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17.5 millions hectares of forest (32% coverage)

53 millions m3 

annual harvest

15-19% 

absorption of 

CO2 emissions

+ ↗ CO2

+ ↗ °C

+ Stocking

+ Substitution

Forests : a lever to attenuate climate change

+ Sequestration

+ ↗ harvested Volumes

Towards a more dynamic 

sylviculture?

IFN 2024 data
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–
↘ Resilience of younger, 

less diverse stands

± Stockage

± Substitution

± Séquestration

Forests : vulnerability to climate change

– ↗ Mortality

±
Changes in 

composition

±
Décalage de 

phénologie



Water quality

Biodiversity

Carbon capture & climate 

regulation Wood products

Non-wood products

Lanscape

Living 

environnment Conservation

Cultural value

Soil 

protection

Leisure

Forests : other services
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GRcrownLength

2 – ForCEEPS simulation 

over N years

1 – Yearly PHENOFIT

simulations for each species

of interest

The PHOREAU 

Model

2bis – Yearly Sureau simulation
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1 – Yearly PHENOFIT

simulations for each species

of interest

The PHOREAU 

Model
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RMSE: 1.41137 

Average Bias: 0.084 

Pearson Correlation: 0.554***
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25
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Species Names

AAlb

BPen

CBet

FSyl

LDec

PAbi

Pgra

Phal

Pmar

PSyl

Ptsu

Qile

QPet

QRob

Simulation with Daily+Fixes+Shape+SLA+Pheno+Density ForCEEPS model

P. sylvestris (56)

P. pinaster (17)A. Alba (31)  

Pearson correlation : 0.554***

RMSE : 1.411

Average Bias : 0.084

n : 340

C. betulus (9)

Pin. nigra (8)

P. menziesii (9)

Q. petraea (43)

F. sylvatica (81) 

Q. ilex (9)

P. halepensis (3)

P. abies (44)

Q. robur (26)

L. decidua (4)

Fig. X | Projected (by PHOREAU) against observed satellite leaf area index (LAI) for all 340

RENECOFOR and ICP II validation inventories. The y-axis shows the LAI predicted by the model from the

stand inventory at the start of the simulation, while the x-axis represents the PROBA-V LAI value for the

maching coordinate and inventory year, averaged between July, August and September. Stand points are

color coded by dominant species (see legend in bottom left). The size of points shows inventory basal

area. The dashed red-line is the 1:1 line; the black full line represent the regression line of the linear model

between observed and predicted LAI, with confidence interval represented by the grey shaded area.

Associated statistics in top left.
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The PHOREAU 

Model

2bis – Yearly Sureau simulation
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SWC : 36 cm

LAI = 6.5 ;  BA = 27 (m2/ha)
LAI = 6.5 ;  BA = 27 (m2/ha)

SWC : 9 cm
SWC : 9 cm

SWC: 18 cm
Van-Genuchten parameters

: 𝛼, 𝑛, 𝑙 , 𝐾𝑠

0.3m

0.7m

4m

Growth feedback

Mortality feedback

Percentage of cavitation

0.3 m

0.7 m

4 m

ForCEEPS SurEAU
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Modelling the root compartment in PHOREAU

« Variation in individual tree R : S is largely

dominated by two effects: tree size and

mean water deficit. » (Ledo et al. 2017)

Ledo et al. 2017
Konôpka et al. 2010
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Large Q. ilex

Medium Q. ilex

Sapling Q. ilex

Large P. halepensis

Medium P. halepensis

Sapling P. halepensis

Large C. betulus

Medium C. betulus

Sapling C. betulus

Large Q. petraea

Medium Q. petraea

Sapling Q. petraea

Large F. sylvatica

Medium F. sylvatica

Sapling F. sylvatica

Large B. pendula

Medium B. pendula

10th quantile REW

0 1

Species & Size Class

Fig. 5 | Predicted fine root area

distribution over the soil profile. For

certain simulation years a partial vertical

soil profile is shown, with the overall

dryness of each soil layer depicted as a

gradient using its 10th quantile relative

extractable water (REW) percentage. For

each species and size class aggregate tree

(refer Annex X for details on the

aggregation method), the distribution of the

inverse cone along the soil layers

represents the predicted location of its fine

roots, with its total aggregate fine root area

index (FRAI) shown under.
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Integration of a simplified microclimate model 
(derived from the work of EVA GRIL)

1. State of the ForCEEPS stands

2. Production of structural indices :VCI, LAI, Hmax

3. Computing the microclimate slope

4. Predicting soil microclimate temperatures

5. Interpolation over the vertical profile

1 2

345

FA : 0.02

FA : 0.97

FA : 0.7

FA : 0

FA : 0.3

FA : 0.32

3500
0

100
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d
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quantile_REW

speciesSizeClass

AAlb_Large Tree

AAlb_Medium Tree

AAlb_Rege Tree

FSyl_Large Tree

FSyl_Medium Tree

FSyl_Rege Tree

Predicted Fine Root Area Distr ibution Profiles

page 7 of 7

Gril et al. 2023
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Proposed framework for PHOREAU validation

Hydrology 

Validation
1

Simulation Length

Input data requirements

Indication of global performance

Usefulness for calibration

Structural

Validation
RMSE: 1.41137 

Average Bias: 0.084 

Pearson Correlation: 0.554***
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Simulation with Daily+Fix es+Shape+SLA+Pheno+Density F orCEEPS model

2

RMSE: 0.23 

Average Bias: 0.04 

Pearson Correlation: 0.623***
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PHOREAU − Predicted against Obser ved plotwise Basal Area Increments
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Q. ilex

P. halepensis

Q. petraea

C. betulus

Species

F. sylvatica

B. pendula

Puéchabon Font Blanche

Barbeau Hesse

3 patches 
of 100m2

24 patches 
of 267m2

9 patches 
of 1000m2

4 patches 
of 300m2

V
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Puéchabon Font Blanche

Barbeau Hesse

Q. ilex

P. halepensis

Q. petraea

C. betulus

Species

F. sylvatica

B. pendula
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Fig. 1 | Predicted

distribution of stand

leaf area and light

availability. This figure

illustrates the vertical

gradient of predicted

light availability indices

for specific simulation

years. The light

availability is presented

over the aboveground

profile, divided into 0.1

m layers. In addition,

the area of each shape

in the layers represents

the predicted

aggregate leaf area.

The figure also

includes global annual

stand parameters. For

details on the

calculation of the

Vertical Complexity

Index (VCI), please

refer to Annex X.
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Large Q. ilex

Medium Q. ilex

Sapling Q. ilex

Large P. halepensis

Medium P. halepensis

Sapling P. halepensis

Large C. betulus

Medium C. betulus

Sapling C. betulus

Large Q. petraea

Medium Q. petraea

Sapling Q. petraea

Large F. sylvatica

Medium F. sylvatica

Sapling F. sylvatica

Large B. pendula

Medium B. pendula

Species & Size Class

Fig. 2 | Predicted versus observed

annual stand basal area. For each

simulation site, the bars depict the annual

basal area projections generated by the

PHOREAU model, broken down by species

and size class contributions (refer to Annex

X for details). The dashed line represents

the observed annual total basal area

derived from the inventory. Basal area is

defined as the cross-sectional area at

breast height of all trees per hectare.
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Leaf Transpiration

Intercepted Water Evaporation

Soil Water Evaporation

Trunk Cuticular Transpiration

Flux origin

Fig. 3 | Predicted versus observed

evolution of mothly real

evapotranspiration (ETR). For each

simulation site, the bars depict the

monthly ETR (mm) projections generated

by the PHOREAU model, broken down by

source of flux. Soil and intercepted water

evaporation respectively originate from

the first layer of soil and the water stored

on the surface of leaves, while the two

other sources are transpiration from

compartments of the PHOREAU tree

(refer to Annex X for details). The black

line indicates the observed monthly actual

evapotranspiration, representing the total

water vapor released from the soil and

vegetation into the atmosphere,

aggregated from hourly or sub-hourly

measurements obtained from each site’s

flux tower.
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Fig. 4 | Predicted versus observed

evolution of soil water quantity

(SWC). For each simulation site, the

black line indicates the observed daily

actual SWC. The stacked bars depict

the daily SWC (mm) projections

generated by the PHOREAU model,

with individual contributions of each

soil layer stacked and color-coded by

soil layer (see Fig. 6 for layer details).

The projections are confined the

maximum measured depth for the

each site, as indicated in the upper

right corner of the figure. For Barbeau

and Font Blanche, observed SWC

were directly obtained from site

managers; for Puéchabon and Hesse,

they were interpolated from soil

relative humidity (RH%) measured at

different depths, using the same rock

fractions as used in the simulation.



Fig. 5 | Evolution of predicted versus

observed stem water potentials. For the

dominant species of the four ICOS

simulations, the blue line depicts the daily

evolution of the stem water potentials

(mPa) generated by the PHOREAU model

and averaged over the aggregate trees of

the species (refer Annex X for details on

the aggregation method). The red points

represent the observed water potentials,

limited to the years for which

observational data is available (data

sources are detailed in Annex X). For

Puéchabon, Font Blanche and Barbeau

sites, the minimum daily observed and

predicted water potentials are shown. For

Hesse, where only predawn observations

are available, the maximum predicted

water potential is used as a proxy.
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Pearson Correlation : 0.79***

Mean Deviation : - 0.5

RMSE : 0.89

Nobs : 303

Pearson Correlation : 0.71**

Mean Deviation : 0.53

RMSE : 0.92

Nobs : 208

Q. ilex

P. halepensis

Q. petraea

C. betulus

Species

F. sylvatica

Fig. 6 | Aggregated Predicted versus

observed daily stem water potential. All

available stem water potentials (mPa)

observations are plotted against the

PHOREAU projection for the correspoding

day and species. For each species, the

full colored lines are the regression lines

of the linear model of the relationship

between observed and predicted

minimum water potential, with confidence

interval represented with the grey dashed

lines. The dashed red line is the 1:1 line.

See Annex X for definition of associated

statistics. (a) Comparison with minimum

water potentials. (b) Comparison with

predawn water potentials.

(a)

(b)
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Productivity Validation
V

a
lid

a
tio

nP. sylvestris (47)

P. pinaster (11)A. Alba (16)  

C. betulus (7)

Pin. nigra (5)

P. menziesii (6)

Q. petraea (24)

F. sylvatica (58) 

Q. ilex (9)

P. halepensis (3)

P. abies (37)

Q. robur (18)

L. decidua (3)

97 RENECOFOR sites

148 ICP I I  sites

4 ICOS sites

Fig. X | Spatial distribution of sites used for PHOREAU validation. Sites are color-coded based on the

dominant species identified in the inventory (see legend in top-left). Red-bordered diamonds represent the

four ICOS site (Puéchabon, Font-Blanche, Barbeau, and Hesse) selected for in-depth hydraulic validation.
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RMSE: 0.23 

Average Bias: 0.04 

Pearson Correlation: 0.623***

0.0

0.5

1.0

1.5

2.0

0.0 0.5 1.0 1.5 2.0

Mean annual BAI (m
2
 /ha) − Observed

M
ea

n 
an

nu
al

 B
A

I (
m

2  /h
a)

 −
 P

re
di

ct
ed

dominantSpecies

Abies alba

Carpinus betulus

Fagus sylvatica

Larix decidua

Picea abies

Pinus halepensis

Pinus nigra

Pinus pinaster

Pinus sylvestris

Pseudotsuga menziesii

Quercus ilex

Quercus petraea

Quercus robur

PHOREAU − Predicted against Observed plotwise Basal Area Increments

P. sylvestris (56)

P. pinaster (17)A. Alba (31)  
Pearson correlation : 0.623***

RMSE : 0.230

Average Bias : 0.037

n : 340

C. betulus (9)

Pin. nigra (8)

P. menziesii (9)

Q. petraea (43)

F. sylvatica (81) 

Q. ilex (9)

P. halepensis (3)

P. abies (44)

Q. robur (26)

L. decidua (4)

Fig. X | Projected (by PHOREAU) against observed mean annual stand basal increments (BAI) for

all 340 RENECOFOR and ICP II validation inventories. Stand points are color coded by dominant species

(see legend above). The dashed red-line is the 1:1 line; other full lines represent the regression lines of the

linear model between observed and predicted stand productivity, with confidence intervals represented by

the grey shaded area (in black the overall regression; coloured lines for species-specific regressions).

Associated statistics for the global simulation in top left, while species-specific statistics can be found in

Table S2.
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Species
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PCem

PSyl

BPen
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Application : Comparing the trajectory of French forests over the 

next 100 years, for different climatic and management scenarios
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Application : Evaluating the trajectory of French forests over the 

next 100 years, for different climatic and management scenarios

❑Modelling the forests carbon stock, including soil carbon
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Yasso Coupling : Litter Compartment & Tracking of Soil Carbon

Natural Turnover

Stress-induced

crown dieback

Mortality

Logging residue

Species &

diameter

based

repartition

Didion et al., 2014

A
p

p
lic

a
tio

n



Application : Evaluating the trajectory of French forests over the 

next 100 years, for different climatic and management scenarios

❑ Quantifying forest biodiversity potential
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Production of Diversity

Indices 

Indice de Biodiversité Potentielle (IBP v 3.0)

No management 

SSP 585
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Application : Evaluating the trajectory of French forests over the 

next 100 years, for different climatic and management scenarios

❑ Developping flexible forest-management modules
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Implementing Dynamic Forest Management Scenarios

Species 1  : 40% healthy

…

…

Species j : 90% healthy

…

…

Species N : 50% healthyYear n of the 

PHOREAU 

simulation

40% of unhealthy

trees > Sanitary Cut

Threshold

https://foretcitoyenne.org/ ONF.fr

Sanitary Cut Plantation
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Historical Climate Localized Rain Exclusion General Rain Exclusion

Healthy Stand Localized dieback Sanitary cut Q. ilex plantation Final state

PHOREAU Dynamic Management : Proof of Concept
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Application : Evaluating the trajectory of the French forest over the 

next 100 years, for different climatic and management scenarios

❑ Building a representative snapshot of the current state of french forests
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Initializing PHOREAU inventories from IFN study-sites
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Proof of Concept : Soil Carbon Stocks & Emissions

Evolution of soil carbon stock by compound type Species contribution to yearly soil CO2 

emissions
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In progress : Carbon sequestration & substitution

Species contribution to yearly soil CO2 emissionsEvolution of predicted sequestred carbon

Gaëtan du Bus, 2020

1. Allocation of logged wood ?

2. Lifespan of wood-based products ?

3. Coefficient of substitution compared to non-

wood products ?

4. Usage of logging residues ?
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Gäetan du Bus, Sylvain Angerand, 2020
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WP3 : Plan de Simulation
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❖ Création des Sols

❖ Equilibre hydrologique

❖ Equilibre Yasso



WP3 : Plan de Simulation
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Échanges avec 
gestionnaires sites 
ICOS

Finalisation validation 
sur les niches

Préparation du 
schéma conceptuel 
PHOREAU

Interprétation des 
résultats

Rédaction 
Discussion, 

Conclusion pour la 
1ère partie.

Mise en forme pour 
publication

Projections de 
distribution sur 

l’Europe

Préparation 
inventaires IFN pour 

3ème partie.

Analyse des 
résultats de 

projection de 
distribution

Analyse de 
sensibilité du 

modèle

Rédaction de la 
2ème partie.  

Préparation 
scénarios de 

gestion basés sur les 
enquêtes 

sociologiques FISSA

Revue 
bibliographique  

des puits et 
émissions de 

carbone liés à la 
gestion forestière 

Octobre 2024 Novembre 2024 Décembre 2024 Janvier 2024 Février 2024



Simulation de 
projection de puits de 
carbone et de 
réservoir de 
biodiversité sur 
l’ensemble des points 
IFN, pour plusieurs 
scénarios de gestion, 
climatiques, et 
d’industrie 

Rédaction Matériel et 
Méthode 3ème partie

Simulation de 
projection de puits de 
carbone et de 
réservoir de 
biodiversité sur 
l’ensemble des points 
IFN, pour plusieurs 
scénarios de gestion, 
climatiques, et 
d’industrie 

Rédaction Matériel et 
Méthode 3ème partie

Analyse des 
résultats 

« carbone »

Analyse des 
résultats 

« diversité »

Préparation de 
l’article « Scénarios de 

Gestion et Services 
Forestiers »

Rédaction du 
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Large F. sylvatica
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Sapling F. sylvatica

Large B. pendula

Medium B. pendula

Species & Size Class

Fig. 2 | Predicted versus observed

annual stand leaf area index (LAI). For

each simulation site, the bars depict the

annual leaf area index projections

generated by the PHOREAU model, broken

down by species and size class

contributions (refer to Annex X for details).

The dashed line represents the observed

annual stand leaf area index (data sources

detailed in Annex X). Leaf area index is

defined as the total one-sided leaf area per

unit of ground area.
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N = 99.45 / ha N = 145.86 / haN = 1800 / ha N = 1733.33 / ha

N = 99.45
N = 587.78 / ha

N = 189.14 / ha N = 296.1 / ha

No Data
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Sapling Q. ilex

Large P. halepensis

Medium P. halepensis
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Large F. sylvatica

Medium F. sylvatica

Sapling F. sylvatica

Large B. pendula

Medium B. pendula

1.83%  1.28%  1.37%  2.44%  
0.49%  0.86%  0.85%  1.36%  

2.72%  2.46%  
0.87%  0.49%  1.54%  2.15%  

Species & Size Class

Fig. 3 | Predicted versus observed

annual tree mortality. For each simulation

site, the bars depict the total annual number

of dead trees, irrespective of cause, broken

down by species and size class

contributions (refer to Annex X for details).

Observed values are derived from stand

inventories, while predicted values are

generated by the PHOREAU model. Also

shown are the annual mortality rates,

calculated relative to the initial number of

trees for two distinct time periods in each

simulation, along with the total number of

dead trees by hectare. Transparent bars

indicate years with thinnings (see Annex X

for details), which are excluded from the

mortality statistics.
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0.32%  0.53%  1.43%  1.76%  

Gdead = 0.76 m2/ha Gdead = 2.89 m2/ha

Species & Size Class

Fig. 4 | Predicted versus observed

evolution annual stand basal area loss

due to mortality. For each simulation site,

the bars depict the summed annual total

basal area (m2/ha) of all dead trees, broken

down by species and size class (refer to

Annex X for details). Observed values are

derived from stand inventories, while

predicted values are generated by the

PHOREAU model. Also shown are the

yearly basal area loss rates, calculated

relative to the initial basal area for two

distinct time periods in each simulation,

along with the total basal area dieback per

hectare. Transparent bars indicate years

with thinnings (see Annex X for details),

which are excluded from the the mortality

statistics.
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RMSE: 0.32 

Average Bias: 0.08 

Pearson Correlation: 0.529***
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Forceeps − Predicted against Observed plotwise Basal Area Increments

P. sylvestris (56)

P. pinaster (17)A. Alba (31)  
Pearson correlation : 0.529***

RMSE : 0.316

Average Bias : 0.077

n : 340

C. betulus (9)

Pin. nigra (8)

P. menziesii (9)

Q. petraea (43)

F. sylvatica (81) 

Q. ilex (9)

P. halepensis (3)

P. abies (44)

Q. robur (26)

L. decidua (4)

Fig. X | Projected (by ForCEEPS) against observed mean annual stand basal increments (BAI) for

all 340 RENECOFOR and ICP II validation inventories. Stand points are color coded by dominant species

(see legend above). The dashed red-line is the 1:1 line; other full lines represent the regression lines of the

linear model between observed and predicted stand productivity, with confidence intervals represented by

the grey shaded area (in black the overall regression; coloured lines for species-specific regressions).

Associated statistics for the global simulation in top left, while species-specific statistics can be found in

Table S2.
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Pearson Correlation : 0.62***

Mean Deviation : 0.8

RMSE : 2.28

Nobs : 1319

Pearson Correlation : 0.79***

Mean Deviation : - 0.24

RMSE : 1.09

Nobs : 5472

Pearson Correlation : 0.64***

Mean Deviation : 0.03

RMSE : 0.84

Nobs : 6105

Pearson Correlation : 0.48***

Mean Deviation : - 0.17

RMSE : 0.91

Nobs : 6105

Fig. 9 | Predicted versus observed

daily real evapotranspiration (ETR). For

each simulation site, the plain blue line is

the regression line of the linear model of

the relationship between observed and

predicted stand daily ETR, with

confidence interval represented with the

grey dashed lines; the dashed red line is

the 1:1 line. See Annex X for definition of

associated statistics. Colour code for the

seasons as follows :

,Winter;    ,Spring;    ,Summer;    ,Autumn
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Pearson Correlation : 0.92***

Mean Deviation : - 46.98

RMSE : 56.37

Nobs : 462

Pearson Correlation : 0.8***

Mean Deviation : 31.8

RMSE : 41.5

Nobs : 6105

Pearson Correlation : 0.86***

Mean Deviation : 1.21

RMSE : 10.5

Nobs : 2232

Fig. 11 | Predicted versus observed

soil water quantity (SWC). For each

simulation site, the plain blue line is the

regression line of the linear model of the

relationship between observed and

predicted SWC, with confidence interval

represented with the grey dashed lines;

the dashed red line is the 1:1 line. See

Annex X for definition of associated

statistics. Colour code for the seasons as

follows :

,Winter;    ,Spring;    ,Summer;    ,Autumn
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No Data

Pearson Correlation : 0.78***

Mean Deviation : - 31.38

RMSE : 83.44

Nobs : 1591

Depth : 0-150 cm



Fig. 12 | Predicted versus observed

evolution of aggregate daily species

transpiration. For each simulation site,

the blue line depicts the aggregated daily

transpiration (mm) generated by

PHOREAU from all the trees of the given

species. The red line depicts the observed

daily transpiration value for this species,

upscaled from individual sapflow

measurements.
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Pearson Correlation : 0.81***

Mean Deviation : - 0.03

RMSE : 0.52

Nobs : 5193

No Data

Pearson Correlation : 0.77***

Mean Deviation : - 0.15

RMSE : 1.68

Nobs : 1289

Pearson Correlation : 0.70***

Mean Deviation : - 0.11

RMSE : 0.36

Nobs : 3027

Pearson Correlation : 0.67***

Mean Deviation : - 0.11

RMSE : 0.52

Nobs : 2876

Fig. 13 | Predicted versus observed

species aggregate daily transpirations.

For each simulation site, the plain blue

line is the regression line of the linear

model of the relationship between

observed and predicted species

aggregate daily transpiration (mm), with

confidence interval represented with the

grey dashed lines; the dashed red line is

the 1:1 line. See Annex X for definition of

associated statistics. Colour code for the

seasons as follows :

,Winter;    ,Spring;    ,Summer;    ,Autumn
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Productivity Validation

Selection of validation plots, constitution of PHOREAU simulation inventories for each plot.

97 RENECOFOR sites148 ICP II sites 4 ICOS experimental sites 
(Puéchabon, Font 

Blanche, Barbeau, Hesse) 

ERA-5 LAND daily climate  
data : 1969-2022

SILVAE monthly temperature and 
precipitation : 2000-2014

On-site measurements
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Comparaisons for 26 sites
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Pearson Correlation : 0.95***

Mean Deviation : - 0.67

RMSE : 0.8

Nobs : 88

Pearson Correlation : 0.83*

Mean Deviation : 0.018

RMSE : 0.53

Nobs : 5

Pearson Correlation : 0.78***

Mean Deviation : 0.61

RMSE : 1.16

Nobs : 93

Pearson Correlation : 0.65***

Mean Deviation : -0.08

RMSE : 0.25

Nobs : 54

Fig. 15 | Predicted versus observed

daily stem water potential. For each

dominant species of the four simulation

sites, each point represents a day with

water potential observations (mPa),

plotted against its corresponding predicted

value by the PHOREAU model. For

Puéchabon, Font Blanche and Barbeau

minimum daily water potential is plotted,

while the predawn potentials are shown

for the Hesse site. The plain blue line is

the regression line of the linear model of

the relationship between observed and

predicted water potential, with confidence

interval represented with the grey dashed

lines; the dashed red line is the 1:1 line.

See Annex X for definition of associated

statistics. Colour code for the seasons as

follows :

,Winter;    ,Spring;    ,Summer;    ,Autumn
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Fig. 6 | Observed potential available

water capacity (AWC) distribution over

the soil profile. For each simulation ICOS

site, the vertical distribution of potential

AWC is represented by the area of the

shape contained within each of the 30 soil

layers that make up the standard

PHOREAU soil profile. The total

aggregated AWC is shown at the center of

each shape. Refer to Annex X for origin of

soil data. Available Water Quantity (mm per

meter of soil) is defined as the difference

between the soil's field capacity (the

maximum water content the soil can retain

after drainage) and the wilting point (the

minimum soil moisture level at which plants

can no longer extract water).
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