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Modélisation grande échelle du 
fonctionnement des écosystèmes 
terrestres:  
comment mieux rendre compte des 
pratiques agricoles ?  

B. Guenet / N. Vuichard 
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Plan   

•  Eléments de contexte 
•  Représentation du couvert 

–  Horizontalement 
–  Verticalement 

•  L’importance de l’azote 
–  Végétation 
–  Sol 

•  Phénomène d’érosion 
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Contexte 

•  Les modèles globaux de végétation (MGV) servent de 
composante ‘surface continentale’ à des modèles de Système 
Terre 

 
 
 
 
 

–  couvrir l’ensemble des biomes -> génériques   
–  simuler les interactions avec les climats passé, présent et futur -> basés 

sur des processus 
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Contexte 

•  Les MGV sont utilisés pour des études visant à estimer la 
réponse de la végétation à des évolutions du climat, du [CO2] ou 
de perturbations anthropiques 

Anomalie de NPP pour l’année 2003 

Ciais et al., 2005 
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Une démarche 

•  Considérer l’échelle spatiale (‘macro’) comme une contrainte 

•  …. et discuter de la pertinence/justesse des informations 
produites par nos modèles 
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Processus modélisés 

Photosynthèse nette 

Respiration de 
croissance & maintenance 

Allocation des assimilats 

litière 

Bilan de carbone et de nutriments 

Flux de CO2 

Concentration en CO2 

Interception par la canopée 

Infiltration, stockage, drainage 

ruissellement de surface 

Evapotranspiration 

Humidité de l’air Précipitation 

Solaire et 
infra-rouge 

Rayonnement Vitesse du vent 

Turbulence de l’air 

Température 
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Température 
de la surface 
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Une mosaïque de végétation 
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Un travail sur la phénologie des cultures 

•  Développement du modèle ORCHIDEE-STICS 
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Evaluation du LAI 

Données 
ORCHIDEE 
ORCHIDEE-STICS 

Smith et al., 2010 
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Impact de la canicule de 2003 

Smith et al., 2010 

ORCHIDEE-STICS 
ORCHIDEE 

Anomalie 2003 de la NEE à l’échelle européenne 
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Comparaison avec approche ascendante 

•  Anomalie 2003 du flux de Carbone sur la période Mai-Octobre 

ORCHIDEE 

ORCHIDEE-STICS 

2 modèles 
d’inversion 

Smith et al., 2010 
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Une mosaïque de végétation 
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Un bilan d’énergie mono-couche  

From J. Ryder 
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La représentation des surfaces 
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La représentation des surfaces 

ORCHIDEE 
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La représentation des surfaces 
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La représentation des surfaces 

ORCHIDEE 
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Vers un bilan d’énergie multi-couche 
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Vers un bilan d’énergie multi-couche 
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8 – plot of the mean modelled 
temperature gradients within 
the canopy (expressed as a 
difference from the 
temperature at the canopy 
top) against the measured 
temperature gradients for the 
same period. Also shown are 
the equivalent measurement 
date for individual days, as 
dotted lines) 
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Limitation de la productivité par l’azote 

•  Puits de Carbone dans la biosphère terrestre (1860-2100) – 
Modèles CMIP5 

Deux modèles couplent 
C et N dans CMIP5 

IPCC, WGI, Chapitre 6, 2014 
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Modèles de végétation couplant C et N 

•  Intercomparaison de 12 modèles couplant C et N 
sur deux sites FACE 

considered the past land use, as well as the historic evolution of
atmospheric CO2 concentration and N deposition, and site-spe-
cific meteorological driver data from during the FACE experi-
ments were used throughout the spin-up. The forest vegetation
of the plots was initialized such that the forests had the correct
age and structure, as far as considered by the model, at the begin-
ning of the eCO2 treatment. Details of the spin-up phase varied
among models because of differences in model structure (A. P.
Walker et al., unpublished). Inherently different assumptions of
the models regarding soil C residence times and ecosystem N loss
rates, as well as pre-FACE grassland productivity and N fixation,
led to a notable spread in the initial amounts of modelled C and
N pools, net N mineralization rates and thus NPP, despite the
common initialization protocol.

Model outputs were provided at hourly or daily time steps, as
appropriate. These outputs contained estimates of the various C,
N and water fluxes and pools.

Results

Overall response to eCO2

Observed ambient NPP and inferred fNup at Duke FACE were
both slightly larger than at ORNL FACE (Figs 2, 3a,b), implying
that the whole-plant NUE was similar between the sites (Fig. 4)
at 121! 2 g C g"1 N in the ambient plots (1997–2005 mean)
for Duke FACE and 129! 13 g C g"1 N at ORNL. This simi-
larity between sites is in contrast with an earlier study (Finzi
et al., 2007), because the corrections in biomass estimates by
McCarthy et al. (2010) resulted in a downward adjustment in the
estimate of NUE at Duke Forest.

The interquartile range of the model ensemble included the
observed ambient NPP at both sites. However, there was

significant spread across the models, resulting to a large extent
from different model spin-ups, which led to different levels of N
constraints on plant production. Only a few of the models
(GDAY, OCN) captured the decline in NPP in the ORNL
ambient plots related to declining soil N availability over the
course of the experiment (Norby et al., 2010; Garten et al.,
2011). Although the models, on average, matched the inferred,
observation-based fNup at Duke Forest, they overestimated
fNup at ORNL (Fig. 3). On average, the models slightly underes-
timated NUE at Duke and more strongly at ORNL FACE
(Fig. 4). The primary cause for the underestimation was a high
bias in the simulation of the fractional (C) allocation to fine roots
at both sites (M. G. De Kauwe et al., unpublished). At ORNL
FACE, this difference was accentuated by higher modelled than
observed N concentration of the fine roots (average 1.4% mod-
elled vs 0.7% observed).

Elevated CO2 increased NPP in the initial (first) year of the
experiments by 25! 9% and 25! 1% at Duke and ORNL
FACE, respectively, according to the measurements (Figs 2c,d,
5a,b). Most models simulated an initial (first year) increase in
NPP as a result of eCO2 that was close to the observations. Nota-
ble exceptions were CABLE and CLM4, which systematically
underestimated the initial response at both sites, as well as
EALCO and ISAM, which overestimated the response for Duke
FACE (Fig. 5a,b). Nonetheless, no model simulated the underly-
ing changes in fNup and NUE correctly for both sites. At Duke
Forest, according to the measurements, the increase in NPP was
associated with a strong increase in fNup. The models generally
underestimated the observed increase in fNup and overestimated
the increase in NUE. At ORNL, according to the measurements,
the initial increase in NPP was associated with nearly equal
increases of fNup and NUE (Fig. 5). Some models simulated a
change in NUE in agreement with the observations (DAYCENT,
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Fig. 2 Ambient net primary production (NPP;
a, b) and its response to elevated CO2 (c, d)
at the Duke (a, c) and Oak Ridge National
Laboratory (ORNL) (b, d) Free-Air CO2

Enrichment (FACE) experiments. The
observations are across-plot averages, and
the error bars denote ! 1SE.

! 2014 The Authors
New Phytologist ! 2014 New Phytologist Trust.

New Phytologist (2014) 202: 803–822
www.newphytologist.com

New
Phytologist Research 807

Zaehle et al., 2014  
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Les cycles du C et de l’N dans ORCHIDEE 

•  Travail de Sönke Zaehle (2007- 2010) 
–  Basés sur une version nommée O-CN (Zaehle et al., 2010a,b) 
–  Principal focus: Réponse des flux de C à l’état azoté 

•  Un travail de merge dans le trunk d’ORCHIDEE en cours 

Sönke Zaehle LSCE Seminar 2 / 25

Atm CO2

Plant

Litter / CWD

Soil Organic Matter

Carbon cycle

Soil Mineral N

N deposition

N fixation

denitrification

N leaching

Nitrogen cycle

respiration

mineralization

assimilation

photosynthesis

litterfall & mortality

decomposition

From S. Zaehle 



L’IMPORTANCE DE L’N POUR LE 
FONCTIONNEMENT DU SOL 

 

 
	  
• 	  La	  disponibilité	  en	  azote	  
contrôle	  la	  respira3on	  
hétérotrophe	  (Craine	  et	  al.,	  
2007).	  	  
• 	  Lorsque	  l’azote	  est	  
limitant	  la	  decomposi3on	  
des	  MOS	  est	  accélérée	  (N-‐
mining)	  

with sodium hexametaphosphate. In statistical analyses
of CL, kR, and cumulative respiration, values with a
Mahalanobis distance .4.5 were again considered
outliers and removed from comparisons of treatments.

RESULTS

Adding nitrogen to soils amended with leaf biomass
of different grass species reveals that the decomposition
of labile-C pools follows the predictions of simple
stoichiometric theory. Averaged across the suite of
leaves, fertilization with N significantly increased CL

(the size of the labile-C pool) by 6% (Fig. 1a), indicating
an increase in the mineralization of extant labile C with
an increased supply of exogenous N. The increases in
respiration with additional N were greater for samples

with lower CL under ambient nutrient availability.
Increases were as high as 49% for leaves that had a CL

of 5.0 mg C/g ash-free biomass (Fig. 1a). In concordance
with stoichiometric theory, the greatest response to N
addition came from leaf samples with the highest C:N,
both due to high leaf-C concentrations ([C]) and low
leaf-N concentrations ([N]) (Fig. 2). Although CL

increasing with [N] might be interpreted as evidence
for N limitation of labile-C decomposition, CL was still
positively correlated with [N] for samples fertilized with
N (Fig. 2b), suggesting the quality of carbon in the
labile-C pool is responsible for the apparent correlation
between [N] and CL.
As opposed to the effects of N on labile-C respiration,

the effects of N on recalcitrant-C mineralization

FIG. 1. Effects of increasing N availability on decomposition of C: (a) labile C (CL), (b) mineralization rate of recalcitrant C
(kR), and (c) total C (CT) respired over 200 days across a wide variety of leaves, under conditions of increased N (þN, y-axes) vs.
ambient conditions (amb., x-axes). Dashed lines indicate 1:1, and solid lines show RMA (reduced major axis) regression, except for
(b) which is the mean kR at elevated N since there was no significant relationship between the two variables. Respired C represents
substrate C after background soil C respiration was removed.

PLATE 1. View from within Makhahlola exclosure in Kruger National Park, South Africa. The exclosure, located on a basalt-
derived soil, is the location where soil was acquired for the comparison of leaf biomass decomposition in a common soil for this
paper. Photo credit: J. M. Craine.

JOSEPH M. CRAINE ET AL.2108 Ecology, Vol. 88, No. 8



L’IMPORTANCE DE L’N POUR LE 
FONCTIONNEMENT DU SOL 

 

 
• 	  L’effet	  N-‐mining	  peut	  induire	  des	  bilans	  de	  C	  néga3fs	  
(Fontaine	  et	  al.,	  2004)	  

CO2 released by cellulose decomposition (Fig. 1) as
described in other studies (Dalenberg & Jager 1989; Wu
et al. 1993). This is the reason why the impact of priming
effect on C and nutrients cycles in soils is often neglected
(Dalenberg & Jager 1989; Wu et al. 1993). Yet, in our
experiment, the stimulation of SOC mineralization persisted
many weeks after the complete decomposition of cellulose,
which lead to important SOC losses. We calculated a final C
input–output balance (Table 1). In our experiment, 93–96%
of applied cellulose 13C was recovered at the end of the
incubation. Similar proportions (22–28%) of the applied C
remained in soils as organic form at the end of the
incubation for the two nutrient treatments. The extra losses
of 12C-carbon because of respiration accounted for
73 mg C kg)1 soil (nutrient-rich treatment) and
140 mg C kg)1 soil (nutrient-poor treatment), which repre-
sented 52 and 127% of the 13C-carbon remaining in soils.
The extra loss of 12C-carbon in the low nutrient treatment
was significantly higher than the remaining 13C-carbon
(P ¼ 0.01) indicating that cellulose input to soil decreased
total soil C.

D I SCUSS ION

The addition of small amount of cellulose (representing
<5% of the total C) strongly increased the total soil
respiration and the total microbial biomass. The result also
demonstrated that the cellulose addition increased the SOC
decomposition rate, i.e. the cellulose input induced a real
priming effect. This indicates that energy limits soil
microbial activities and growth, and that the microbial
stimulation by FOC supply can increase the SOC
decomposition rate. The increase in SOC decomposition
rate, however, markedly differed in the two nutrient
treatments. Thus, the stimulation of SOC decomposition
depends on the supply of energy to soil microbes and also
on other mechanisms.

The SOC decomposition rate increased during cellulose
decomposition and remained rather constant after cellulose
exhaustion. In a previous paper (Fontaine et al. 2004), we

also showed that the production of cellulase by cellulose
decomposers had negligible effect on SOC degradation.
These results indicate that the stimulation of SOC miner-
alization by cellulose resulted from the stimulation of
microbes able to provide SOC-specific enzymes. The
stability of SOC decomposition rate despite cellulose
exhaustion strongly suggests that the supply of cellulose
increased the populations of SOC decomposing microbes,
which were able to survive on SOC after cellulose
exhaustion.

The increase in microbial biomass and the acceleration of
SOC decomposition were concomitant. However, the large
decrease in microbial biomass by day 13 was not followed
by a decrease in SOC decomposition. This indicates that
most newly formed microbial biomass did not contribute to
SOC decomposition. This was particularly clear in the high
nutrient treatment where the higher microbial biomass
induced the lower priming effect. The supply of cellulose,
therefore, induced the growth of many cellulose-specialized
microbes that died or became dormant after cellulose
exhaustion because they were unable to use SOC. Finally,
we had two populations that used cellulose energy, one
degrading exclusively cellulose (the cellulose decomposers)
and the other degrading a part of cellulose and, mainly SOC
(the SOC decomposers). These two populations used the
same limited resource (cellulose was exhausted in 2 weeks),
which is the exact definition of competition. Thus, the
stimulation of SOC decomposition depends on the supply
of FOC to soil microbes and also on the competition for
FOC energy acquisition between FOC decomposers and
SOC decomposers.

The labelled microbial biomass was lower in the low
nutrient treatment than in the high nutrient treatment
while the SOC mineralization rate was higher in the low
nutrient treatment. This suggests that nutrient shortage in
the low nutrient treatment concurrently stimulated SOC
decomposers and constrained cellulose decomposers. The
impact of soil nutrient availability on SOC decomposition,
therefore, may be interpreted in the light of microbial
competition. Indeed, when mineral nutrients were abun-
dant, r-strategist cellulose decomposers could fully express
their potential of rapid growth rate. They grew quickly and
consumed most cellulose (free of nitrogen and phospho-
rus) and therefore, the stimulation of K-strategist SOC
decomposers was low. When mineral nutrients were scarce,
r-strategist cellulose decomposers could not fully express
their potential rapid growth. They grow more slowly and
thereby, K-strategist SOC decomposers became more
competitive for cellulose. Moreover, SOC decomposers
may have used the nutrients in SOC, which strengthened
their competitiveness in the low nutrient treatment. In this
case, the stimulation of K-strategist SOC decomposers was
higher.

Table 1 Soil carbon balance

Low nutrient High nutrient

(a) 13C added 495 495
(b) 13C lost as CO2 )365 ± 21 )318 ± 3
(c) 13C remaining in soil 110 ± 11 140 ± 4
(d) 12C lost as CO2 because of PE )140 ± 3 )72 ± 15
Soil carbon balance (c + d) )30 ± 11 +68 ± 19

Data are for the two nutrient treatments at day 70.
Mean ± standard error are expressed in mg C kg)1 soil.
PE, priming effect.

318 S. Fontaine et al.

!2004 Blackwell Publishing Ltd/CNRS



L’IMPORTANCE DE L’N POUR LE 
FONCTIONNEMENT DU SOL 

 

 • 	  Important	  de	  représenter	  les	  interac3ons	  
stoichiométriques	  qui	  contrôlent	  la	  décomposi3on.	  

• 	  Décomposi3on	  préféren3elle	  du	  carbone	  labile	  
sauf	  en	  cas	  de	  limita3on	  par	  l’azote.	  Inves3r	  dans	  
des	  enzymes	  à	  cout	  énergé3que	  fort	  mais	  qui	  
rendent	  l’azote	  disponible.	  

• 	  Ajustement	  du	  C:N	  de	  la	  communauté	  
microbienne	  

• 	  …	  



L’IMPORTANCE DE L’N POUR LE 
FONCTIONNEMENT DU SOL 

 

 
• 	  L’N	  est	  également	  minéralisé	  dans	  sols	  et	  peut	  être	  
source	  de	  GHG.	  

Source: Inventory of U.S. Greenhouse 
Gas Emissions and Sinks: 1990-2012 



L’IMPORTANCE DE L’N POUR LE 
FONCTIONNEMENT DU SOL 

 

 • 	  Primordiale	  de	  mieux	  
comprendre	  et	  de	  mieux	  
représenter	  les	  processus	  de	  
nitrifica3on/denitrifica3on	  

• 	  Le	  puits	  de	  C	  induit	  par	  les	  
entrées	  anthropiques	  d’azote	  
(0.096	  W	  m-‐2)	  est	  plus	  que	  
compensé	  par	  les	  émissions	  
de	  GHG	  azotés	  (0.125	  W	  m-‐2)	  .	  

Zaehle et al., (2011) 



L’IMPORTANCE DE L’N POUR LE 
FONCTIONNEMENT DU SOL 

 

 
• 	  La	  complexité	  du	  phénomène	  rend	  les	  modèles	  
largement	  perfec3bles	  

Prieur 2012, Thèse 



L’IMPORTANCE DE L’N POUR LE 
FONCTIONNEMENT DU SOL 

 

 

• 	  Mais	  des	  données	  à	  
grandes	  échelles	  
manquent	  pour	  
contraindre	  les	  
modèles…	  

Prieur 2012, Thèse 
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COMMENT REPRESENTER L’EROSION 

• 	  Les	  flux	  latéraux	  sont	  largement	  ignorés	  dans	  les	  ESM	  

• 	  L’érosion	  est	  une	  part	  importante	  des	  flux	  latéraux	  

Regnier et al. (2013) 



COMMENT REPRESENTER L’EROSION 

• 	  L’érosion	  déplace	  entre	  0.54	  et	  3.75	  Tg	  de	  OC	  ans-‐1	  

• 	  Affecte	  plus	  d’1	  milliard	  d’hectares	  dans	  le	  monde.	  

• 	  Est	  une	  source	  ou	  un	  puits	  de	  C?	  	  

Guenet et al. (2014) 



COMMENT REPRESENTER L’EROSION 

• 	  Les	  modèles	  u3lisent	  généralement	  l’équa3on	  de	  
perte	  de	  sol	  universelle	  de	  Williams	  (1995)	  adpaté	  à	  
leurs	  probléma3ques	  

• 	  Le	  modèle	  SWAT	  propose	  une	  approche	  empirique	  
apllicable	  aux	  ESM	  pour	  l’érosion	  par	  la	  pluie.	  

Erosion	  =	  f(indice	  d’érosion,	  pra3que	  culturale,	  couvert	  
végétal,	  topography,	  frac3on	  de	  rock)	  

	  

• 	  Erosion	  par	  le	  vent:	  WEPS	  basé	  sur	  les	  mêmes	  
principes.	  
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Conclusion 

•  Insertion de légumineuses dans des rotations 
–  Cycle N (émisions N2O) 
–  Interactions C/N (productivité) 
–  Phénologie (bilan C, énergie) 

•  Inter-cropping 
–  Erosion 
–  Bilan (énergie/eau/C) 

•  Agroforesterie 
–  Bilan d’énergie 
–  Bilan d’eau 


