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Summary 

The objective of this project was to create silvicultural routes for the 14 forest species planted by 
EcoTree, for three fertility classes each time, the production tables existing today being sometimes too 
optimistic and often inappropriate. The models in even-aged high forest were made using the CAPSIS 
software from the INRAE and the CIRAD for the species for which the modules were available. For the 
others, the simulations were done using spreadsheets. A method was then created and tested to 
model the management routes of all species in uneven-aged high forest, for the three fertility classes 
each time. 
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Introduction 

EcoTree is a company specialised in the ecological and economic valorisation of the French forest, its 
biodiversity and its ecosystem services. Thus, EcoTree buys unmanaged private forests, fallow land and 
abandoned farmland.  

Restoration, maintenance and reforestation work is then carried out and the planted trees are sold to 
EcoTree’s clients. The daily management in the field is done by our foresters. 

To estimate the number of trees on the stands, the increase in their volume and the removals at each 
harvest, Ecotree needs to model the evolution of the plantations. The proposed silvicultural routes are 
adaptations and revisions of the reference production tables which, confronted today with field 
measurements, climate change and the sustainable silviculture favored by EcoTree, may have seemed 
sometimes too optimistic and often inappropriate. 

The models were made: 
-          For 14 species (Table 1), 
-          In even-aged high forest and uneven-aged high forest management, 
-          For 3 fertility classes. 

It should be noted that all the simulations were made on a surface of one hectare. 

 

Resinous trees Deciduous trees 

Larch (Larix decidua) Sessile oak (Quercus petraea) 
Douglas fir (Pseudotsuga menziesii) Beech (Fagus sylvatica) 

Cedar (Cedrus atlantica) Red oak (Quercus rubra) 
laricio pine(Pinus nigra subsp. Laricio) Chestnut tree (Castanea sativa) 

Maritime pine (Pinus pinaster)  
Common spruce (Picea abies)  

Silver fir (Abies alba)  
Sitka spruce (Picea sitchensis)  

Thuja (Thuja plicata)  
Scots pine (Pinus sylvestris)  

Table 1 – Species planted by Ecotree 
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I. Silvicultural routes in even-aged high forest management 
1. Modellings with the CAPSIS software - Computer-Aided Projection of 

Strategies in Silviculture 

The even-aged high forest management is a long-standing and well-documented practice for which 
numerous production tables exist, although most of them are now obsolete. 

Modelling tools for different species are currently being developed in many European countries, 
Canada and the USA. The CAPSIS software chosen by EcoTree to determine its management routes is 
the one developed in France mainly by research teams from the INRAE and the CIRAD (Dufour-Kowalski 
and al., 2012). Models were used for almost all the species that are planted by Ecotree (Annex 1). 
CAPSIS is an interface in which different modules are implemented, each corresponding to one or more 
species. They all have models of growth in volume, height, diameter, basal area, mortality and their 
own time steps and parameters. 

To make a simulation, it is therefore necessary to choose a module, i.e. a species. Then the input 
parameters needed are: the planting density, the fertility class and the mortality rate of the young 
seedlings (Photo 1). The software returns data about the volume of wood in the stand until the 
diameter of the branches is above 7 cm, the number of stems, their diameter, the height of the trees 
etc. The user can choose when to cut, how much and at what age to finish modelling (Photo 2). 

All the data used to implement the software and the bibliography used are included in Annex 2. 

 

 
Photo 1 – CAPSIS interface: Parameters for the creation of a stand with the Fagaacées module 
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Photo 2 – CAPSIS interface: Stem removal diagram 

 
Thanks to CAPSIS, it was possible to model the silvicultural routes in even-aged high forest 
management for the following species: Sessile oak, Larch, Douglas fir, Cedar, Beech, laricio pine, 
Common spruce and Silver fir, for 3 fertility classes. 

 

Fertility classes: What are they? How to determine them? 

The fertility of the soil corresponds to its ability to 
supply the elements essential for plant growth: 
mainly water, nitrogen, phosphorus and 
potassium. It can easily be measured on the field 
by the height of the trees. The more fertile the soil, 
the taller the trees will be for a given age. 

Many studies have been conducted to correlate 
tree height and soil fertility. They made it possible 
to determine height curves for different species, 
depending on the soil fertility. (Figure 1). These 
functions are used to determine the fertility 
classes for modelling. 

  

Figure 1 – Growth functions for Douglas fir, for 3 
fertility classes 



7 
 

2. Modelling without software 

There are no CAPSIS models for Red oak, Sitka spruce, Thuja, Chestnut tree nor Scots pine. The 
simulations were therefore done on a spreadsheet, without dedicated software. 

The data needed to create the management routes is: 
- The planting density: provided by Vianney de la Brosse, EcoTree forest manager 
- The diameter increment : no data were found on the current annual increment of these 

species, so average annual increments were determined for each, for each fertility class, based 
on bibliographic data (Annex 2) and expert opinions  

- The height increment: functions representing the evolution of height over time for different 
fertility classes were found for each species 

- The volume increment: functions of the EMERGE program determining the volume of trees 
knowing their diameter and their height were used (Deleuze et al., 2014) 

All equations, coefficients and variables used come from bibliographic researches (Annex 2). The 
simulations were then made by hand for all these species, year after year, while taking into account 
the felling, and thus the reduction in the number of stems (Photo 3). 

The outputs are:  
- N = number of stems 
- D0 = mean diameter of the stems 
- C0 = circumference of the stems = π x D0 
- H0 = mean height of the trees 
- Vstem = volume per stem= f(C0, H0) 
- Vstand = volume of the stand = Vstem x N 
- Gstem = basal area of a stem = π x (D0/2) ² 
- Gstand = basal area of the stand = Gstem x N 
- Ncut = number of stems harvested during a cut 
- Vcut = volume harvested during a cut 
- Gcut = basal area harvested during a cut 
- %Gcut = percentage of the basal area harvested during a cut 
- Vprod = cumulative volume produced by the stand = volume of the stand + volumes harvested 

during the previous cuts 
- IncV = annual current volume increment = Vprod(n+1) – Vprod(n) 
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Photo 3 – Spreadsheet for a hand-modelled route 
 

3. Verification 

Then, all even-aged high forest silvicultural routes were checked for consistency. For this purpose, the 
Present Future Value of the stands (Figure 2) and their internal rate of return were calculated, based 
on the 2019 timber sales prices (France Bois Forêt, 2020). The routes were improved until the values 
and curves obtained were satisfactory.  
 

 

Figure 2 – Evolution of the Present Future Value (PFV) of a laricio pine plantation in fertility classe 1 
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II. Silvicultural routes in uneven-aged high forest management 
1. General elements 

Currently no method exists for modelling silvicultural routes in uneven-aged high forest management. 
It is therefore necessary to make assumptions and to use as a basis the modelling done in even-aged 
management to deduce uneven-aged silvicultural routes. 

To simulate the growth of an uneven-aged stand, several elements and hypothesis are used: 
- It corresponds schematically to a juxtaposition of small even-aged forests of different ages and 

thus dimensions (Figure 3) 
- It is composed of stems of the 5 size categories usual in forestry: Understory (US), Small Wood 

(SW), Medium Wood (MW), Large Wood (LW) and Very Large Wood (VLW)(Table 2) 
- When the stand is considered to be “in equilibrium”, the volume and the basal area vary 

according to the cuts within a given range of values 
- The volume growth and the number of stems per size category are theoretically constant over 

time 
- About 20% of the total volume is harvested at each thinning (Pro Silva, 2020) 
- If the harvestable diameter is smaller than the entry diameter of the VLW class (67.5 cm), all 

the calculations detailed below will be made taking into account only the classes US, SW, MW 
and LW. 

NB: The understory is the size category that includes all trees for a diameter under 17.5 cm. It is 
composed of the seedlings (diameter under 7.5 cm), the saplings (diameter between 7.5 and 12.5 cm) 
and the poles (diameter between 12.5 and 17.5 cm). In the simulations, only the saplings and poles are 
taken into account because the basal area of the seedlings is considered to be negligible. 

 

 
Figure 3 – Modelling an uneven-aged high forest in different size classes 

NB: For the sake of simplicity, only 4 size categories have been represented here, but all 5 categories are 
modelled in this project 
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 Understory 
(US) 

Small Wood 
(SW) 

Medium 
Wood (MW) 

Large Wood 
(LW) 

Very Large 
Wood (VLW) 

Class (cm) 7,5 – 17,5 cm 17,5 – 27,5 
cm 

27,5 – 47,5 
cm 

47,5 – 67,5 
cm 

67,5 cm and 
more 

Medium 
diameter (cm) 12,5 cm 22,5 cm 37,5 cm 57,5 cm 68,75 cm* 

Table 2 – Wood size categories  
 

*Depending on the species, the harvestable diameters are different. The average value of the diameter 
of the VLW category has therefore been adapted for each case. 
Example: Sessile oak harvestable diameter is 70 cm. The average value of the diameter of the VLW class 
is: 67.5 + (70-67.5)/2 = 68.75 cm 
 

2. Method for modelling uneven-aged high forest silvicultural routes 
a. Extraction of data from the even-aged simulations 

The files containing the even-aged simulations are first reprocessed, then various data are recovered 
and used as a basis for our modelling. 
 
Treatment of the data 

Some CAPSIS modules are implemented with time steps different from 1.  Sometimes the information 
for certain years is missing. They are therefore calculated and added to the existing data by linear 
interpolation. It is indeed essential to have all the information year by year because the volumes and 
individual diameters of the stems will be reused during the simulation using a search function in the 
spreadsheet.  

Also, CAPSIS modelling sometimes stops before the harvestable diameter of the uneven-aged high 
forest is reached. There is then a lack of information on the evolution of individual growth in diameter 
(Dstem) but also in volume (Vstem). The functions representing the increase in diameter and volume 
(Dstem=f(T) and Vstem=f(T)) are plotted and the corresponding equations are retrieved. (Figure 4 and 
5). The missing information is thus calculated and added to the data by extrapolation. 

 

Figure 5 – Evolution of the volume of a Douglas fir stem in 
fertility class 1 over time 

Figure 4 - Evolution of the diameter of a Douglas fir stem 
in fertility class 1 over time 
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Retrieval of the data 

Once the dataset is completed, several data are calculated, plotted and extracted. 

The scatterplot relating stand volume to basal area is plotted. It will then be used to determine the 
stand volume when the maximum basal area supported by an uneven-aged stand is reached. (Figure 
6) 

Different data corresponding to the increments are also calculated: 

- The current increment: 𝐶𝐼(𝑛) =  𝑉 (𝑛) − 𝑉 (𝑛 − 1) 

- The annual growth rate: %𝐶𝐼(𝑛) =
( )

( )
 

- The average increment: 𝐴𝐼(𝑛) =
( )

 

- The average growth rate of regeneration: average annual growth rate up to the year when the 
diameter of the trees exceeds the seedling stage, i.e. 12.5 cm 

- The average growth rate of trees with a diameter greater than 12.5 cm. 

All these data will then be used in the calculations of uneven-aged stand values. (II. 2. c.) 
 

 
Figure 6 - Volume of a Sessile oak stand in fertility class 1 according to its basal area 

 

b. Recovery of information from the bibliography 

Although even-aged modelling is very rich in information, some specific to uneven-aged management 
are missing. Fortunately, various organisations such as the associations ProSilva and AFI or the French 
CNPF are studying uneven-aged forestry and the associated management methods. Their work has 
resulted in numerous documents presenting the main principles of the uneven-aged high forest 
silviculture and some key numbers. Many essential data for the modelling could be retrieved:  

- The ranges of basal area values by species (Figure 7) 
- The percentage distribution of SW, MW and LW (Table 3) (Montgeron Environnement, 2016) 

NB: The distinction between LW and VLW was not made, we chose to transform ¼ of the LW into 
VLW to take it into account and be more precise in the simulations. 

- The basal area of the Understory (US), which is about 2-3 m²/ha and represents about 10% of 
the total basal area of the stand (Pro Silva, 2013) 
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Figure 7 – Objective basal area before and after harvest for the main French forest species: Sessile oak, 

Pedunculated oak, Beech, Scots pine and Larch, Silver fir and Spruce, Douglas fir  
(Pro Silva, 2013) 

 

 SW MW LW VLW 

Percentage of stems 50 % 30 % 15 % 5 %* 

Table 3 – Distribution of stems above 12.5 cm 
 
NB: If the harvestable diameter is smaller than the VLW class entry diameter, the percentage of LW stems 
is taken back to 20%. 
 
The age of the trees at the first fructification is also searched for each species (Annexe 3). It is from 
this age onwards that the first regeneration can occur and the process of irregularisation can be 
initiated. 

Finally, in order to make our models more consistent and closer to reality, the mortality trees has been 
modelled: 

- The natural and accidental mortality which is represented as a percentage. Between cuts, it is 
estimated that 2 to 5% of the stems disappear, and this is considered to be random. 

- The mortality due to overcrowding of the stands was simulated by specific self-thinning laws 
for each species (Annex 4). The laws specify that, depending on the mean square diameter of 
the trees in a stand, beyond a certain density, no additional trees can grow because the 
competition is too strong. (Reineke, 1933) These biological limits avoid having an exponentially 
growing volume and basal area and allow a better reflection of the reality on the field. (Figure 
8) Although these self-thinning laws are calculated for even-aged stands where all trees have 
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similar diameters, studies have shown that they can also be applied to uneven-aged stands, 
based on the average diameter of the trees of the stand (Rivoire et al., 2012). 

 

Figure 8 – Principle of the self-thinning law (Bontemps et al., 2009) 
N : number of trees per hectare 

D : average diameter of the stems 
 

c. Determination of the equilibrium values 

In order to make the uneven-aged models and determine the evolution of the number of stems over 
time, simplifications have been made. The key concept is that trees of all ages and sizes can be found 
together on the stands. Representing very precisely the evolution over time of each tree is very 
complicated. So, we chose to represent the stand as the juxtaposition of 5 groups of trees, having 
similar dimensions within the groups: US, SW, MW, LW, and VLW.  

Within these groups, we do not know exactly what the diameters of the stems are, but we estimate 
that they all have a diameter close to the average diameter of the class (Table 2): some trees will be 
thinner and others wider, but the average will be respected. 

These five groups of trees obviously interact with each other: VLWs are thinned, LWs, MWs, SWs and 
USs grow and move to the next class while seedlings are produced and become USs. To sum up, the 
number of stems per size category remains fairly constant over time. 

Using these approximations - constant number of stems per size class and stem diameter 
corresponding to the average diameter of the class - we were able to calculate the number of stems 
before, during, and after cutting, when equilibrium is reached. 

Knowing the range of basal areas for each species (Figure 4), the equilibrium volumes can be deduced 
using the equation in Figure 6: 

- The volume Vmax, i.e. the volume before a cut when the basal area is maximum, is thus 
determined. 

- Since about 20% of the volume is removed at each cut, the volume after cutting (Vmin) is found 
by: Vmin = 0.8*Vmax. 
NB: Sessile oak is the only exception, with only 18% of the volume removed in each cut, according 
to our experts 
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- The volume harvested during a cut is then obtained by: Vcut = Vmax - Vmin. 
- Finally, the optimal duration of a cutting cycle (n) is determined by the average annual growth 

rate, in stand volume: 
- 𝑉 . (1 + %𝐶𝐼) =  𝑉  
  𝑛. ln(1 + %𝐶𝐼) = ln (𝑉 /𝑉 ) 

  𝑛 =  
ln (𝑉 /𝑉 )

ln(1 + %𝐶𝐼)
 

 
Before cutting: determination of the number of stems per size category 

Since the average diameters of the size classes are known, the volume per stem (Vstem) can be found 
from the even-aged forest modeling data. The basal area of the stems (Gstem) can also be found, by 
making the simple approximation that the area of the stems at breast height is that of a disk. 

Subsequently, various equations using the assumptions made above are used to find the number of 

stems per category, before cutting: 

𝑉 =  𝑉 +  𝑉 +  𝑉 +  𝑉 +  𝑉

=  𝑁 . 𝑉 +  𝑁 . 𝑉 +  𝑁 . 𝑉 +  𝑁 . 𝑉 +  𝑁 . 𝑉  

𝐺 =  𝐺 +  𝐺 +  𝐺 +  𝐺 +  𝐺

=  𝑁 . 𝐺 +  𝑁 . 𝐺 +  𝑁 . 𝐺 +  𝑁 . 𝐺 +  𝑁 . 𝐺  

As  %𝐺 =    and  𝐺 =  𝑁 . 𝐺     𝑁 = %𝐺 .  

Hence: 𝑉 =  𝑁 . 𝑉  

𝑉 .  =  𝑉 −  𝑉 =  𝑁 . 𝑉 +  𝑁 . 𝑉 +  𝑁 . 𝑉 +  𝑁 . 𝑉

=  𝑉 . 0,5. 𝑁 . +  𝑉 . 0,3. 𝑁 .

+  𝑉 . 0,15. 𝑁 . +  𝑉 . 0,05. 𝑁 .   

 𝑁 . =  𝑉 . /(0,5. 𝑉 + 0,5. 𝑉 + 0.15. 𝑉 + 0,05. 𝑉 ) 

Then, the number of stems per size category is determined with the same percentages of stems per 
size category (Table 3). 
A check is made by recalculating the volume and basal area, obtained with these numbers of stems, 
and seeing if they are consistent with Vmax and Gmax. 
 
After cutting 

Assumptions were made about the percentages of wood harvested by size category, by volume. (Table 
4) Knowing the volumes harvested in each category and the average volumes of stems in those same 
categories, the number of stems harvested can be determined, as well as the number of stems 
remaining after cutting. 

 With VLW Without VLW 
SW 25% 25% 
MW 20% 25% 
LW 25% 50% 

VLW 30% - 
Table 4 - Distribution of thinning volume by size category 
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Before equilibrium 

This "pseudo-stationary" state is not reached directly when the regeneration starts. Indeed, it is 
necessary that the regeneration grows until it reaches the VLW stage so that the number of stems per 
category stabilizes. Also, the regeneration does not necessarily develop in the first years of 
fructification. Frequently, competition and lack of light block the regeneration at the seedling stage for 
many years, until the stands are thinned. It is these poles, called "sprinters» that pass the 12.5 cm 
diameter step first. (CNPF Bourgogne-Franche Comté, 2017) 

- To take into account this "waiting room" effect before the development of the regeneration 
and its transition to the SW category, a method was imagined: 

- Knowing the equilibrium regeneration volume and the annual regeneration growth rate 
calculated above, the regeneration volume a the previous year can be calculated by : 

𝑉 (𝑛 − 1) =  
( )

( % )
 

- This formula is applied year after year until the first time a volume less than or equal to 0.01 
m3/ha is obtained, chosen as the minimum volume. 

- The year corresponding to this volume is determined as the year of the arrival of the first 
seedlings, thus the year following the first fructification. By going back through all the 
calculation lines, the year in which the equilibrium volume of the regeneration is reached can 
be determined.It is considered that it is from this year, when the regeneration has reached its 
maximum volume, that the first sprinters move to the SW category and that the 
irregularization process can be started.  

- The average number of stems corresponding to the volume of regeneration when it has not 
yet reached equilibrium is determined by dividing this volume by the average volume of an 
understory stem, depending on the species: 𝑁 =  𝑉 /𝑉  
 

d. Modelling 

The objective of the simulation is to reach the equilibrium determined above, starting from the 
plantation. For this purpose, the transition rates to the next category are calculated (Figure 9). Thus, 
for each cutting cycle, the number of stems before cutting can be determined, based on these 
percentages, even before reaching the equilibrium.  

In the example below, 80 stems from US move to the SW stage between each cut, about 20% of the 
SW stems move to the MW stage and about 10% of the MW and LW stems move to the higher 
category. 

Until the start of fructification, modelling is carried out in the "classic" way. The plantation is managed 
with thinnings taking place at the frequency determined above. Using the average stem diameter, the 
stem size category is determined each year. Once the harvestable diameter is reached, very few stems 
from the original plantation remain in the stand. The few remaining stems, less than a dozen, are kept 
in the stand and are considered as bio-trees, i.e. dead trees kept for biodiversity. Their volume is 
therefore always taken into account in the calculation of the overall stand volume, but they are not 
taken into account in the basal area, as they do not influence the competition ratios. 
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From the year of fructification + 1 onwards, regeneration must be taken into account, using the 
method determined above. The number of stems and therefore the volume of regeneration increases 
every year until the maximum volume is reached. From this point on, it is considered that the first 
poles pass the 12.5 cm stage and become SW . We then assume that the stems grow as fast as those 
of the initial plantation. We can therefore know at what age the sprinters become SW, MW, then 
LWand VLW, based on the diameters of the stems in the even-aged high forest models for the same 
age. 
 

  
Figure 9 - Evolution of the number of stems per category between cuts, for a Sessile Oak stand in fertility class 1 

 
As soon as the first stems of the regeneration pass the size classes, it is assumed that other, younger 
and therefore smaller stems are also in the lower classes. This gives us an indication of when the size 
classes SW, MW and LW should be taken into account in the volume and basal area of the 
regeneration.  

Knowing the age at which the regeneration passes from one stage to the next and the percentages of 
stems passing from one class to the next between cuts, the number of stems per class is determined 
before each cut. Between each cut, the number of stems is determined by linear interpolation. 

The removal rates in each class vary from 10 to 20% in each cut. Removals are adapted over time to 
reach the number of stems determined as the balance of the uneven-aged forest in each size class. 

 
e. Results 

Figure 10 shows the evolution of the volume of a Douglas fir stand in fertility class 1 over time. 
Equilibrium is reached after about 145 years. Before that, the volume varies a lot due to the growth of 
the plantation, the beginning of fruiting and the development of regeneration. 
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Figure 10 - Evolution of the volume of a Douglas fir stand in fertility class 1 over time 

 

Limits and perspectives 

All of the above results are from modelling. They are only estimates of potential stand growth over 
time. This is a first work that can be extended and improved by further studies. The main points for 
improvement are : 

- The implementation of a mortality module: The accidental disappearance rate determined 
here is empirical and implemented manually. A method taking into account probabilities and 
depending on the number of stems and their diameter could be implemented, based on the 
examples of those developed in the CAPSIS models. 

- A method for thorough verification of irregular itineraries: In even-aged forestry, the 
itineraries were verified by calculating the IRR and the PFV. The development of similar tools 
for uneven-aged management would allow for in-depth verification of the consistency of the 
proposed itineraries. 

- Spatialization of the irregular forestry model: Today, models are made on a hectare scale, 
assuming that the stand is homogeneous. However, in reality, regeneration takes place in gaps, 
in small diffuse areas within the plots. The implementation of a spatial model taking into 
account this variability of presence would allow us to be closer to the reality in the field. 

- Mixing species: the uneven-aged method developed here only applies to pure stands. 
However, it is mixed plantations, with at least 2 or 3 species that are mainly used by EcoTree. 
We therefore assume that the model can be applied to mixtures, by separating the stands into 
shares proportional to the number of stems planted per species. Further tests will certainly 
show whether this technique is consistent and possible. 

1st fructification 

Cutting of the last 
stems of the 
plantation 

Equilibrium state 
reached 
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Obviously, with the global evolution of the climate and possible climatic hazards, no one knows how 
plantations made today will evolve. Moreover, uneven-aged high forest management is a very recent 
technique on the scale of forests. There is currently little experience of its regeneration and its 
application to different species such as cedar.  

The researches and studies currently being carried out by various institutes such as the ONF, the CRPF 
or associations such as Pro Silva are therefore essential to determine the future of our forests and the 
most relevant management methods to enable them to survive and prosper in the climate changing 
conditions of the coming decades.  

 

Conclusion 

The silvicultural routes modelled during this project are the basis for EcoTree's forest management. 
They are used for the creation of business plans to determine the profitability of our projects and their 
feasibility. They are also the initial data for the entire carbon quantification method developed by 
EcoTree. It is the information relating to the harvesting, the different volumes cut and the standing 
volumes that allow us to quantify the quantities of carbon sequestered by the EcoTree forest stands 
and stored in the wood products resulting from the harvesting. 

The development of this tool is therefore a major step forward for EcoTree, which will allow us to 
refine our management models and to be clearer and more transparent to our customers. 
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Annexes 
Annex 1: CAPSIS modules 

Fagacées 
Species: Sessile oak (Quercus petraea) and Beech (Fagus sylvatica) 
Publication: Le Moguédec, Dhôte, 2012. 
Developers: J-F Dhôte, P. Vallet, G. Le Moguédec, F. Mothe 
 
Gymnos 
Species: Larch (Larix sp.), Douglas fir (Pseudotsuga menziesii) and Common spruce (Picea abies)  
Publication: Perin and al., 2016 
Developers: G. Ligot, J. Perin, A. de Pierpont, S. Quevauvillers 
 
CA1 
Species: Cedar (Cedrus atlantica) 
Developer: F. Courbet 
 
Laricio 
Species: laricio pine (Pinus nigra subs. Laricio) 
Developers: S. Perret, C. Meredieu 
 
ModisPinaster 
Species: Maritime pine (Pinus pinaster) 
Publication  Fonseca and al. 2013 
Developers: T. Fidalgo Fonseca, C. Pachedo Marques, B. Parresol, F. de Coligny, H. Viana 
 
AbiAl 
Species: Silver fir (Abies alba) 
Publication: Bontemps and al. 2009 
Dévelopers: J-D Bontemps, F. Longuetaud, F. Mothe, V. Perez, D. Rittié, L. Saint-André, I. Seynave 
 

 

Annex 2: Sources and methodology for modelling even-aged silvicultural routes 

Modelling with CAPSIS 
Sessile oak 
Bibliography 
SARDIN, Thierry. Guide des sylvicultures - Chênaies continentales. ONF, 2008. 455 p. 
CAPSIS Initialisation - Fagacées 
Fertility 1: H0 = 30 m at 100 years 
Fertility 2: H0 = 25 m at 100 years 
Fertility 3: H0 = 20 m at 100 years 
Planting at 1800 stems/ha with a success rate of 75%, or 1350 stems/ha 
Harvestable diameter: 55-60 cm 
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Larch 
Bibliography 
PAUWELS Dominique, LEJEUNE Philippe, RONDEUX Jacques. Choisir un scénario sylvicole pour les 
mélèzes. Forêt wallonne, 2002, n° 61, p. 17-25. Available on the internet at: 
https://orbi.uliege.be/bitstream/2268/23101/1/fw61_17-24_2002.pdf 
 
CAPSIS Initialisation - Gymnos 
Fertility 1: H0 = 35 m at 50 years  
Fertility 2: H0 = 30 m at 50 years  
Fertility 3: H0 = 25 m at 50 years  
Planting at 1330 stems/ha with a success rate of 85%, i.e. approximately 1130 stems/ha 
Clearing at 10 years to reach 850 stems/ha 
Harvestable diameter: 60 cm 
 
Douglas fir 
Bibliography 
ANGELIER, Ariane. Guide des sylvicultures – Douglasaies françaises. ONF, 2007. 296 p.  
 
CAPSIS Initialisation - Gymnos 
Fertility 1: H0 = 35 m at 50 years 
Fertility 2: H0 = 30 m at 50 years  
Fertility 3: H0 = 25 m at 50 years  
Planting at 1667 plants/ha with a success rate of 85%, i.e. approximately 1415 plants/ha 
1ère thinning for H0 = 14 m 
Harvestable diameter: 60 cm 
 
Cedar 
Bibliography 
CRPF Midi-Pyrénées. Le Cèdre de l’Atlas Midi-Pyrénées. 2008. Available on the internet at: 
https://occitanie.cnpf.fr/data/fiche_cedre_atlas_mp.pdf 
TOTH, Jean. Première approche de la production potentielle du Cèdre de l'Atlas dans le sud de la 
France. Revue Forestière Française, 1973, n°5, p. 381-389. Available on the internet at:  
http://documents.irevues.inist.fr/bitstream/handle/2042/20758/RFF_1973_5_381.pdf?sequence=1 
 
CAPSIS Initialisation– CA1 
Fertility 1: H0 = 30 m at 100 years 
Fertility 2: H0 = 25 m at 100 years  
Fertility 3: H0 = 20 m at 100 years 
Planting at 1667 plants/ha with a success rate of 85%, i.e. approximately 1415 plants/ha 
Harvestable diameter: 60 cm 
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Beech 
Bibliography 
SARDIN Thierry, LEGAY Myriam, BOCK Jérôme, CONRARD François. Référentiels sylvicoles - FR - 
Hêtraies continentales. ONF, 2011. 55 p. 
 
CAPSIS Initialisation– Fagacées 
Beech of the Northwest 
MATHILDE mortality module 
Fertility 1: H0 = 33 m at 100 years 
Fertility 2: H0 = 30 m at 100 years  
Fertility 3: H0 = 27 m at 100 years 
Planting at 2000 plants/ha with a success rate of 85%, i.e. about 1700 plants/ha 
Harvestable diameter: 60-65 cm 
 
Laricio pine 
Bibliography 
CHABAUD Ludovic, NICOLAS Loïc. Guide des sylvicultures – Pineraies des plaines du Centre et du 
Nord-Ouest. ONF, 2009. 399 p. 
DECOURT N. Le Pin Sylvestre et le Pin Laricio de Corse en Sologne : tables de production provisoires 
et méthodes utilisées pour les construire. Annales des sciences forestières, INRA/EDP Sciences, 1965, 
n°22, p. 257-318. Available on the internet at: https://hal.archives-ouvertes.fr/hal-
00881957/document 
 
Capsis initialisation– Laricio 
/!\ The modelling is done on 5 ha 
Fertility 1: 23 m at 40 years 
Fertility 2: 20 m at 40 years 
Fertility 3: 17 m at 40 years 
Plantation at 1667 stems/ha with a success rate of 80%, i.e. approximately 1330 stems/ha 
Harvestable diameter: 60-65 cm 
 
Maritime pine 
Bibliography 
CHABAUD Ludovic, NICOLAS Loïc. Guide des sylvicultures – Pineraies des plaines du Centre et du 
Nord-Ouest. ONF, 2009. 399 p. 
 
CAPSIS iInitialisation– ModisPinaster 
Fertility 1 - at 12 years: H0 = 9 m, G = 16 m²/ha, D0 = 20 cm 
Fertility 2 - at 12 years: H0 = 7 m, G = 13 m²/ha, D0 = 18 cm 
Fertility 3 - at 12 years: H0 = 5 m, G = 10 m²/ha, D0 = 16 cm 
Planting at 1667 plants/ha with a success rate of 85%, i.e. approximately 1415 plants/ha 
Clear cut at 40 years of age 
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Common spruce 
Bibliography 
LADIER Jean, REY Freddy, DREYFUS Philippe. Guide des Sylvicultures de Montagne Alpes du Sud 
françaises. ONF-Irstea, 2012. 301 p. Available on the internet at: 
https://www.ofme.org/documents/Sylvi/Guide_des_sylv_de_montagne_Sud_2012_light.pdf 
LEJEUNE P., THIBAULT A., PAUWELS D. Un modèle de gestion informatisé pour les plantations d’épicéa 
commun en Ardenne belge. Les cahiers forestiers de Gembloux, 2002, n° 24. 
 
CAPSIS initialisation– Gymnos 
Fertility 1: 30 m at 50 years 
Fertility 2: 27 m at 50 years 
Fertility 3: 24 m at 50 years 
Plantation at 1667 stems/ha with a success rate of 85%, i.e. approximately 1415 stems/ha 
Harvestable diameter: 50 cm 
 
Silver fir 
Bibliography 
SARDIN Thierry. Guide des sylvicultures – Massif Vosgien – Sapin, Epicéa et Pin sylvestre. ONF, 2012. 
164 p. 
 
CAPSIS initialisation– AbiAl 
Fertility 1: 35 m at 100 years – G = 25 m²/ha à 30 ans 
Fertility 2: 30 m at 100 years - G = 20 m²/ha à 30 ans 
Fertility 3: 25 m at 100 years - G = 17 m²/ha à 30 ans 
Plantation at 1667 stems/ha with a success rate of 85%, i.e. approximately 1415 stems/ha 
Harvestable diameter: 50-55 cm 
Altitude: 50 m 
1st thinning: H0 = 15-17 m 
 
Silvicultural routes calculation without CAPSIS  

- Search for bibliography and data on the annual or average increase in diameter, the dominant 
height according to the station... 

- -Choice of a cubing rate to estimate the volume of trees, with different coefficients 
- Implementation and modelling in Excel  

The EMERGE and Climafor reports were used to find different cubing coefficients and rates.  
DELEUZE Christine et al. Dossier EMERGE dendrométrie. RDV Techniques ONF, 2014, n°44, p. 17-81 
GLEIZES Olivier. 2017. Faire un diagnostic carbone des forêts et des produits bois à l’échelle d’un 
territoire (étude de faisabilité Climafor) – Rapport final. ADEME. 118 p. 
 
Red oak 
Bibliography 
LAVNYY Vasyl. Ecology and management of northern red oak (Quercus rubra L. syn. Q. borealis F. 
Michx.) in Europe: a review. Forestry: An International Journal of Forest Research, 93, n° 4, 2020, p. 
481–494 
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RONDEUX Jacques, THIBAUT André, CLAESSENS Hugues. Comment estimer la productivité des 
peuplements de Chêne rouge d'Amérique (Quercus rubra L.) En moyenne et haute Belgique ? Faculté 
universitaire des Sciences agronomiques de Gembloux, 1999, 2 p. Available on the internet at: 
www.gembloux.ulg.ac.be/gestion-des-ressources-forestieres/upload/Fiches%20techniques/N°10.pdf 
SARDIN Thierry. Guide de sylviculture et itinéraires techniques de travaux sylvicoles : le Chêne rouge du 
domaine atlantique. ONF, 2004, 61 p. 
 
Data 
Estimation of tree volume: EMERGE method with species-specific coefficients 
As the given volume is the overall aerial volume including the crown, the coefficients of the Carbofor 
study are used to find the wood volume for a diameter above 7 cm  
Average annual increments: from bibliography and observations of Vianney dlB 
Height: determined using the document Le chêne rouge d’Amérique en Moyenne et Haute Belgique 
Plantation at 1330 plants/ha and 85% success rate, i.e. approximately 1130 plants/ha 
Harvestable diameter: 60 cm 
 
Sitka spruce 
Bibliography 
WORRELL Richard. Geographical variation in Sitka spruce productivity and its dependence on 
environmental factors. Edinburgh University, 1987, 241 p. Available on the internet at: 
https://era.ed.ac.uk/bitstream/handle/1842/11958/Worrell1987.pdf?sequence=1 
 
Data 
Estimation of tree volume: EMERGE method with species-specific coefficients + CARBOFOR coefficient 
Average annual increments: comparison with Douglas fir and Norway spruce routes, and other existing 
production tables 
Height: determined using the document Les cahiers forestiers de Gembloux  
Planting at 1667 plants/ha and 85% success rate, i.e. approximately 1415 plants/ha 
Clear cut at 40 years 
 
Thuja 
Bibliography 
BRADLEY R.T., CHRISTIE J.M., JOHNSTON. Forest Management tables. Forestry Commission Booklet, 
1966, n°16, 2169 p.  
LAROUCHE Catherine, BOULFROY Emmanuel, FORGET Eric. Guide pour la sylviculture du thuya 
occidental. Service canadien des forêts - Centre canadien sur la fibre de bois, 2012, 74 p. Available on 
the internet at:  
https://www.researchgate.net/publication/281099437_Guide_pour_la_sylviculture_du_thuya_occid
ental 
 
Data 
Estimation of tree volume: EMERGE method with species-specific coefficients + CARBOFOR coefficient 
Average annual increments: comparison with existing production tables 
Height: determined using the Guide pour la sylviculture du thuya occidental 
Planted at 1667 plants/ha and 85% success rate, or about 1415 plants/ha 
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Harvestable diameter: 60 cm 
 
Chestnut tree 
Bibliography 
CRPF Languedoc-Roussillon. Guide de sylviculture du Châtaignier en Languedoc-Roussillon. Available 
on the internet at: https://occitanie.cnpf.fr/data/guide_sylvi_chataignier.pdf 
BOURGEOIS Catherine, SEVRIN Eric, LEMAIRE Jean. Le châtaignier, un arbre, un bois. 2ème édition. 
Institut pour le développement forestier, 1992, 352 p. 
 
Data 
Estimation of tree volume: EMERGE method with global coefficients for deciduous trees+ CARBOFOR 
coefficient 
Average annual increments: comparison with existing production tables 
Height: determined thanks to the CNPF document 
Plantation at 1330 plants/ha and 85% success rate, i.e. approximately 1130 plants/ha 
Harvestable age: 45-50 years 
 
Scots pine 
Bibliography 
CHABAUD Ludovic, NICOLAS Loïc. Guide des sylvicultures – Pineraies des plaines du Centre et du Nord-
Ouest. ONF, 2009. 399 p. 
PEROT Thomas, PERRET Sandrine, MEREDIEU Céline, GINISTY Christian. Prévoir la croissance et la 
production du Pin sylvestre : le module Sylvestris sous Capsis 4. Revue Forestière Française, 2007, p. 
57-84.Available on the internet at: 
http://documents.irevues.inist.fr/bitstream/handle/2042/8483/57_84_PEROT_OK.pdf?sequence=1 
 
Data 
Estimation of tree volume: EMERGE method with species-specific coefficients + CARBOFOR coefficient 
Average annual increments: comparison with existing production tables 
Height: determined by the formula in the document Prévoir la croissance et la production du Pin 
sylvestre 
Planting at 1667 plants/ha and 85% success rate, i.e. about 1415 plants/ha 
Harvestable diameter: 45-50 cm 
 

 

Annex 3: Self-thinning functions 

Douglas fir 

ln(𝑁) = 0.607 + 5.192. ln(𝐷𝑔) − 1.009. ln (𝐷𝑔)  

 𝑁 =  𝑒 . . . ( ) . .  ( )  
According to Charru and al., 2012. 
With N : number of trees per hectare and Dg : mean square diameter (in cm) 
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Sessile oak 

ln(𝑁) = 12,681 + 1,911. ln(𝐷𝑔) 
 𝑁 =  𝑒 , , . ( ) 
According to Charru and al., 2012. 
 
Beech 

ln(𝑁) = 9,790 − 0,296. ln(𝐷𝑔)  

 𝑁 =  𝑒 , , . ( )  
According to Charru and al., 2012. 
 
Scots pine 

ln(𝑁) = 2,279 + 4,701. ln (𝐷𝑔) − 1,023. ln(𝐷𝑔)  

 𝑁 =  𝑒 , , .  ( ) , . ( )  
According to Charru and al., 2012. 
 
Laricio pine 

ln(𝑁) = 12,104 − 1,653. ln (𝐷𝑔) 
 𝑁 =  𝑒 , , .  ( ) 
According to Charru and al., 2012. 
 
Maritime pine 

ln(𝑁) = 9,307 − 0,272. ln (𝐷𝑔)  

 𝑁 =  𝑒 , , .  ( )  
According to Charru and al., 2012. 
 
Common spruce 

ln(𝑁) = 10,043 − 0,287. ln (𝐷𝑔)  

 𝑁 =  𝑒 , , .  ( )  
According to Charru and al., 2012. 
 
Silver fir 

ln(𝑁) = 4,700 + 3,000. ln(𝐷𝑔) − 0,718. ln (𝐷𝑔)  

 𝑁 =  𝑒 , , . ( ) , .  ( )  
According to Charru and al., 2012. 
 
Larch 

log(𝐷𝑔) = 2,81549 − 0,47277. log(𝑁) 

 𝑁 =  10
( ) ,

,  
According to Pauwels, 2003. 
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Thuja 
log(𝑣) = 11,3196 − 2,1325. log (𝑁) 

𝑁 = 10
( ) .

,  
According to Smith, 1989. 
With v = individual volume per stem (in m3) 
 
Other species 

For the other species (Cedar, Red Oak, Sitka Spruce and Chestnut tree), there is no specific self-thinning 
law. Only accidental mortality is taken into account. 
 

 

Annex 4: Fructification ages  

Douglas fir 

"Fructification begins on trees 10 to 30 years old and continues for hundreds of years, often peaking 
every 2 to 11 years.” Available on the internet at: https://jardinage.ooreka.fr/plante/voir/870/sapin-de-
douglas 
"Sexual maturity: around 10 years but good fructification at 20-30 years.” Available on the internet at:  
https://www.fichierecologique.be/#!/ 
Choice for modelling: 20 years 
 
Sessile oak 

"The sessile oak does not bear fruit until it is 60 to 70 years old.” Available on the internet at: 
https://document.environnement.brussels/opac_css/elecfile/IF_biodiversite_Chene_sessile_DEF_FR.pdf 
"Sexual maturity: 60-70 years in a stand but 20-30 years in isolation.” Available on the internet at: 
https://www.fichierecologique.be/#!/ 
Choice for modelling: 65 years 
 
Beech 

"Beech fructification starts between 40 and 50 years in open areas and around 60-80 years in dense 
stands. " Available on the internet at: 
https://infodoc.agroparistech.fr/doc_num.php?explnum_id=3210&svc.fulltext=yes 
"Sexual maturity: 60-80 years in a stand and 40-50 years for isolated individuals. ". Available on the internet at:  
https://www.fichierecologique.be/#!/ 
Choice or modelling: 60 years 
 
Larch 

"Regular production start age: 10 years" Available on the internet at: 
http://www2.publicationsduquebec.gouv.qc.ca/essences/arbre.php?id=17 
"Sexual maturity: 20 to 30 years in stands. " Available on the internet at: https://www.fichierecologique.be/#!/ 
Choice for modelling: 20 years 
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Cedar 

"Fructification is early (15-20 years) in favourable conditions and late in rather difficult conditions. " 
Available on the internet at: https://www.memoireonline.com/07/08/1372/m_memoire-etude-
fructification-regeneration-cedre-atlas2.html 
"Sexual maturity: 15-20 years" Available on the internet at: 
 https://www.fichierecologique.be/#!/ 
Choice for modelling: 25 years 
 
Common spruce 

"Age of beginning of regular production: 10 to 15 years”. Available on the internet at: 
http://www2.publicationsduquebec.gouv.qc.ca/essences/arbre.php?id=16 
"Their sexual maturity is between 20 and 30 years." Available on the internet at: 
https://www.lepeupledacote.com/plante/epicea-picea 
Choice for modelling: 20 years 
 
Laricio pine 

"Sexual maturity: 30 years" Available on the internet at: 
 https://www.fichierecologique.be/resources/fee/FEE-PC.pdf 
"The sexual maturity of the tree is reached between fifteen and forty years. " Available on the internet 
at: https://fr.wikipedia.org/wiki/Pinus_nigra 
Choice for modelling: 20 years 
 
Silver fir  

"They are monoecious plants. Generally their sexual maturity develops at 25 to 40 years. " Available on 
the internet at: https://www.lepeupledacote.com/plante/sapin-abies 
Choice for modelling: 45 years 
 
Red oak 

"Age of beginning of regular production: From about 25 years old" Available on the internet at: 
 http://www2.publicationsduquebec.gouv.qc.ca/essences/arbre.php?id=93 
"Sexual maturity: around 25-30 years depending on the station, and often earlier. " Available on the 
internet at : https://www.fichierecologique.be/#!/ 

Choice for modelling: 25 years 
 
Sitka spruce 

"Sexual maturity: 20 to 40 years old in stands. ". Available on the internet at:  
https://www.fichierecologique.be/#!/ 
"Their sexual maturity is between 20 and 30 years. " Available on the internet at: 
https://www.lepeupledacote.com/plante/epicea-picea 
Choice for modelling: 25 years 
 
Thuja 

« Sexual maturity: 15-20 years ». Available on internet at : https://www.fichierecologique.be/#!/ 
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"Sexual maturity 20-30 years.” Available on the internet at: https://www.foretprivee.ca/wp-
content/uploads/2018/12/Guide_2012_Thuya-1.pdf 
Choice for modelling: 20 years 
 
Chestnut tree 

"Sexual maturity: Between 15 and 20 years. ". Available on the internet at:  
https://www.fichierecologique.be/#!/ 
"Sexual maturity around the age of 20. ". Available on the internet at: 
https://www.lepeupledacote.com/plante/chataignier-castanea/ 
Choice for modelling: 20 years 
 
Scots pine 

"Sexual maturity: 20 years. ". Available on the internet at : https://www.fichierecologique.be/#!/ 

"Optimal production age: 15 years or more. Available on the internet at: 
http://www2.publicationsduquebec.gouv.qc.ca/essences/arbre.php?id=20 
Choice for modelling: 20 years 
 

Maritime pine 

Choice for modelling: 15 years 
 
 


