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Abstract

A widespread decrease of the top soil carbon content was observed over England and
Wales during the period 1978–2003 in the National Soil Inventory (NSI), amounting
to a carbon loss of 4.44 Tgyr−1 over 141 550 km2. Subsequent modelling studies have
shown that changes in temperature and precipitation could only account for a small5

part of the observed decrease, and therefore that changes in land use and manage-
ment and resulting changes in soil respiration or primary production were the main
causes. So far, all the models used to reproduce the NSI data did not account for plant-
soil interactions and were only soil carbon models with carbon inputs forced by data.
Here, we use three different versions of a process-based coupled soil-vegetation model10

called ORCHIDEE, in order to separate the effect of trends in soil carbon input, and soil
carbon mineralisation induced by climate trends over 1978–2003. The first version of
the model (ORCHIDEE-AR5) used for IPCC-AR5 CMIP5 Earth System simulations, is
based on three soil carbon pools defined with first order decomposition kinetics, as in
the CENTURY model. The second version (ORCHIDEE-AR5-PRIM) built for this study15

includes a relationship between litter carbon and decomposition rates, to reproduce a
priming effect on decomposition. The last version (O-CN) takes into account N-related
processes. Soil carbon decomposition in O-CN is based on CENTURY, but adds N lim-
itations on litter decomposition. We performed regional gridded simulations with these
three versions of the ORCHIDEE model over England and Wales. None of the three20

model versions was able to reproduce the observed NSI soil carbon trend. This sug-
gests that either climate change is not the main driver for observed soil carbon losses,
or that the ORCHIDEE model even with priming or N-effects on decomposition lacks
the basic mechanisms to explain soil carbon change in response to climate, which
would raise a caution flag about the ability of this type of model to project soil carbon25

changes in response to future warming. A third possible explanation could be that the
NSI measurements made on the topsoil are not representative of the total soil carbon
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losses integrated over the entire soil depth, and thus cannot be compared with the
model output.

1 Introduction

Soils contain between 70 % and 80 % of the organic carbon (C) storage in terres-
trial ecosystems (MEA, 2005). The amount of C stored in soils is at least two times5

the amount in the atmosphere and three times the amount in plant biomass globally.
Even changes of a few percent in the soil carbon reservoir can thus lead to significant
changes in atmospheric CO2 relative to those released by fossil fuel combustion (Rus-
tad et al., 2001). Global soil carbon storage is currently estimated to increase (Schmidt
et al., 2011), but the storage capacity of soils appears to be limited (Six et al., 2002;10

Jastrow et al., 2005; Hungate et al., 2009), in particular because increased input to the
soil feeds back to increased decomposition.

Based on 5662 in-situ measurements from the National Soil Inventory (NSI) of Eng-
land and Wales, collected on a 5 km grid, Bellamy et al. (2005) found that the soil
organic carbon (SOC) content over 0–15 cm depth decreased over England and Wales15

during the period 1978–2003. They hypothesized that this decrease might in part be
due to climate change because the observed decrease occurred across all types of
land-use across the two countries. Subsequently different modelling approaches have
been used to try to reproduce this trend and understand its drivers: Smith et al. (2007)
with the RothC model, Kirk and Bellamy (2010) with a single-pool model calibrated20

with NSI measurements, and Foereid et al. (2012) with DAYCENT. All these stud-
ies concluded that, as modelled, changes in temperature and precipitation were not
the most important driver of the negative trends of SOC measured over England and
Wales. If the results from these models are correct, they indicate that changes in land
use and management must be the main driving factors of the observed large-scale25

decrease. Yet, RothC and DAYCENT are models of soil carbon decomposition, not
ecosystem models, and as such do not represent the indirect effect of trends in climate
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and CO2 fertilization on plant productivity, and thereby on carbon input to the soil, and
their feedback on SOC storage. In addition, these models did not account for soil C-N
interactions. NPP modifications due to harvest, starvation, fire or CO2 increase, alto-
gether affect SOC dynamics. For instance, at experimental sites under elevated CO2,
increased NPP was found to increased SOC mineralization (Jastrow et al., 2005) and5

the availability of nitrogen (N) seemed to control this response (Hungate et al., 2009).
Nitrogen mechanisms control both NPP and mineralization (Rustad et al., 2001; Moor-
head and Sinsabaugh; 2006; Deng et al., 2010). Further, a change in N availability may
change C allocation to roots, and therefore the soil C inputs (Högberg et al., 2010). Be-
cause CO2 increased by 75 ppm and temperature increased by 0.5 ◦C over England10

and Wales during the NSI sampling period 1978–2003, an increase of NPP is likely
to have occurred over this period and to have affected SOC trends. There is indeed
evidence for increase in photosynthetic activity from satellite observations (greenness
index such as NDVI) over the UK and the rest of Europe during the past 30 yr (Julien
et al., 2006; Zhou et al., 2001). A positive trend of NPP would likely affect the inputs15

of C into soils. Apart from a direct addition to soil C stocks, fresh C inputs from in-
creased NPP also have the potential to prime the decomposition process, which will
act to reduce soil C stocks and thus partially offset the gains from increased NPP. Soil
C priming is defined as a change in “native” SOC mineralization rate due to the input
of “fresh” organic C (FOC) from plant material (Kuzyakov et al., 2000). This change20

is mostly positive, slowing down the increase in SOC as more litter is added or even
producing a net SOC decrease as observed in one controlled experiment (Fontaine
et al., 2004). Priming is expected to induce an extra mineralization of existing SOC
(Blagodatskaya et al., 2007; Fontaine et al., 2007; Guenet et al., 2012) and could thus
explain the observed SOC decrease at the NSI sites.25

The goal of this study is to use the NSI data of Bellamy et al. (2005) to evaluate
the performance of an ecosystem model that accounts for three key biogeochemical
processes considered to be potential drivers of SOC changes (Friedlingstein et al.,
2006; Jones et al., 2003; Eglin et al., 2010):
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1. Climate dependency of SOC decomposition rates and NPP, i.e. the response to
temperature and moisture changes, with associated changes in soil C inputs and
outputs.

2. Priming effects that accelerate SOC decomposition in response to an NPP-driven
change of FOC inputs into soils.5

3. Effects of N availability (through changes in deposition or fertilizer applications)
that affect C allocation into roots and therefore the input of C into soils.

Note that land use change and erosion related effects on SOC are not modeled explic-
itly in our approach. Their importance could be inferred as a residual between observed
SOC trends and modeled trends, which are here driven only by biogeochemical pro-10

cesses.
We incorporated the three following biogeochemical processes: climate and CO2

effects on NPP and respiration, priming of decomposition by increased NPP, and in-
direct effects of N on decomposition through allocation, into different versions of the
process-based ORCHIDEE (Organizing Carbon and Hydrology in Dynamic Ecosys-15

tems) ecosystem model. The first version (ORCHIDEE-AR5) is the one integrated for
global coupled carbon-climate simulations of the fifth Assessment Report (AR5) of the
Intergovernmental Panel on Climate Change (IPCC). It contains the effect of tempera-
ture and soil moisture on decomposition. The second version, ORCHIDEE-AR5-PRIM,
additionally includes a priming effect. The third version, called ORCHIDEE-Carbon-20

Nitrogen (O-CN, Zaehle and Friend, 2010), also stems from ORCHIDEE-AR5 but adds
N-C interactions that modify NPP, allocation and litter mineralization.
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2 Materials and methods

2.1 The data

The NSI soil data and the vegetation types on each site were obtained from Foereid
et al. (2012) who calculated the C stock from the Soil Survey of England and Wales
held in the LandIS database (www.landis.org.uk; Proctor et al., 1998). We used only5

points where land use corresponded to arable land or grassland with no change during
the period of observations. The LandIS database provides soil C concentration (relative
to soil mass) whereas our model outputs are total C per unit area (kgm−2). Therefore,
to compare observations with model results, stocks on each site were calculated as
follows by Foereid et al. (2012):10

Stock = ρ ·C ·h, (1)

where ρ is the soil bulk density (kgm−3), C is the measured C concentration (gCkg−1

soil) and h is the height of the layer sampled (m). The ORCHIDEE soil module has
a fixed topsoil depth of 20 cm, so we used h = 0.2 m. We only consider sites (415 in
total) where bulk density data is available. For these sites the first measurements were15

done in 1980 and the second one around 1995. Therefore, we considered this period
in the entire study instead of the 1978–2003 period used by Bellamy et al. (2005).

For the period 1992–2002, we used a satellite-derived leaf area index (LAI) dataset
created by Piao et al. (2006). It was based on the relationship between LAI and the
Normalized Difference Vegetation Index (NDVI) established by Myneni et al. (1997)20

and calculated using the NDVI products defined by the global inventory monitoring
and modelling studies group (GIMMS) derived from the NOAA/AVHRR series satellites
(NOAA 7, 9, 11 and 14). We extracted these 8 km2 biweekly satellite LAI data over Eng-
land and Wales for the period 1982–2002 and calculated LAI long-term linear trends.
For the latter we used a filtering model (low-passed time domain filtered residuals from25

the periodic curve; Thoning et al., 1989) designed to separate a linear trend, a periodic
annual cycle (harmonics), and inter-annual variations from raw data using low-passed
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time domain filtered residuals from the periodic curve. We applied the same model to
extract linear trends from the LAI outputs of the models. We used such data as a sur-
rogate to estimate how the models were able to reproduce the NPP trends during the
period observed.

2.2 The models5

2.2.1 ORCHIDEE-AR5

ORCHIDEE-AR5 is a spatially explicit process-based model that calculates the fluxes
of CO2, H2O, and heat exchanged between the land surface and the atmosphere on
a 1/2h basis, and the variations of water and carbon pools on a daily basis. It is based
on the coupling of three different models: one describes exchanges of energy and wa-10

ter between the atmosphere and the biosphere as well as the soil water budget (SVAT
SECHIBA; Ducoudré et al., 1993; de Rosnay and Polcher, 1998). Another, derived
from the dynamic global vegetation model LPJ (Sitch et al., 2003), deals with vegeta-
tion dynamics (fire, sapling establishment, light competition, tree mortality, and climatic
criteria for the introduction or elimination of plant functional types). The last calculates15

processes related to phenology and carbon dynamics of the terrestrial biosphere (STO-
MATE, Saclay Toulouse Orsay Model for the Analysis of Terrestrial Ecosystems).

In ORCHIDEE-AR5 and in the derived models, the vegetation is described using 12
plant functional types (PFT). Each PFT follows the same set of governing equations but
takes different parameter values, except for the leafy season onset and offset, which20

are defined by PFT-specific equations (Krinner et al., 2005). One PFT represents all the
grasses with C3 photosynthesis and another represents all the crops with C3 photo-
synthesis. Grassland management and crop rotation are not represented. For cropland
sites, a fraction of 45 % of the above ground plant biomass is exported (harvested) each
year and thus does not return to the soil.25

The simulation of SOC is based on the equations of the CENTURY model (Par-
ton et al., 1988). SOC is divided into three pools, which differ in their turnover rates.
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Their mineralization is described by first order kinetics. Furthermore, the turnover rate
of each pool is controlled by soil temperature, moisture and texture. The model has
been evaluated in several contrasted situations (Krinner et al., 2005; Ciais et al., 2005;
Santaren et al., 2007; Piao et al., 2008).

2.2.2 ORCHIDEE-AR5-PRIM5

To represent priming in this study, we keep the CENTURY carbon pools but re-
placed the decomposition equations of CENTURY by the ones developed by Guenet
et al. (2013) using the formulation of Wutzler and Reichstein (2008) for priming:

∂SOC
∂t

= I −kSOC ·SOC ·
(

1−e−c·FOC
)

, (2)

where I is the input of C into the pool considered, kSOC is a SOC decomposition rate,10

and c a parameter controlling the interaction of the FOC carbon pool with the SOC
mineralization. In the original equations from Wutzler and Reichstein (2008) the SOC
mineralization was described as

∂SOC
∂t

= I −kSOC ·SOC ·
(

1−e−c·MB
)

, (3)

where MB is the microbial biomass. Unlike Wutzler and Reichstein (2008), we do not15

explicitly represent the MB term and rather assume a linear relationship between FOC
and microbial biomass as suggested by Xiao et al. (2013). This approach to include
priming in a generic SOC decomposition model assumes implicitly that MB is always in
equilibrium with FOC. Consequently, we can use a direct relationship between SOC
mineralization and FOC to represent priming. The parameters of Eq. (2) were ad-20

justed to values resulting in similar steady state total SOC values for both versions
of ORCHIDEE-AR5 and ORCHIDEE-AR5-PRIM.
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2.2.3 O-CN

O-CN (Zaehle and Friend, 2010) is an enhanced version of ORCHIDEE with an ex-
plicit representation of C-N interactions. The structural differences between O-CN and
ORCHIDEE-AR5 are: (i) a dynamic representation of N flows within plant biomass; (ii)
the incorporation of a limiting factor for litter decomposition, if N is not available; (iii) the5

consideration of the effects of N input on NPP, allocation and decomposition (N input
denoting here N deposition, fertilization and biological fixation); and (iv) the emissions
of gaseous N compounds from ecosystems. O-CN further differs from ORCHIDEE-
AR5 in the allocation of NPP products, changed from Friedlingstein et al. (1999) to
a scheme based on allometric constraints (Shinozaki et al., 1964; Zaehle et al., 2006).10

The seasonal phenology was further modified, compared to ORCHIDEE-AR5, by con-
sidering the dynamics of labile and reserve storage pools, while the controlling climatic
factors for the start and the end of the growing season were not changed.

2.3 The simulation experiments set over England and Wales

Simulations over the England and Wales territory were performed with the three ver-15

sions of the ORCHIDEE model at 0.5◦ ×0.5◦ spatial resolution. We used the soil pa-
rameters (clay, silt and sand fractions) from Zobler (1986) and the vegetation distri-
bution from Hurtt et al. (2011) corresponding to year 1975. Land use changes were
not taken into account, and the land cover map does not change during the simula-
tions. The monthly climate data to drive the different model versions were obtained20

from the Climate Research Unit (CRU) at a spatial resolution of 0.5◦ ×0.5◦ (Mitchell
et al., 2004) and interpolated in time to a half-hourly time step (the time step of the
ORCHIDEE model) using meteorological parameters obtained from a Richardson-type
weather generator (Richardson and Wright 1984; Friend 1998; J. A. Foley, personal
communication, 1999). For O-CN, we used N deposition, N fixation and N fertilization25

maps from Cleveland et al. (1999), Galloway et al. (2004) and Dentener et al. (2006)
at a spatial resolution of 0.5◦ ×0.5◦. To reach equilibrium we ran ORCHIDEE-AR5,
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ORCHIDEE-AR5-PRIM and O-CN using the first decade of the climate forcing (1901–
1909) repeated in a loop, and preindustrial value of atmospheric CO2. For O-CN, N
deposition, fixation and fertilization were also fixed to preindustrial values during this
spin-up phase. We considered that SOC equilibrium was reached when the simulated
relative SOC stock change is less than 0.001 % per year. Once SOC equilibrium was5

reached in each grid point, we performed transient simulations over the 20th century
driven by climate, CO2 and N deposition and fertilization data. To compare observa-
tions and models results, we extracted the soil C stocks in the pixel corresponding to
the coordinates of each site during the NSI sampling period 1978–2003. Finally, to cal-
culate the trend for each pixel with the models we used the same methods used for the10

data, i.e.:

Trend =
SOCTf −SOCTi

∆t
, (4)

where SOCTf is the SOC stocks in 1995, SOCTi is the SOC stocks in 1980 and ∆t the
length of the time period.

3 Results and discussion15

3.1 Soil C stock in 1980

For the grid points corresponding to the soil survey sites, the average modelled
SOC stocks during the year 1980 are comparable within their uncertainties (14.75±
2.35kgm−2, 16.25±1.67kgm−2, for the ORCHIDEE-AR5 and ORCHIDEE-AR5-PRIM
model versions respectively; uncertainty representing 1−σ standard deviation across20

all grid points) to the NSI measurements (12.83±16.53kgm−2; uncertainty represent-
ing 1−σ standard deviation across the 415 sites). This result suggests that using
ORCHIDEE-AR5 and ORCHIDEE-AR5-PRIM, it was possible to reproduce the order
of magnitude of observed SOC stocks over England and Wales. On the other hand,
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O-CN underestimates the initial C stocks (5.38±1.12kgm−2). This may be due to an
overestimation N limitations on NPP affecting the increase of carbon input to the soils
during the 20th century. The underestimation by O-CN could also be due to an over
estimated representation of the N limitation on decomposition, leading to reduce the
final C stock. However, all model versions largely under estimated the spatial variance5

observed between sites (Fig. 1). This may be due to the generic representation of SOC
decomposition in the three models despite the additional mechanisms incorporated in
ORCHIDEE-AR5-PRIM and in O-CN compared to ORCHIDEE-AR5 and/or to the lack
of site specific data on vegetation structure, rooting depth, soil depth, thermic con-
ductivity and water holding capacities to reproduce NPP and soil C input at the NSI10

sites. Further, processes known as drivers of steady state SOC values in soils (von
Lützow et al., 2006) are not represented in ORCHIDEE-AR5, such as the stabilization
of organic matter on mineral surfaces (except clay) and metal ions, or the effect of
former land-use and of soil fauna (e.g. earthworms) on SOC mineralization and sta-
bilization (von Lützow et al., 2006; Lavelle, 1997; Schmidt et al., 2011). Not having15

those mechanisms may induce important changes at the local level that result in over
or underestimations of C stocks by the model and a general underestimation of SOC
variability. Therefore, we can conclude that ORCHIDEE-AR5 and its derived models
are capable of reproducing a realistic mean SOC over England and Wales as a whole
but not specific SOC values at the site scale.20

3.2 Soil C stock changes

From the regional simulation over England and Wales, in the ORCHIDEE-AR5 simu-
lations, we diagnosed a mean increase of 8.1±0.3gCm−2 yr−1 of SOC stock (uncer-
tainty from spatial variability, p < 0.001 Mann–Kendall test) over England and Wales
during the period 1980–1995 (Table 1). Oppositely, the NSI data have a trend of25

−31.4gCm−2 yr−1. The modeled trends can be separated according to land use.
The regional simulations produce an average trend of 7.7 ±2.8gCm−2 yr−1 for arable

3666

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/6/3655/2013/gmdd-6-3655-2013-print.pdf
http://www.geosci-model-dev-discuss.net/6/3655/2013/gmdd-6-3655-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


GMDD
6, 3655–3680, 2013

Are we able to model
SOC decrease over

England and Wales?

B. Guenet et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

soils and of 8.4±2.7gCm−2 yr−1 for grassland soils, this very similar. Finally, the
ORCHIDEE-AR5 model simulated an increase rate of C stock of 1.8±3.0gCm−2 yr−1

for deciduous forest and of 0.310−3 ±0.9gCm−2 yr−1 for evergreen forest.
ORCHIDEE-AR5 predicts a general increase of the SOC when driven by climate and

CO2 (Table 1), oppositely to the NSI measurements, but in accordance with the model5

equations, and from what it is generally expected from the increase of net primary
production (NPP) in temperate ecosystems, induced by elevated CO2 and temperature,
and the resulting increase of C inputs into soils, causing a an increase in SOC storage.
The increase of primary production is relatively close to what is observed when using
LAI as proxy (Table 1) but a little bit over estimated when compared biomass increase10

of crops in the model (+16 %) to yields increase measured over the period 1976–
2002 (12 % for wheat and 7 % for barley, data from http://archive.defra.gov.uk/evidence/
statistics/foodfarm/enviro/observatory/indicators/b/b11 data.htm). In ORCHIDEE-AR5,
an increased input of C into soils dominates over the increase of SOC mineralization
with higher temperatures (Schmidt et al., 2011), so that suggests that the combined15

effects of climate and CO2 on the balance between SOC decomposition and primary
production result in a net increase of SOC. In summary, climate effects alone could not
explain the observed SOC decrease.

An increase of litter input to the soil is predicted both by ORCHIDEE-AR5 and
ORCHIDEE-AR5-PRIM (4.4±0.6gCm−2 yr−1), which have the same plant-related20

modules and C input fluxes (Table 1). The ORCHIDEE-AR5-PRIM model predicts
a general decrease of SOC stocks during the 20th century (Fig. 2) because of its
specific representation of a priming effect driven by fresh litter input. However, over the
period 1980–1995 corresponding the two sampling events of the sites considered here,
the SOC stock slightly increase but it close to zero in the simulation of ORCHIDEE-25

AR5-PRIM (1.7 ± 0.2gCm−2 yr−1, p < 0.001 Mann–Kendall test) compared to 1 % (Ta-
ble 1) in the NSI observations (−31.4gCm−2 yr−1). Thus, in the configuration used
here, priming could not explain the observed negative SOC trend. However, this
mechanism has the potential to reverse the trend of SOC compared to the standard
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ORCHIDEE-AR5 version. Averaged during the entire 20th century, priming produces
in the model a negative SOC trend comparable to the one measured by NSI during
1980–1995. Thus if the NPP increase during the first half of the 20th century is over
estimated by ORCHIDEE (e.g. because of crop species with lower yields, less fertil-
izers, N limitations in pasture not included), then priming could explain the observed5

SOC decrease during 1980–1995.
ORCHIDEE-AR5-PRIM is a first and coarse attempt to represent priming. It is inter-

esting to note that a simple change in the model structure for decomposition is able
to reverse the sign of SOC trends, given the same litter input forcing. Thus, priming is
a very sensitive mechanism controlling SOC trends. Without priming, the model pre-10

dicts that soils C storage increases over England and Wales by 0.4kgCm−2 (2.6 % of
initial stocks) over the 20th century while it decreases by 0.15kgCm−2 with priming
(0.9 % of initial stocks). Further work is needed to evaluate the ORCHIDEE-AR5-PRIM
model against SOC measurements. Priming has important consequences for C budget
estimations and for the study of carbon/climate feedbacks at local to regional scale. For15

instance, our choice of representation of priming effects in a coupled carbon-climate
model should increase SOC decomposition, and cause a positive climate feedback.

In the O-CN regional simulations, soil C stocks in England and Whales shows an
increase significantly during the studied period by a rate of 4.2±0.2 gCm−2 yr−1 (p <
0.001 Mann–Kendall test, Table 1). As in ORCHIDEE-AR5, this is mainly controlled20

by increased C input from NPP. The trend of biomass in O-CN parallels the trends
of N deposition and fertilization (Fig. 3). A general increase of biomass is modeled
during the 20th century but two steps could be observed following the dynamics of N
deposition and fertilization: a slow increase before the 1950’s and a faster increase after
that decade. Finally, an increase of N inputs (Fig. 3b, c) did not reduce the C allocation25

to roots nor the associated C input into the soil in O-CN. These results suggest that N
related processes from O-CN are not responsible for the observed NSI SOC decrease.

To compare the SOC response independently of the amount of litter inputs (which dif-
fered for each model version; Table 1) we divided the modeled SOC stocks by the litter
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C stocks and calculated the trends of this ratio, over the period 1980–1995 (Table 1).
Negative values for this trend in the three versions of the model, indicate that litter C
increased faster than SOC. This result is not surprising since the turnover rates of litter
are higher than the turnover rates of soil. Consequently, the litter pools respond more
quickly than the soil pools to increasing NPP. Table 1 indicates that the value is more5

negative in O-CN than in ORCHIDEE. Furthermore, the slope of the long-term trend
of LAI over the period 1980–1995 calculated by O-CN is also higher than shown by
the data (+136 %) whereas ORCHIDEE-AR5 and ORCHIDEE-AR5-PRIM both come
closer to (−17 %) although lower than, the GIMMS satellite data (3.3×10−3 units of LAI
yr−1). The reason for the poorer performance by O-CN is not clear. By definition, O-CN10

is sensitive to modifications in N inputs and the high level of deposition and fertilization
observed in England and Wales induce an important increase of NPP in O-CN. But
in reality such effect may be balanced by other limiting factors related to agricultural
practice and soil quality (pH, other nutrients, physical properties). Since ORCHIDEE-
AR5 and ORCHIDEE-AR5-PRIM implicitly represent the effects of limiting nutrients (by15

empirical calibration) and are not sensitive to a modification of nutrient inputs, they
may better reproduce the trends by averaging out the effects of N and other limiting
factors. This comparison with satellite LAI trends suggests that ORCHIDEE-AR5 and
ORCHIDEE-AR5-PRIM better reproduce the long-term trend of NPP than O-CN. Alter-
natively, other mechanisms than CO2 and climate such as changes in cultivars, pasture20

management intensity and cultivation practice, not accounted for in any of the model
version could also explain the satellite LAI trends, so that the good agreement of LAI
trends with ORCHIDEE-AR5 and ORCHIDEE-AR5-PRIM could reflect a compensation
of biases.

Had we included priming effects in O-CN, the acceleration of soil C inputs to the soil25

in the 1950’s observed in O-CN but not in the other versions could have induced an
acceleration of SOC mineralization but any conclusion about the quantification of such
effect is not straightforward since there are several feedbacks between SOC mineral-
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ization increase, its associated release of N available for plants, the NPP and the C
inputs into the soils.

4 Conclusions

In this study we used different versions of the same land surface model to test three
mechanisms as drivers for the observed SOC changes in England and Wales: (i) re-5

sponses to climate, (ii) priming effects, and (iii) N effects on the allocation of plant C.
However, none of these could explain the observed decrease in C stocks. One of the
main missing drivers within our simulations is the change in land use. Effects of land
use change on soil C dynamics are not well understood (Post and Kwon, 2000), in
particular the effect of past land use change. Its representation in models would there-10

fore be based on very speculative assumptions and almost impossible to test. Several
attempts have been done to reproduce the stock decrease over England and Wales
with models lacking a representation of land use and none of them were successful
(Smith et al., 2007; Kirk and Bellamy, 2010; Foereid et al., 2012). Our study further
excludes soil C priming and N effects on C allocation as possible drivers, meaning that15

past or present changes in land use remains the most plausible explanation for the
observed C stock decrease. Furthermore, Robinson and Sutherland (2002) showed
that tillage intensity changed in the UK during the last 30 yr of the 20th century and
generally increased. Such changes might be responsible, at least partially, for the C
stocks decrease observed.20

In addition, this study demonstrates the problem of predicting soil carbon stocks
and stock changes as a general modeling issue. One limitation in this respect is the
incomplete understanding of soil C dynamics, yet not surprising given the complexity
of soil systems. For instance, the importance of priming effects tested here are still
a matter of speculation, similar to many other mechanisms stabilizing soil carbon and25

determining the long term evolution of carbon stocks under different soil types. Another
main issue is the lack of information on the past conditions that lead to the current soil
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state for any given site. Without this information it is very difficult to understand why
soil C is changing in one or the other direction, as we have shown in this study. The
comparison of models to find the one that comes nearest to the observed trends is
a way around this difficulty. But, as in our case, the results sometimes show that the
major drivers are either unknown past conditions or present mechanisms that are not5

yet identified and thus are not represented in current models.
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Table 1. Estimated rates observed and calculated by the different version of ORCHIDEE-AR5
from regional simulations over England and Wales (mean ± variance) for the period 1980–1995.

ORCHIDEE-
AR5

ORCHIDEE-
AR5-PRIM

O-CN Data

Regional rate of
change for soil carbon
stock (gCm−2 yr−1)

8.1±0.3 1.7±0.2 4.2±0.2 −31.4 a

Regional rate of
change for litter carbon
stock (gCm−2 yr−1)

4.4±0.6 4.4±0.6 8.5±0.6 ND

Regional rate of the
ratio soil carbon stock:
litter carbon stock

−3.1×10−3

±6.2×10−3
−5.9×10−3

±7.1×10−3
−20.7×10−3

±7.8×10−3
ND

Slope of the long-
term trend of LAI
(units of LAI yr−1)

2.8×10−3 2.8×10−3 7.7×10−3 3.3×10−3 b

a Estimation from Bellamy et al. (2005).
b Estimation calculated from satellite observation.
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Fig. 1. Scatterplot of the C stock in 1980 calculated by ORCHIDEE-AR5 (black circles),
ORCHIDEE-AR5-PRIM (red circles) and O-CN (open circles) versus the observed C stock.
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Fig. 2. C stock evolution over the 20th century normalized by the C stock at equilibrium (an-
nual values) for ORCHIDEE-AR5 (black), ORCHIDEE-AR5-PRIM (red) and for O-CN (green).
At equilibrium, soil C stocks corresponded to 13.9 kgm−2, 16.1 kgm−2, and 5.1 kgm−2 for
ORCHIDEE-AR5, ORCHIDEE-AR5-PRIM and for O-CN, respectively.
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Fig. 3. Evolution over the 20th century of C stored in living biomass (a), of N deposition (b),
and of N fertilization (c) in O-CN (annual values).
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