulated SOC Stocks Calculated to a Depth of 1 m

Measured SOC Modeled SOC

(kg C m2, (kg C m~2,

Location Mean+SD) Mean+SD) Difference (%)
Feucherolles 8.4 +0.08 6.9 -17
Mons 11.0 £ 0.1 33.7 206
Closeaux 9.5+0.9 11.8 24
Boigneville 8.3 13.4 63
Europe 24.1 11.0 54

Note. European data was taken from HWSD.
Abbreviation: SOC, soil organic carbon

3. Results
3.1. Vertical Profiles of SOC Stocks

The model simulations indicated that the shape of the vertical SOC pro-
files was well reproduced by ORCHIDEE-SOM, but the total SOC stock
was often overestimated, particularly for the upper soil layers, except for
SOC in the Feucherolles deciduous forest (Table 4, Figure 3). The modeled
vertical profile of SOC at Feucherolles was simulated very well
(Figure 3a). The model, however, was not able to accurately simulate
the high SOC measured near the surface there (1-cm depth), which may
account for the 17% underestimation of the total SOC stock compared to
the measured total SOC calculated to a depth of 1 m (Table 4). In contrast,
simulated total SOC stock to a depth of 1 m was overestimated by more

than 200% at the Mons grassland site (Table 4). Total SOC stocks for Closeaux and Boigneville were also
overestimated by the model, but more moderately (by 24 and 63%, respectively). The overestimation of
the modeled SOC in the upper soil layers for the Closeaux site was expected, because the current soil module
in ORCHIDEE-SOM does not yet account for the effect of plowing, so the concomitant reduction in SOC
stocks cannot be reproduced. Nevertheless, Boigneville has been unplowed for some years, and model over-
estimation was due to other model errors such as root profile or net primary production.

3.2. Vertical Profiles of the Stock of 3C: Mons and Feucherolles

The shape of the 8"*C profile was well reproduced by the model for Feucherolles when taking only the nat-
ural variations in 8'*C into account, but §'C was overestimated along the full soil profile (Figure 4a). The
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Figure 3. Simulated (green) versus observed (brown) soil organic carbon (SOC) stocks for (a) Feucherolles, (b) Mons, (c)
Closeaux (control plot), and (d) Boigneville (control plot). The error bars represent the standard deviations of the observed
SOC stocks (standard deviations were not available for Boigneville).
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Figure 4. Comparison between simulated and measured soil s3c profiles for the two sites used to model the observed
stock of 813C as follows: (a) Feucherolles and (b) Mons. Three model versions are represented the full model (Suess
effect, CO, fertlization effect + root enrichment + microbial discrimination), the model representing the Suess effect, CO,
fertilization effect, and root enrichment, and the model representing only the Suess effect, CO, fertlization effect. st3c
simulated by the full model has been decomposed into 8"3C of the active, slow, and passive pools. The standard deviations
from the observations were too small and are obscured by mean values.

simulated 8'*C for Mons was overestimated in the top soil layers but underestimated in the deepest soil
layers (Figure 4b). We ran three model simulations for Feucherolles and Mons as follows: 1) the full model
(Suess effect and CO, fertilization, root enrichment, and discrimination), 2) the model with the Suess effect
and CO, fertilization, and root enrichment and 3) the model representing only the Suess effect and CO, fer-
tilization. The results from the three simulations were compared visually (Figure 4) and statistically by cal-
culating the MSD components (Figure 5). The variations in 8*>C produced by adding or removing the
processes of *C discrimination were generally very small compared to the observed variation in §'3C iden-
tified by the measurements. The simulated 8'>C over the vertical profile varied by roughly 2%o. with depth,
whereas the observed 8'°C varied by roughly 4%., which is higher than the averaged difference between
the different simulation setup. That is, the observed '*C variability was higher than the variation of §'*C that
the current version of ORCHIDEE-SOM was able to simulate.

For Feucherolles the “full model” gave the best model-data fit (MSD = 2.1; Figures 5a and 5b, respectively).
The model improvements were due to a reduction in the standard bias of the simulations from the measure-
ments (lower SB), that is, due to a reduction in the “gap between magnitudes,” but the ability of the model to
reproduce the fluctuation among the measurements (indicated by NU) or the shape of the data, that is, the
vertical profile (indicated by LC), remained almost constant (Figure 5). For Mons, the MSD value for the full
model was relatively small (MSD = 5.1) but better performances were observed when only the Suess effect
and CO, fertilization was taken into account through a reduction of the standard bias (lower SB).

3.3. Vertical Profiles of '>C in Scenarios of Changes in C3/C4 Vegetation

The model was able to identify the change in the isotopic signature after the shift from C3 to C4 plants at the
two croplands sites (Figure 6). More specifically, the model matched the observations well in the topsoil but
missed the slight depletion in §'3C in the deeper soil layers at Closeaux, for both the control and the C4 plot
(Figures 6a and 6b), which can also be seen by the values of the MSD components (Figure 7a). The model
satisfactorily reproduced the shift in the vertical 8'*C profile toward '*>C enrichment in surface soil when
the change to C4 plants was simulated. LC, however, increased slightly in the C4 simulation, indicating a
worsening of the simulated shape of the vertical profile. The shape of the simulated vertical profile of
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Figure 5. Components of mean squared deviation (MSD) calculated for 8"3C for the three model formulations in Figure 4
for (a) Feucherolles and (b) Mons. The three components are lack of correlation (LC), non-unity slope (NU) and squared
bias (SB), while the MSD is the sum of these components. The lower the MSD, the better the fit.

8'3C differed from the observed profile because the model simulated a slight, unobserved, '*C enrichment at
the bottom of the profile (Figure 6b).

The model-data fit was very satisfactory for the control plot at Boigneville, capturing both the shape and
magnitude of 8*3C (Figure 6d), indicated by its very low MSD (0.34; Figure 7b). The model reproduced the
shift in the vertical profile of §**C when the C4 plot was simulated, even though LC increased in this simula-
tion. As with the Closeaux site, this indicated a poorer simulation of the vertical profile. The model also
simulated a slight '*C enrichment at the bottom of the profile that was not observed. Finally,
ORCHIDEE-SOM reproduced the differences between the control and C4 8"*C at the two experimental sites
(Figures 6¢ and 6f). The differences between 8'3C of the control and C4 plots at each soil depth indicated that
the “background effect” of the long-term changes in *C could be removed, isolating only the effects of the
change in C3/C4 vegetation.

3.4. SOC Stocks, §3C, and Heterotrophic Respiration at European Scale

At the European scale, the model underestimated total SOC stocks at 1 m by 54% (Table 4), although this bias
was not equally distributed over Europe (Figure 8), and it was not able to reproduce high SOC stocks HWSD
data for Northern Europe. Nevertheless, the model provides reasonable results for Western Europe. The §'*C
predicted by the model ranged between —28.5%0 and —17.5%. (Figure 9), with its spatial variability mainly
due to land cover and in particular, the proportion of C4 plants in a given pixel. Model average 5'°C was
—26%o, consistent with most local measurements published in the literature over this region (see e.g.,
Balesdent et al., 1993; Fontaine et al., 2007; Guenet et al., 2012).

The model slightly underestimated average heterotrophic respiration over Europe, which nonetheless
increased over the study period in both observations Hashimoto et al. (2015) and ORCHIDEE-SOM out-
put. On the other hand, the simulated rate increase calculated by ORCHIDEE-SOM was higher than that
proposed by Hashimoto et al. (2015; Figure 10). Thus, while observation-based respiration rates were rela-
tively stable over the 20th century (~390 g C m™2) Hashimoto et al. (2015) and increased from the 90s to
405 g C m™2, the model predicted fluxes of 355 g C m™~? at the beginning of the simulated period, reach-
ing roughly 390 g C m™ at its end.

4. Discussion

We applied a set of modifications to the original ORCHIDEE-SOM soil module to simulate 13C stocks and
the processes leading to **C discrimination along the soil profile. These processes were 1) the Suess effect
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Figure 6. Comparison between simulated and measured soil st3c profiles for the two sites with C3/C4 rotation: Closeaux (a, b, and c) and Boigneville (d, e, and f)
The comparisons are for the results from the control plot (under C3 vegetation), the results from the C4 plot and the difference between 5"3C in the control
and C4 plots. The simulated 8'3C has been decomposed into 8'3C of the active, slow, and passive pools. Errors bars from data are the observed standard deviation

Please note that for Boigneville only one core was sampled, and consequently we could not calculate the standard deviation.
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Figure 7. Components of mean squared deviation (MSD) for the model formulations for (a) Closeaux and (b) Boigneville.
The three components are lack of correlation (LC), non-unity slope (NU), and squared bias (SB), while the MSD is the sum

of these components. The lower the MSD, the better the fit.
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Figure 8. SOC stocks (kg C m_z) at 1-m depth over Europe (a) simulated by ORCHIDEE-SOM and (b) estimated by
HWSD. SOC, soil organic carbon.

Figure 9. Map of soil 8'3C values over Europe from ORCHIDEE-SOM (average over the period 2001-2011) for simulations
with the three processes of 3¢ discrimination activated (Suess effect and CO, fertilization, root enrichment and
discrimination).
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Figure 10. Twenty-year running mean of the heterotrophic respiration over Europe calculated by ORCHIDEE-SOM
(black line) and estimated by Hashimoto et al. (2015; red line).

and CO, fertilization effect, 2) *C enrichment of root material compared to leaves, and 3) **C discrimination
associated with heterotrophic respiration. Furthermore, it is important to note that the *C entering the soil
is not directly calculated by the plant module but instead is imposed directly on the litter pool. To our
knowledge, only one global model, the CLM4.5, represents the stable carbon isotopic tracer in the soil,
but unlike the ORCHIDEE-SOM soil module presented in this study, CLM4.5 does not include any
representation of post-photosynthetic **C discrimination (Duarte et al., 2017; Raczka et al., 2016). The
version presented here is therefore the first soil module that can model the transport of soil *C through
the soil column and the post-photosynthetic '*C discrimination at large scales. We discuss the
implications of the results presented above in the following section.

4.1. SOC Stocks

Our model generally overestimated SOC stocks, except for the simulation for the Feucherolles deciduous for-
est (Figure 3). The mismatch between measured and modeled SOC may arise from biases in simulated net
primary production (NPP) or to incorrect parameters given for SOC turnover times. Looking at the first of
these two causal factors, turn to the Mons site, which is the only one for which primary production data exist.
For this site, the French Technical Institute for Pasture estimated NPP of 6.7 t-ha_l'year_1 based on annual
yields, versus model predictions of 7.5 t-ha™'-year™". Thus overestimation of NPP by the model can at least
partially explain the total SOC overestimation for this site. For the other sites, we do not have enough infor-
mation to identify the cause of the general overestimation of SOC. ORCHIDEE-SOM can nevertheless suc-
cessfully simulate SOC stocks when NPP is constrained (Camino-Serrano et al., 2018), indicating that the
overestimation of the simulated SOC in our study may be due to a bias in the simulated aboveground pro-
duction. Nevertheless, when applied at the European scale, mismatch in NPP may not be the only explana-
tion for the mismatch in SOC stock. Indeed, most of the mismatches are located in Northern Europe where
peatlands are a significant contributor to the total SOC stock. This version of the model does not yet include
some recent developments done to include peatland in ORCHIDEE (Qiu et al., 2018), which likely explains
the underestimation of the SOC stocks over Northern Europe.

Turning to the second causal factor, because 813C measurements can be used as an observational constraint
for improving SOC turnover times (Acton et al., 2013; Luo et al., 2016; Wang et al., 2018) development and
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evaluation of the soil *C module in ORCHIDEE-SOM may help, in the future, to better constrain the SOC
turnover times and hence simulated SOC stocks at broad spatial and temporal scales (Balesdent et al., 2018a,
2018b; Lawrence et al., 2019), whose output we discuss below.

4.2. Observed Vertical Profiles of §'3C: Relative Importance of the Different Processes Involved

We first evaluated the ability of the model to reproduce the observed stock of **C at two sites that have con-
tinuously had C3 plants growing on the soil. At these sites, the observed vertical profile of 5'>C was expected
to be due to the Suess effect and other natural processes. We found that the “full” version of the model
(representing the Suess effect and CO, fertilization, root *C enrichment, and the '*C discrimination of het-
erotrophic respiration) was not always the best for matching observations. For instance, on the one hand, the
Feucherolles simulations improved when we applied the full model to that site, whereas for Mons the full
model tended to overestimate the average 8'°C along the profile. It is important to note that average 8'C
along the profile is quite sensitive to the initial 8'>C value for the litter (supporting information, Figure
S1). Deep SOC was clearly enriched in **C at the Mons grassland site, and the Suess effect and CO, fertiliza-
tion may account for only about 50% of the **C enrichment with soil depth. Thus, processes not represented
in the model such as the preferential decomposition of some components might explain the mismatch
between model output and observation (Hogberg et al., 2005; Wynn et al., 2006).

Accounting for all processes included in the full model therefore unsurprisingly improved the simulated ver-
tical profile of 8'*C for those sites. Our model represents **C discrimination and root enrichment relative to
leaves that can lead to an enrichment of deep soil §**C, but the modeled “*C enrichment occurs along the
entire soil profile and not only in the deep layers, contrary to what we would expect regarding this modelling
approach. The model-data fit consequently improved using the full model; however, it remains a long way
from adequately representing reality with regard to '*C enrichment in deep soils.

The input litter 8"*C selected for the site simulations was key for reproducing the correct §'C profile at site
level. In fact, simulated profiles were highly dependent on the choice of input §'*C, indicated by the results
of a small sensitivity analysis (Figure S1). For example, the model-data fit for the vertical profile of §**C for
Feucherolles would have improved considerably had we selected an input litter §'*C of —28%o, moving simu-
lated profiles to the left (Figures 4a and S1). We selected the best information for litter §'C that was available
at the time of writing, based on measurements of soil or leaves (Table 2), and we derived the values for each
year based on the Suess effect and CO, fertilization. Litter §**C was unfortunately not measured at all sites.
In Closeaux and in Boigneville litter 8'C was measured in 2005 and in 1987, respectively, with values of
leaves and straw for the C3 plots (resp. C4) of —27.9%o (resp. —12.1%o) for Closeaux and —26.3%o (resp.
—12.5%0) for Boigneville. Our estimation gave values of —28.4%o (resp. —13.2%0) and —27.1%o (resp.
—13.3%o) for Closeaux and Boigneville for the corresponding years. We thus recommend that a fully climate
coupled photosynthetic discrimination model be included in future experiments and have confidence that
the modeled 8"*C profile in ORCHIDEE-SOM will improve when our soil module is merged with the repre-
sentation of '>C in vegetation, since this will give us more realistic litter 5'>C values.

4.3. Vertical Profiles of §">C Under C3/C4 Vegetation Changes: Long-term Versus Short-term
13C variations

Transitions of vegetation from C3 to C4 photosynthesis (or vice versa) or species shifts that change the input
8"3C to litter are recorded in the SOC 8'*C. The model more accurately reproduced '*C profiles due to vege-
tation changes at Closeaux and Boigneville than background '*C values which arise from site history
(Figure 6). Modeled 8'3C differences between the control and C4 plots matched observed (control-C4) differ-
ences when the background 'C signature was subtracted (Figures 6¢ and 6f), indicating that the physical
mixing of SOC derived from C3 and C4 vegetation in the short term was represented by ORCHIDEE-
SOM. The physical mixing of two carbon sources with different *C signatures during the first decades
occurred primarily in the upper soil layers, where 8'>C of the total SOC pool is mainly driven by the *C
of the active SOC pool. This pool decomposes in the short-term (1 year), suggesting that the model accurately
represented the relative proportion of the turnover times of the various SOC pools in the upper soil layers,
where SOC production from biomass residues is highest (Wynn et al., 2006).
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However, the model failed to simulate 8"*C measured in deep soils. Deep soil **C signatures represent
long-term processes as follows: 1) the long-term history of the land cover that represents the physical
mixing of bulk SOC derived from biomasses with different isotopic signatures and 2) SOC processing
and stabilization. Stabilization processes in deep soils are related to interactions with the mineral matrix,
physical protection, and fresh organic matter limitations for the decomposers (Fontaine et al., 2007;
Wordell-Dietrich et al., 2017). The long-term history of land cover, and a lack thereof, is an important fac-
tor limiting accurate reproduction of vertical profiles of 8'*C in our model. The isotopic signature of deep
soil (>1 m) may represent paleoecological changes of the last millennia (Cerling et al., 1989). Detailed
information about the land-cover history at the site level that extends back a thousand years, however,
is not available at the scales needed to run a global model such as ORCHIDEE-SOM. Land-cover history
can sometimes be more important than the observed variation due to the internal processes of **C discri-
mination. For example, the large '>C enrichment in the deep soil of Mons (the grassland site) may have
been due to past vegetation cover that we were unable to model. Simulating the long-term land-cover
history in global carbon models, which are normally spun-up for a thousand years under constant condi-
tions, that is, fixing the input parameters like litter §"*C, would present serious computational challenges
even if the information was available.

Similarly, the failure to satisfactorily model the vertical profile of total 5'*C may indicate that the relative
proportions of the SOC pools along the profile were not correctly simulated. In our model, *C discrimina-
tion associated with heterotrophic respiration was represented by applying the same discrimination coeffi-
cient for all soil carbon pools. The modeled 8'°C of total SOC consequently primarily represented changes
in the proportional contributions of each pool to total SOC along the profile (Baisden et al., 2002). The model
simulated a low proportion of passive pools in the deepest layer for all sites except Mons (supporting infor-
mation, Figure S2), which could account for the simulated B¢ depletion in the deep soil for Feucherolles,
where the isotopic signal of the younger, less processed SOC pools (i.e., active and slow) was higher than
expected. The small size of passive pools in deep layers, together with the low turnover times of SOC com-
pared to the measured mean ages of SOC (He et al., 2016), led to an underestimation of the mean soil age
by ORCHIDEE-SOM. He et al. (2016) optimized the turnover times and transfer coefficients of the slowest
SOC pool using radiocarbon data to correct the bias for the modeled mean age of soil carbon. We propose
that this newly developed module of **C may help us to better parameterize the vertically discretized model
of SOC and DOC that has recently been developed and where the new parameters remain highly uncertain
(Camino-Serrano et al., 2018).

4.4. Model Assumptions and Future Directions

The '3C soil module presented here is in the early stages of development and its coupling with a plant mod-
ule fully representing photosynthetic discrimination would be necessary in the future. The processes
involved in the discrimination of soil **C were modeled here with a simplified representation of the mechan-
isms involved as a first attempt to include them in a global dynamic vegetation model. The '*C enrichment of
roots and **C microbial discrimination are currently represented by adding a fixed parameter, based on pub-
lished values, but this parameter does not account for any environmental factors or interactions that will
change model outputs based on site-specific conditions. For example, the level of isotopic discrimination
has previously been associated with organo-mineral associations (Baisden et al., 2002), so previous modeling
attributed different discrimination factors to the transfers between SOC pools depending on their chemical
recalcitrance (Baisden et al., 2002). We assumed the same discrimination factor for all SOC pools in our
model. In fact, the mechanisms and factors behind **C discrimination associated with heterotrophic respira-
tion remain unresolved. Further, trying to quantify *>C discrimination at a high level of detail may unneces-
sarily increase model uncertainty, given the purpose of a large-scale model such as ORCHIDEE-SOM.
Further research to elucidate the mechanisms behind the apparent '*C discrimination is needed before
model parameterization at the global scale can be refined.

Other factors that account for differences in the vertical profile of '>C have been proposed. '*C enrich-
ment with soil depth can increase within fine soil particles (Bird et al., 2003; Briiggemann et al., 2011),
probably due to the preferential use by microbes of *C-enriched SOC stabilized by association with fine
particles. In the model, the influence of texture on SOC decomposition is indirectly taken into account in
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the model by a clay modifier that decreases decomposition of the active pool with increasing clay content.
Litter quality and temperature have also been proposed as factors influencing isotopic discrimination dur-
ing SOC decomposition (Garten et al., 2000)., ORCHIDEE-SOM has not yet been modified to specifically
account for these environmental controls on the discrimination of *C with soil depth.

Not all processes determining the isotopic signatures of soil carbon pools are represented in our model
(Figure 1). Anaplerotic dark CO, fixation associated with heterotrophic metabolisms, which incorporates
soil CO, carbon atoms into microbial biomass, may also contribute to microbial isotopic signature, but
the process has yet to be quantified in situ. Diffusional discrimination is not simulated because
ORCHIDEE-SOM does not represent CO, dissolved in the soil solution. The use of carbohydrates stored
in plant material (represented as “starch” in Figure 1) are controlled by supply and demand and may also
influence SOC isotopic signatures, but ORCHIDEE-SOM represents carbon as three reactivity pools that
are independent from the chemical constituents of that carbon, meaning we cannot model **C discrimina-
tion at this level of process resolution. Finally, plant respiratory discrimination is also currently neglected
but could be included when the representation of '*C in vegetation is merged with our model.
Photosynthetic assimilation of CO, derived from soil respiration, which is relevant in closed canopy ecosys-
tems, may be added as well during integration of carbon isotopes in vegetation. We can add more processes
and thus model complexity as we continue to formulate and parameterize new soil modules to reduce uncer-
tainty, increasing the accuracy of the newly developed module.

Finally, ORCHIDEE-SOM is a model intended for global simulations, although we applied it in this study
at site and European-scale. The extrapolation of our results is, however, limited because the model has
only been tested for a temperate climate and for loamy soils with slightly acidic-neutral pH. More model
validation exercises should be carried out in different ecosystems and climates to fully evaluate model
capability before global scale application. Moreover, more effort should be dedicated towards improved
model parameterization and optimization procedures which often need large and detailed data sets
(MacBean et al., 2016). For SOC-related parameters, we would need full profiles of total SOC and their
813C associated with all the necessary boundary conditions, which are often not available (e.g.,
Desjardins et al., 2006; Navarrete et al., 2016). We therefore encourage the creation of large datasets
covering SOC and their associated isotopes. An optimization process may also benefit from the implemen-
tations of other tracers like *C (Menichetti et al., 2016) or Cesium-137 (Evrard et al., 2010). Another
version of ORCHIDEE-SOM has already implemented a ¢ tracer (Tifafi et al., 2018), and using both,
¢ and *C may be useful for evaluating the model's reproduction of observed emerging properties, such
as the age of primed organic carbon at different depths.

5. Conclusions

This study has presented modifications made to ORCHIDEE-SOM for representing the vertical profile of soil
83C, and evaluated the resultant module against §'*C observations from four temperate sites: a deciduous
forest, a grassland and two experimental sites with C3/C4 crop transitions. The new soil module has shown
itself capable of accounting for the Suess effect and CO, fertilization, root versus shoot 13C enrichment, and
13C discrimination associated with heterotrophic respiration. §'*C model-data comparison indicate that the
model performed better when simulating the shift in the isotopic signal due to short-term vegetation cover
changes (C3 to C4) as compared with simulating the observed stock of **C (arising from a combination of
long-term processes). We tested the processes individually to assess their relative importance; however,
the model underestimates the vertical variation in of 8'>C across the soil column. In addition, since the
different carbon pools in the model (active, slow passive) have different §'C signatures, successful represen-
tation of their relative proportions over the entire profile is key to future model evaluation. Finally, our
results seem to provide strong indications that point towards the importance of long-term land cover history
in generating real and simulated vertical profiles of §'*C, particularly in deep soil (>1 m). This hampers the
accurate simulation of observed stocks of *C by a global model. This new “*C soil module is a first and neces-
sary step towards the integration of stable carbon isotopes as a tool for diagnosing and improving SOC
models at the global scale. We should, however, also consider the vegetative B¢ cycle in models to better
account for the Suess effect and the 8*>C response to climate change in different plant tissues. Further work
is also needed to propose a more mechanistic description of microbial **C discrimination.
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