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1 Introduction

Forests are complex systems continuously in interaction with the other surrounding
systems. The climate system is regulated by the forests through the carbon and
water cycles. The carbon cycle is closely linked to the forests thanks to the carbon
sequestration in the biomass and the soil (Pan et al. 2011). The water cycle is
influenced by the forests with the evapotranspiration (de Wergifosse et al. in review).
The forest ecosystems also give many ecological services to the society. Ecological
services can be defined as the positive externalities of a forest on the environment.
Some of them are purely anthropogenic such as timber or leisure activities but a
lot of them are more indirect such as water and air filtration, biodiversity. All
these complex interactions make difficult the prediction of forest responses to global
changes. These changes are numerous such as climate change, biodiversity loss due
to ecosystem destruction and fragmentation, invasive species importation or native
species proliferation. Climate change is caused by the increase of carbon dioxide.
It will probably lead to an increase of mean temperatures, the modifications of the
rains and weather events such as drought, heavy rain, hurricanes. These events
are likely to increase in frequency, duration and intensity with the climate change.
The knowledge acquired about these impacts is based on long-term analysis (Ningre
et al. 2019; Pretzsch 2006; Swaim et al. 2016) and controlled experiments (Coll,
Balandier, and Picon - Cochard 2004; Turcsán et al. 2016). But due to the long
lifespan of the forest stands, the experiments covering all these lifespans are unusual
(Pretzsch 2006).

An approach that is promising to connect the different knowledge is modeling.
It is a process that aims to make a representation of a system in order to have
a better understanding of this system. As the forest ecosystem is very complex,
modeling allows to divide it into different subsystems that are easier to deal with
(e.g. tree growth, nutrient cycle, water cycle, radiation transfer, etc.) and choices
can be made for the scale (temporal and spatial) the model work with. Those choices
involve different hypotheses that affect the model abilities. Once a model is effective,
it can be able to make predictions by changing the environmental conditions, the
human interventions and the other disturbances. Of course these predictions will
never be totally accurate but it allows to explore many scenarios to identify the most
promising in order to test them in field experiments. This approach needs to invest
the time in the model development but then it makes it possible to earn time and
money by reducing the need in field experiment that is only necessary to validate
the modeling predictions.

Forest modeling is not a new field of research. Some tools were already used to
predict the yields of a stand with the characteristics of the site (climate, soil fertility,
slope, etc.). An example of tool developed is yield tables which are calibrated on
reference stands (Miina et al. 2006) and can be used to have an estimation of the
yields of a specific specie on a stand with a specific site index. That kind of tool is

7



simple to use and accurate to have an estimation of the production but their validity
domain is limited to species, site index and other conditions they were calibrated for.
Another modeling approach developed was distribution models. These models use
stochastic relations to simulate the evolution of a stand from an initial distribution of
trees characterized by their dimensions. The updated distribution in then obtained.
Individual tree models simulate the tree growth for each individual (Pretzsch et al.
2006). It allows to handle spatialization in the stand in distance dependent models
(in opposition to distance independent models). The stand characteristics can be
extracted easily from these models and the trees interaction can be modeled (e.g.
crown, water, and light competition). With the changes in the forest management
practices, new modeling methods were developed to handle age and species hetero-
geneity. The climate change also involves that the conditions are changing with the
time which is another constrain on the use of models. All those considerations lead
to the conclusion that empirical models are not suitable for long-term prediction in
a changing environment.

A better approach that can answer those questions is process-based models.
Those models are indeed more flexible in their use. Instead of calibrating the model
on specific environmental conditions, the environmental conditions are an input of
the model and the processes are using those conditions to calculate the outputs.
This approach has many advantages and can help in our understanding of the forest
ecosystem. They bring a possibility to understand the key processes behind the
changes observed or simulated and identify the environmental constraints of a forest
ecosystem (Mok et al. 2012). Unfortunately, no model is perfect and the calibration
and validation of the process-based models are still restricted to a few sites and
they should be used with parsimony when they are pulled outside of their validation
range. The accuracy of those models for the conditions they are calibrated for is also
smaller than the empirical models but it is expected that this accuracy decreases
sparsely outside of the calibration range compared to empirical models.

Heterofor is a process-based model that tries to answer the questions raised
before. (Jonard et al. in review). Its approach is to focus on scenario analysis at
a stand scale with individualized and spatialized trees. That approach is developed
within the Capsis modeling platform (Dufour-Kowalski et al. 2012).
Different processes have been implemented in Heterofor: radiation absorption
and transfer, phenological periods, water balance, photosynthesis, nutrient cycling
and mortality. With those processes included in the model, the range of scenarios
that are possible to explore is already interesting. The final user can start running
simulations with the possibility to compare different scenarios of thinning (which
is the main possible human intervention on a stand with planting). The impact of
thinning on the tree growth in the neighborhood of a cut tree can be measured. The
model can for instance show differences in the basal area increment under variable
CO2 concentrations (Jonard et al. in review).

As seen before, there is a need to handle the global changes impacts on the
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forest ecosystems. A known solution is to increase the resilience of them. Resilience
is the ability of a system to adapt to disturbances in order to avoid a collapse.
These disturbances are not only linked to climate as weather events but can be
anthropogenic like timber harvesting, atmospheric and water pollution or biological
such as invasive species or native species proliferation. Those species can disturb the
forest ecosystem by competing with regeneration for light or soil resources. Other
species can put pressure on the regeneration (browsing pressure) or on adult trees
(parasites). The research should focus on the impacts of these disturbances to
bring some keys to support the ecosystems in their adaptation to the fast changing
conditions due to climate change. As it is known for every ecosystem, an increased
biodiversity is essential to make the forest ecosystems more resilient. It means that
the forest management practices have to change into mixed stands. The uneven
aged stands are also important to avoid the clear cut which is a huge disturbance
on the forest ecosystem. The negative effects of clear-cutting are numerous: soil
mass movement, stream siltation, wind throw, and biodiversity loss (Ligot 2014).
But how to choose which species have to be mixed to keep a good productivity
of the forests while enhancing the resilience? That question is very complex and
a good knowledge of the ecology of the different species and the between-species
interactions is needed. For example beech is known to be very sensitive to climate
change hazards such as drought (Coll, Balandier, and Picon - Cochard 2004) which is
limiting its recruitment (Fruleux et al. 2016) and affects adult trees. This sensibility
is visible in the beech geographical range but its drought resistance and growth rate
can be improved in mixed stands (Condés and del Río 2015). In opposition, oak
has a better resistance to drought but has some difficulties to regenerate because
of its shading sensitivity. The main reason that explains these difficulties is the
competition with beech seedlings and other shade-tolerant species. Oak seedlings
need enough light through canopy opening to successfully establish whereas beech
seedlings can establish before any opening (Ligot 2014). Moreover, seed predation
by wild boars and browsing by ungulates is selective against acorn and oak seedlings
(Kuiters and Slim 2002; Zeman et al. 2016).
To ensure a greater resilience, forest management methods are nowadays evolving
from even-aged pure stands managed with clear-cutting to more close-to-nature
practices. The objectives of the new practices are to minimize the impact of timber
harvesting in order to enhance the ecological services while keeping an economic
value at a similar level and reducing the negative impacts on the forest ecosystem.
These practices are mixed and uneven-aged stands.

In mixed and uneven-aged stands, the objective is to maintain every tree age
classes for the species of interest. It means that the regeneration is continuous to
renew the tree stock. When the periods of time exceed 30 years, the distribution of
species is susceptible to change. These changes could influence the results of long
time simulation in models. Therefore, the evolution of mixed stand with the envi-
ronmental changes cannot be predicted without taking regeneration into account.
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Due to the sensitivity of the seedlings to their environment, the impact of climate
change on regeneration is probably a greater factor of changes in forests composi-
tion than the impact on adult trees (Gómez-Arparicio et al. 2008; Mok et al. 2012).
Moreover, mixed forests naturally evolve to pure stands with shade-tolerant species
like beech. An intervention is thus necessary to keep a forest mixed. Regeneration is
a continuous process in uneven-aged forest that must be taken into account because
of the impacts it can have on adult trees and especially for long-term simulations.

Forest modeling focus mainly on tree growth which is the indicator of the eco-
nomic value of forest management choices. Therefore, processes that are not closely
linked to growth such as mortality or regeneration have been neglected. Gap models
are an exception because of their objectives. They were developed to answer ecolog-
ical questions, including the long-term behavior of the forest ecosystems (Bugmann
2001). Modeling the forest regeneration in the other types of models is necessary
to handle long period simulations of forest growth. The attempts to model this
process are often small modules based on observations that will lack of accuracy
for changing environments. As for growing models, the process-based approach is
able to handle the changing environments. Therefore, there is a need to reproduce
a process-based forest regeneration is models.

The objective of this Master’s thesis is to develop a regeneration module for
Heterofor, a process-based and spatially explicit model. To handle the number
of individuals in regeneration, the seedlings are put together into cohorts, and the
cohorts are distributed in size classes. The model handles the growing process
of seedlings from juvenile stage (0.2 meters) to the recruitment (12 meters) which
includes the new trees in Heterofor. The key processes used in the module are the
light availability for the seedlings height growth and the carbon resources production
for the mortality process. To evaluate the model, self-thinning line were reproduced
with different growing scenarios.
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2 State of the Art

2.1 Definitions

Definition 1 Regeneration: Replacement of mature individuals by individuals of
the same species (Kroschel et al. 2016). This process involves different stages: seed
production, dispersal and survival, germination, establishment and growth until
recruitment. Regeneration is also used to talk about the whole seedlings in the
understory (Miina et al. 2006) and can be both natural and artificial (planting).

Definition 2 Understory: All the vegetation under the canopy of a forest. It may
include regeneration cohorts and herbaceous layer of vegetation.

Definition 3 Recruitment: is the introduction of new individuals into a population
or community (Ribbens et al. 1994). This term is used to design seedlings newly
established (seedling recruitment, Ribbens et al. 1994 or tree that can be considered
as an adult tree. The minimal dimension to consider a tree as an adult is variable
from an author to another (1.3 m high for Fulton 1991, 6 cm diameter at 1 m for
Canham 1990).

Definition 4 Competing vegetation: Vegetation growing in the understory of a
forest except the regeneration. That vegetation can compete with regeneration for
resources such as water, nutrients and light (Balandier et al. 2006).

Definition 5 Establishment: Process in the early stage of the seedling develop-
ment (Price et al. 2001). It starts at the germination and ends when the seedling
gain enough vigor to be resistant to small disturbance in the resources availability
and physical disturbances such as animal hit or grazing (Löf 2000).

Definition 6 Model: Abstraction of the reality into a simpler representation of
that reality (Rogers and Johnson 1998). The models are used to explore situation
where no data is available (extrapolation), to interpolate the data, in order to have
a better understanding of the system with a conceptual or biometric description of
them (Pretzsch 2006).

Definition 7 process-based model: Model based on physical, chemical and biolog-
ical laws in order to analyze the behavior of a system (Makela et al. 2000).

Definition 8 Self-Thinning: Natural mortality process which makes the stem
density decrease with the seedlings growth. In this process the seedlings are only
subject to competition-induced mortality (Ningre et al. 2019).
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2.2 Regeneration Processes

Regeneration is a succession of a lot of different processes that goes from the flowering
of an adult tree to the recruitment of a new young tree. An overview of those
processes and some modeling approaches for them can be found in the literature.
Despite the processes are well known and sometimes modeled, no model was found
with all of them included into.

2.2.1 Fruit Production

It is the first step of regeneration. It includes the processes from the flowering to
the seed production. For the flowering prediction, date of budburst is modeled with
a main driver which is the temperature (Chuine et al. 1999) or heat sums (Price et
al. 2001). Maak and von Storch (1997) also showed a strong correlation between
the air temperature in January, February and March and the anomalies in the flow-
ering date. The models are using the forcing temperature and can take the chilling
temperature into account. In temperate regions, the flowering occurs in a range of
time for a given specie. The photoperiod (Fitter et al. 1995) can also be used to
predict flowering whether it is absolute or relative (along with temperature).
Seed production can be related to species, age, size and vigor of the parent tree
(Price et al. 2001). The tree species can be grouped between heavier-seeded species
which produce fewer and larger seeds and light-seeded species which produce a lot of
small seeds (Kroschel et al. 2016). The seeds production variability is also different
between heavy seed production which can have a high between-years variability such
as oak with the masting process and light-seeded trees which have a more constant
between-years production. An important phenomenon is the oak’s fruiting dynamics
called masting (Schermer et al. 2019; Touzot et al. 2018). It has been observed that
oaks produce seeds sporadically between the years and the oaks in a same environ-
ment are synchronized for their seed production. Schermer et al. (2019) developed a
resource budget model (RBM) to highlight the drivers of masting. They concluded
that the resource availability and the pollen dynamics are involved in the masting
process. Caignard et al. (2017) showed that the seed production of oak is increasing
with the temperature rise in the past decades and the seed production of oak also
decrease with aging.

2.2.2 Seed Dispersal

This process depends on the dispersal vectors, the phenology, the seed type and the
fecundity of the adult tree (Kroschel et al. 2016). The seed dispersal can lead to
species migration along environmental gradient (Price et al. 2001). Dispersibility
decrease with the seed weight (Streng et al. 1989)
Jensen (1985) has shown the dispersal distance of F. silvatica and Q. robur seeds
by rodents. That distance is between 0.5 m and 10 m from the original position (4
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m on average). The seeds dispersed were found in caches in the mineral soil, the
litter or the vegetation. The dispersal of beech nuts by blue jays was measured by
Johnson and Adkisson (1985). The range of dispersion can be up to 4 km following
wooded hedge (to escape predators). The ecological relation between oak and jay
has been largely studied. The jays collect acorn from an oak and travel a variable
distance (from hundred meters to several kilometers) to hide them in separate sites
(Bossema 1979).

In models, seed dispersal can be simulated using deterministic seed-rain curves
as a function of distance from the parent trees (Price et al. 2001). The dispersal
agents generate a seed shadow, an area heterogeneously covered with seeds (Janzen
1971).

2.2.3 Seed Survival

Seed survival is the time between the seed dispersal and the germination. The seeds
need precise conditions to germinate and the viable seed number decrease with time
because of predation or aging. Two different types of seeds storing strategies can be
found in the tree species: seeds stored in cones and release when some environmental
conditions are met and seeds spread directly by the parent tree and stored in the
soil seed bank (Price et al. 2001). Masting is a kind of survival strategy: the trees
produce a lot of seeds on year to reach a predator satiation and no seed the rest
of the time to make the predators starve (Bogdziewicz et al. 2018; Janzen 1971).
Zeman et al. (2016) has measured that despite the high acorn consumption by
the wild boar, the impact on oak regeneration is limited and there is enough acorn
production to feed them and have a remaining stock for regeneration but Gómez et
al. (2003) showed that acorns were quickly consumed by predators and only 4% of
acorn has produced seedlings. Hille Ris Lambers et al. (2005) in an analysis of the
forest seed banks has not found oak seeds stored despite high seed production and
germination.

2.2.4 Germination

Germination is highly dependent to the climate conditions such as soil moisture, soil
temperature, air temperature, available light but also on seed viability (Kroschel et
al. 2016). Some seeds require winter chilling (vernalization) to germinate (Price
et al. 2001). In general, heat sums are used to simulate the start of germination
process but moisture is also essential for germination and can be used as a variable
for its prediction (Mok et al. 2012).

2.2.5 Establishment

Establishment is the growth and survival process for seedlings during the early
stages. Kroschel et al. (2016) consider that the establishment process is finished
when the seedlings are older than 3 years. After germination seedlings are very
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sensitive to their environment (Gómez-Arparicio et al. 2008; Mok et al. 2012) and
their survival is variable with the available resources and the competition among
other plants. Mok et al. (2012) suggest an approach based on an establishment
probability in a regeneration niche calculated with environmental variables such as
frost and drought events. The different factors that will affect establishment can be
divided in abiotic factors, interspecies competition and browsing pressure.

Abiotic Factors

Seedling survival can be related to some abiotic factors in which light can be consid-
ered as the main driver (Balandier et al. 2006; Gómez-Arparicio et al. 2008). Soil
water content can also be considered as an important driver whether it is limiting
or excessive (Gómez-Arparicio et al. 2008). Nutrient availability can be used to
a lesser extends in order to predict establishment but it is also in interaction with
other factors such as high water content, which contributes to improve the nutrient
mobility in the soil.

Interspecies Competition

Establishment is also subject to inter-specie competition. Balandier et al. (2006) use
the concept of best competitor to compare the different species and predict which
one will survive. The best competitor is the specie which is better adapted to the
resources availability. With high resources availability, fast-growing species will be
the best competitors. In opposition, in low resources availability environments, the
best competitors will be plants able to reduce the losses. The competition can occur
for soil resources (nutrients and water) or for light. Each resource needs specific
strategies to improve the uptake or to reduce the losses.
For nutrients, the strategies to reduce losses are a long tissue lifespan and low con-
centration in death tissues. If the nutrient availability is low and in the places where
the water is highly available, the best competitors are fast-growing species with high
water loss. In forests, nutrients are usually concentrated in the top soil and water
content increase with depth. The ability to adapt the root system to improve nutri-
ent and water uptake will also determine the capacity to compete the surrounding
vegetation.
The competition for light is crucial in forest environment. In bright environment,
the morphology and physiology of plants are important traits to compete with neigh-
boring vegetation thanks to a fast expansion. In low light environments, positive
carbon budget maintenance, light capture optimization, low respiration rates are
traits that will have the successful competitors (Balandier et al. 2006).
Two species can develop at the same place without competing if there is spatial
and/or a temporal segregation. For example, adult trees will grow deeper roots if
there are competitors in the neighborhood. The phenology (seasonal variation) can
also reduce the impact of competition for trees (Balandier et al. 2006).
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Fruleux et al. (2016) has shown that beech growth suffer from conspecific compe-
tition which is due to belowground competition. In contrast, oak seedlings do not
affect the growth of beech seedlings in regard to the resources competition. They
also highlighted a positive interaction between oak and beech seedlings under water
stress. The authors suggest that these results could be explained by the below-
ground niches occupied by oak and beech seedlings which may be slightly different.
Coll, Balandier, Picon - Cochard, et al. (2003) found similar results in a study on
beech establishment and growth in old meadows. The objective was to understand
the beech seedlings growth requirements. A recently abandoned meadow colonized
by grass was used to study the water requirements. An old meadow colonized by
25-year-old Scot pines was used to study the light requirements. Half of the first plot
was weeded periodically a part of the second has been thinned. These operations’
aim is to compare the situations of high resource availability with low resources
availability. The unweeded part of the plot was unsuitable for beech because of the
water competition. The unthinned adult Scot pines stand (PAR 9.9%) reduces the
beech growth because of the light competition. Unlike grass, the understory veg-
etation was not limiting beech growth with water competition. A more controlled
experiment (Coll, Balandier, and Picon - Cochard 2004) has shown similar results
with a growth strongly limited by grass competition due to lack of water available
for beech that also have an impact on nitrogen uptake. The authors highlight that in
field conditions, the beech seedlings can root deeper than grass so this competition
is only effective during the first steps of establishment. In low-light conditions, the
competition by grass is less intense so beech can develop. The biggest height growth
rates have been observed for beech in full light condition without grass competition.
In opposition to beech and birch, oak survival is less affected by desiccation (McKay
et al. 1999).
The biomass allocation is influenced by the resources competition. The shoot/root
ratio is for example modified with more resources allocated is the shoot in case of
light competition and in the roots in case of water or nutrient competition (Gaudio,
Balandier, Philipe, et al. 2011).
The better adaptation of oak to water stress could come from its ability to grow
deeper roots than beech (Löf 2000) which improve the water uptake (as water con-
tent increases with depth). The impact of the competing vegetation can be related
to a below-ground competition for water which leads to a reduction of the water po-
tential. The author concludes in his paper that oak can establish more easily than
beech during the first steps of its development thanks to its adaptations to water
stress which result in a higher growth rate when it is subjected to below ground
competition. In summary, oak has a lower tolerance to shade and a higher tolerance
to drought than beech (van Hees 1997).
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Browsing Pressure

Herbivores can have a huge impact on a forest tree composition by selective brows-
ing (Mitchell and Kirby 1990). Kuiters and Slim (2002) analyzed the evolution of a
mixed stand after a reduction of ungulates species and concluded that the browsing
pressure has a great impact mainly on oak regeneration but also on beech seedlings.
This impact is not linear with the herbivore density: there is a threshold under
which the regeneration is feasible. This threshold must allow a spatial and tem-
poral variability in the browsing pressure which allows some periods of successful
regeneration alternated with long periods without regeneration. With a modeling
approach, Jorritsma et al. (1999) shown that even low ungulates densities can have
a significant impact on the forest regeneration.

2.2.6 Mortality

Bigler and Bugmann (2003) summaries the different approaches to model tree mor-
tality into stand-scaled approaches and individual-based approaches. At the stand
scale, the common approaches use mortality rates function of the tree age or other
tree characteristics such as tree dimensions and growth rates (Holzwarth et al. 2013;
Yang et al. 2003). At the tree scale, mortality can be modeled with size-related
variables, growth-related variables, crown-related variables (e.g., leaf area index or
crown defoliation), ratios of crown-related and growth-related variables and other
variables such as age, competition, or social position. As the seedlings are mostly
modeled at a stand scale, the focus will be put on this approach.
Holzwarth et al. (2013) describe the U-shaped curve of mortality function of size.
The tree seedlings are located in the left part of the curve which means that they
have a high mortality rate that is decreasing to a minimum at recruitment. The
juvenile trees die mainly standing or crushed until they are 50 years. The causes
of a standing dead are mostly due to a stress and can be predicted by a reduced
growth which shows a struggle to maintain a positive carbon balance.
Some of the mortality description in the literature are based on the self-thinning
process introduced by Reineke (1933): for a given mean dimension of trees, the
density cannot exceed a threshold. It is generally described as self-thinning lines or
maximum size-density lines (Charru et al. 2012; Ningre et al. 2016; Pretzsch 2006;
Yoda 1963). All the self-thinning equations that can be found are calculated on the
base of pure undisturbed stand.
Based on 120 years of observations, Pretzsch (2006) confirms the self-thinning lines
described by Yoda (1963) for beech, oak, Scots pine and spruce. These self-tinning
line follows the equation 2.1 with w the mean tree biomass (kg tree−1), N the stem
number and k’ is equal to 15, 16, 17 as a reference.

ln w = k′ − 3/2 lnN (2.1)
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Ningre et al. (2016, 2019) also developed self-thinning lines that are called maximum
size-density lines. The variable used to model the self-thinning is the girth at breast
height (Cg) with the equation 2.2. The value of the parameter a is equal to 13.733
for both species and the value of b is respectively equal to -1.652 and -1.512 for oak
and beech.

ln(Nmax) = a+ b ln(Cg) (2.2)

All the mortality equation seen before are empirical and a process-based mortal-
ity is essential to take the environmental changes into account (Keane et al. 2001;
Makela et al. 2000). The photosynthesis and respiration processes are well known
but the connection with carbon allocation and growth under stress is still necessary
to understand in order to model a environment dependent mortality.

Some attempts to model mortality are focused on specific disturbances such as
drought (Meir and Mencuccini 2015) but these processes are still poorly understood
and difficult to predict. Wang et al. (2012) listed two drought-induced tree mortality
processes: carbon balance based mortality (respiration demand > GPP + Stored
non-structural carbohydrates) and xylem cavitation induced mortality.

2.2.7 Growth & Morphology

It is the survival process after a successful establishment. The young trees become
more and more resistant to disturbances. Two main drivers are being studied in
order to predict the seedlings growth: light and water availability.
Light is often used to predict the height growth (Ligot et al. 2013) but can also have
an effect on biomass partitioning such as SLA or height:diameter ratio (Sevillano et
al. 2016). Giertych et al. (2015) highlighted a trade-off process in shade-tolerant
specie seedlings. Under shade conditions, these species allocate more carbon to
storage. The dimensions and the growth rates decrease strongly with light reduction
for beech seedlings (Ammer 2003). This strategy empower beech seedlings to keep
a positive carbon balance. Thus the beech survival rates under low light levels are
greater than oak.
Ligot et al. (2013) analyzed the height increment of beech and oak seedlings on a
two-years period and made a prediction model for height increment estimated from
the transmittance. For oak, the social status also has an effect on height increment
prediction.
Water is also an important driver of seedlings growth (Löf 2000). Water stress can
affect the leaf development by reducing the biomass allocation to leaves in order to
increase fine roots development (van Hees 1997) which result in a reduced growth.
However, Turcsán et al. (2016) has found height increment increase after an early
summer drought event for Quercus petraea. This result highlight that the effect of
drought on regeneration is complex and need more research to be well understood.

Some morphological traits can be correlated to the tree age such as the root
to shoot ratio (Genet et al. 2010). Pajtík et al. (2011) analyzed the Biomass
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Conversion and Expansion Factors (BCEF) of beech, oak and pine seedlings which
is also correlated to seedling age. They show that the BCEF change rapidly at the
seedling development stage but conclude to a reasonable accuracy to estimate the
young forests biomass.

Allometric equations are mathematical relations that predict morphological traits
from other characteristics (e.g. height or diameter). Montagnoli et al. (2016) an-
alyzed the morphology of very young seedlings of oak and beech (up to 15 cm)
and fitted an equation to predict the total biomass [g] from the height [cm] (equa-
tions 2.3 and 2.4). However, that relation was not significant for spruce and Scots
pine.

Biomasstotal = 0.0066h1.4681 Fagus sylvatica (2.3)
Biomasstotal = 0.0071h1.9477 Quercus ilex (2.4)

2.3 Regeneration Modeling Approaches

2.3.1 Existing Regeneration Models

JABOWA is a gap model developed for individual trees on small forest plots
simulation (Botkin 1993). The regeneration process consists of three decisions: the
model determined if the regeneration can occur, then the number of saplings added
and the height of the saplings are calculated. The variables taken into account
are the soil quality, the light availability and the specie characteristics (e.g. shade
tolerance).

TACA-GEM is a model that simulates germination and establishment of euca-
lyptus seedlings in Australia in response to climate change (Mok et al. 2012). It
uses a process-based approach to determine if germination occurs and afterwards
if establishment occurs. For germination, dormancy is managed with chilling day
accumulation and heat sums and the germination is started if the temperature and
moisture conditions are met. Once the germination happened, drought and frost
days can make establishment fail. The predictions of the model are focused on the
suitability for regeneration to occurs. The aim of the model is to analyze ecosystem
evolution without the information about the forest productivity.

Pukkala (1987) developed a regeneration model for Pinus sylvestris, Picea abies,
Betula pendula and Betula pubescens. It is divided into birth process including seed
production, maturation and germination based on heat sums, seed predation based
on a proportion of uneaten seeds, growth which depend on the specie, the height
and the forest site type and mortality which depends on the seedling age and the
basal area. The different processes are modeled stochastically and the model give
in the end some general information about the regeneration (e.g. seedling density,
covered area, survival rates to 1.3 m, etc.).
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ACORn is a model developed by Dey (1991) that simulate even-aged oak stands
in Missouri. It is a statistical model developed from measurements before and
after clear cuts to simulate the two sources of oak reproduction: sprout and fruit
reproduction (Rogers and Johnson 1998). The model simulates the future stand
composition and structure from a preharvest inventory. The aim of the model is to
help forest managers to harvest with the conditions that are likely to have a good
natural regeneration.

SIMSEED is a stochastic recruitment model (Rogers and Johnson 1993). It is di-
vided in two processes: the recruitment and the survival rate. The recruitment con-
sist in a random process following an exponential distribution influenced by the ex-
isting population of seedlings and a user defined recruitment constant. The seedling
survival rate is a constant that allows to calculate the fraction of the seedlings that
survive from a year to another.

SORTIE is an empirical model based on large set of observation (Ménard et al.
2002). All the individuals are simulated by considering the light competition between
each other. The module for regeneration is a recruitment model function of the
distance from the parent tree. Ribbens et al. (1994) developed equations to predict
the recruitment patterns in the SORTIE model. The recruitment is divided in two
components: the number of seedlings recruited and the seedling density at a given
distance from the parent tree.

Schweiger and Sterba (1997) based their recruitment model on logistic and
Weibull distributions. It describes the spruce natural regeneration in Austria. The
equations predict the probability that regeneration will occur with the logistic dis-
tribution and then the height and the stem number with the Weibull distribution.

Zavala and Bravo de la Parra (2005) developed a size-structured individual-
based process-based model that combines a tree growth and mortality model with a
resource dynamic model. The model includes regeneration thanks to a recruitment
rate proportional to the basal area of the trees of the same specie.

2.3.2 Regeneration Modeling

As regeneration is a complex process, there are a lot of different method to model it.
Most of the models having a regeneration module use an empirical equation (Dey
1991; Ménard et al. 2002) or stochastic distribution (Rogers and Johnson 1993;
Schweiger and Sterba 1997) to simulate the occurrence of regeneration and directly
add newly recruited trees to the growing model (recruitment models).

Some models use biological processes (e.g. flowering, germination) to predict
the regeneration. These processes are controlled by the physical environment (e.g.
with heat sums). For regeneration, the processes that have to be described are the
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quantity and quality of seed, the seed dispersal, germination, survival and growth
of seedlings (Miina et al. 2006). No model with all of these processes was found but
some of the processes has been modeled separately with process-based approaches.
Flowering can be modeled on the basis of heat sums (Chuine et al. 1999; Price et al.
2001), some attempts to model masting can also be found (Vacchiano et al. 2018).
The seed dispersal is modeled as a function from parent trees (Ribbens et al. 1994)
but this approach could be combined with the impact of natural dispersers (e.g.
rodents, birds, and wind). The seed survival is a mainly stochastic process (Dey
1991). The density of predators could be used to influence the survival rate but
no model was found with that. Germination can be managed with a process-based
model with the impact of temperature and moisture (Mok et al. 2012). Seedlings
growth can be modeled as a function of the light and the competition (Ligot et al.
2013; Rogers and Johnson 1993). Resources sharing models (Zavala and Bravo de
la Parra 2005) along with understory dynamics models (Landuyt et al. 2018) seems
to be the best way to model a process-based seedling mortality.
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3 Materials and Methods

3.1 Heterofor

Heterofor is an individual-based and spatially-explicit model (Jonard et al. in
review) hosted in the modeling platform Capsis.

3.1.1 Capsis Modeling Platform

Capsis is a framework developed for forest modeling (Dufour-Kowalski et al. 2012).
This is a software infrastructure that provides a development environment, libraries
and data structures, generic components for mathematics and data visualization,
execution system for the models, a user interface to set the parameters and run the
simulations, documentation and a test system.
The main simulation paradigm in Capsis is based on scenario analysis. The final
user can create a project with an inventory file and initial parameters. It results
in a creation of a forest that can be grown with yearly time step with or without
silvicultural treatment (e.g. tinning). The different scenarios can be compared and
analyzed.

On that framework modelers can develop their own model with their own as-
sumptions and paradigms. An assistance is brought by the Capsis team for the
implementation to improve the efficiency (e.g. computing time, bug solving, etc.)
of the model. The structure of the code is thereby clean and understandable for any
other modeler despite the complexity of the models. The user interface promotes
model distribution to a final user. And a script interface makes advanced analysis
easier.

3.1.2 General Description of Heterofor

Heterofor aims to integrate as precisely as possible the different processes in-
volved in the forest ecosystem functioning to predict the tree growth. Those pro-
cesses are coded in different modules interacting together. Here is a brief description
of the initialization, the spatial organization and the different modules in order to
understand the way the regeneration module is inserted in Heterofor.

Spatial organization. The scale of the model is a stand scale (mean surface of
about one hectare). The stand is divided in square cells (the cell width is chosen
by the user, the default value is 10 meters) that are used by the radiation transfer
module (Samsaralight) and the regeneration module (Fig. 1). A 3-dimensional
coordinate system is used to spatialize the adult trees. There are three different
scales to implement the processes: the stand scale (∼1 ha), the cell scale (∼ 100 m2)
and the tree scale. The different modules can be implemented at different spatial
scales to meet the needs of the process: the soil horizons for the water balance
and the nutrients’ cycle are implemented at the stand scale, the light module and
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the regeneration module are using the cell scale and the phenology, some water
balance processes, the light interception by trees and the photosynthesis modules
are implemented to the tree scale.

The radiation transfer module uses the Samsaralight library (see Cap-
sis documentation: http://capsis.cirad.fr/capsis/help_en/samsaralight) which cal-
culate the radiation absorbed by trees and transmitted to the understory with a ray
tracing approach (Courbaud et al. 2003). The model calculates the energy absorbed
by the trees from ray beams that are sent to the center of each cell with a changing
angle following the sun path during the day and the year. For each ray, the neighbor
cells are selected to ensure that all the cells containing a tree that intercept the ray
are handled. To deal with side effects, the grid is bent into a torus (the left side
is connected to the right side and the top side is connected to the bottom side).
For a given ray beam, the intercepting trees are sorted. The radiation extinction is
calculated for each of them following the Beer-Lambert law. The variables used in
the Beer-Lambert law are the path length of the ray beam within the crown, the
leaf area density and an extinction coefficient. The path length is calculated with
the tree geometry based on the crown form, the leaves are assumed to be randomly
distributed in the crown with a spherical distribution for the leaf orientation. The
regeneration module uses the remaining energy in the ray beam that reach the cell.

Phenological module simulates the leaves lifetime for deciduous species from
budburst to falling at a daily time step. The foliage status of a tree has a great
influence on the water and carbon fluxes. The interception of rainfall and the pho-
tosynthesis are influenced by the leaves development stage. The leaves development
follows this path: first the chilling period starts to calculate the accumulation of
coldness that breaks the bud dormancy at the forcing date. The forcing date is
the start of the forcing period, an accumulation of heat that leads to the budburst.
After the budburst, the leaf development can start until it is completed. At the end
of the vegetation period, it will start aging. This happens during a phase of coldness
accumulation which leads to the yellowing period. During the yellowing period, the
leaf starts losing the photosynthetic activity until its death. After the leaves are
dead, it will start falling from the tree with the influence of wind speed and frost
events.

Water balance module handles processes linked to water in Heterofor. The
water is stocked in the soil horizons, on the tree leaves and in the bark. The
stocks and the fluxes are updated every hour. The fluxes are rainfall (divided into
interception, throughfall and stemflow), water movements between soil horizons and
drainage, water uptake, transpiration and evaporation from leaves, bark and soil
surface. There is no surface runoff and groundwater level rise yet.
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Figure 1: Heterofor visualization. The trees are spatialized on a 3-dimensional grid
which is divided in cells (10m x 10m). Those cells have a value of the transmitted radiation
expressed in proportion of the incident radiation (above the canopy) computed in the
radiation transfer module (Samsaralight). That transmitted radiation is the input
radiation for regeneration.

Photosynthesis is performed using Castanea library. Dufrêne et al. (2005)
summarize the model like this:

« The leaf photosynthesis (A) is represented using a C3 plants biochemical
process-based model, according to Farquhar et al. (1980). The CO2

demand is determined as the minimum between Rubisco carboxylation
and RuBP regeneration, while CO2 supply depends on the difference in
CO2 concentration between the air outside the leaf and the carboxylation
sites. »

It uses a mechanist approach with the fluxes of CO2, water and the activity
of Rubisco to estimate gross primary production based on Farquhar et al. (1980)
and Ball et al. (1987) approaches. The assimilation rate is calculated with the
carboxylation rate and the dark respiration rate. The carbon concentration in the
leaves is calculated with the stomatal conductance for carbon, the carbon demand
and the carbon concentration outside the leaves. The stomatal conductance for CO2

can be estimate with stomatal conductance for water that is calculated from carbon
demand, carbon concentration in the leaves, water stress and relative humidity with
Ball et al. (1987) equation.

It also takes other parameters into account like temperature effect on the electron
transport rate and on the carbon dioxide and oxygen concentration at the evapo-
rative sites. Leaf nitrogen has an effect on the maximal carboxylation rate and
photosynthesis is calculated separately on sunlit and shaded leaves (shaded leaves
do not intercept direct radiation).
Castanea calculates the gross primary production (GPP) and the respiration rate
with the inputs given by Heterofor.

The net primary production (fraction of the GPP that is not used for respiration
maintenance) is translocated and allocated to the different parts of a tree. The
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carbon is allocated sequentially to the different needs. First, carbon is allocated
to leaves, fine roots and fruit production. Then it compensates the branch and
root mortality. The remaining carbon goes to the structural growth. The struc-
tural growth is divided in the above-ground (height and diameter increment) and
below-ground growth. The diameter increment is then used to calculate the crown
extension.

Nutrient cycling module structure the soil in different horizons. The soil solu-
tion is the central nutrients compartment. It is in equilibrium with minerals and
exchange complex. The model is based on the nutritional status determined based
on the foliage chemistry initialized by the user. The chemical composition of the
other tree compartments is then obtained from the nutritional status.
With the information of the chemical composition of the trees and their annual
growth, the model calculate the nutrients demand of the trees. In parallel, the nu-
trient availability is calculated as the maximum of nutrients able to reach the roots.
The nutrient absorption by the trees is determined by whether the nutrient demand
matchs the soil offer. If necessary, the nutritional status and the tree growth are
adjusted.
For the moment, the module is working at an annual scale and could be improved
with a monthly scale and with other flux like atmospheric deposition, mineralization
and nutrient leaching.

Initialization The initialization is done using a set of files containing all the
information for starting the model (tree inventory, soil properties, meteorological
data, etc.). The user can choose which modules they need for their analysis and
has to bring the files needed by each module. At this step, the model shows the
initial state with the trees spatialized in the stand. Each tree is initialized with a
set of characteristics that describe its position, and its dimensions. (Tab. 1). This
information must be provided in the tree inventory file (e.g. with measurement
campaign).

3.2 Regeneration Module Overview

In Heterofor, all the adult trees are individualized and spatialized. Another
approach is chosen for the regeneration model due to the vast quantity of trees
involved, to treat every single entity individually is unaffordable. This other ap-
proach was already done in the RReShar model (see Capsis documentation: http:
//capsis.cirad.fr/capsis/help_en/rreshar) –another model of the Capsis platform.
The Capsis regeneration library made for the RReShar model has been thereby
connected to Heterofor in order to implement the regeneration process.
The regeneration is spatially structured horizontally thanks to the cell grid. Each
cell can contain regeneration which grow independently from the regeneration in the
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Characteristic Unit

Specie /
X coordinate m
Y coordinate m
Z coordinate m
H m
DBH cm
HCLE m
HCB m
C130 cm
rN,S,E,W m

Table 1: Tree characteristics set for the
initialization. HCLE is the height of
the largest crown extension, HCB is the
height of the crown base and rx are the
crown radius in four directions.

neighboring. The vertical structure in given by the regeneration library data struc-
ture (Tab. 2). Vertically, the regeneration is divided into seedling cohorts and layers
of competing regeneration. The competing vegetation is described by its specie,
height and cover. It is then grown with an empirical equation. A cohort gathers the
seedlings of a same cell with the same age and specie. It is divided in different size
classes (initialized by the user in the inventory file) that reflect the distribution of
height in the cohort (Fig. 2).

The growth process is based on light availability. The input radiation of the
regeneration module is the radiation calculated from Samsaralight which reaches
the center of the cell on the ground. The value of the radiation at the top of regen-
eration (from 0 to 6-10 meters) is assumed to be close to the value on the ground
when no vegetation intercepts it.
The distribution of the radiation is calculated following the Beer-Lambert law. The
layers (competing vegetation and cohort size classes) are sorted by height (Fig. 3)
and the radiation absorbed by each layer and the radiation transmitted to the next
layer are calculated. The transmittance (ratio between the radiation above the layer

Figure 2: Organization of data structure in the regeneration module. The seedlings of a
cell are distributed within different cohorts (left image) characterized by a specie and an
age (e.g. cohort 1: oak, 1 year old). A cohort is divided in different size classes (right
image) in order to approximate the height distribution of the seedlings inside the cohort.
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Table 2: Regeneration library data structure. The competing vegetation layers are char-
acterized by a specie, a height and a cover and the seedlings cohorts are characterized by
a specie, a year of emergence. The cohorts are divided in sizes classes that have a mean
height, mean diameter and a number of seedlings.

Competing vegetation layer
X cell coord. Y cell coord. Specie Height (m) Cover (%)

Seedlings cohort
X cell coord. Y cell coord. Specie Year Size class parameters

{[H1 (m), D1 (cm), N1];
[H2 (m), D2 (cm), N2]}

and the radiation above the canopy) is used to calculate a height increment with
an empirical equation and the radiation absorbed by a layer is used to calculate
the available resources with a process-based method which allows to calculate the
seedlings mortality. The competing vegetation growth is based on an empirical
equation that calculated a height increment and a cover increment from the trans-
mittance.
The recruitment is the output of the regeneration module. It is managed by spa-
tializing the trees when a cohort reach the recruitment height which is set by the
user (default at 12 meters).

3.2.1 Initialization of the Regeneration Module

The initialization of the regeneration module uses an inventory file (the same file
that is used for the adult trees initialization) that gives all the values needed to set
the regeneration cohorts and the competing vegetation layers (Tab. 2). Depending
on the way the inventory file is filled, the competing vegetation and the seedlings
cohorts will be implemented in different ways. The inventory file can be filled in
each cell of the stand if the data is available (e.g. with a regeneration survey). The
cell coordinates can be set to -1. In this case, the cohort is implemented on every
cell of the stand. When yearlyRegenerationCohortEmergence is set on true, all the
cohorts of 1 year are implemented every year in order to simulate a seedling rain.

Figure 3: Height distribution of the dif-
ferent cohort size classes in a cell. The
size classes are sorted from the highest
to the lowest and the PAR is gradu-
ally decreasing while it is absorbed by
the seedlings. Some competing vegeta-
tion layers which can interact with the
seedlings are inserted between the size
classes.
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A tool has also been developed to simulate an initial regeneration from the initial
state of the stand. In order to have the most realistic regeneration cohorts (with
uneven age), this tool uses the initial understory light and make the regeneration
grow during a few years without growing the stand. After the first tree is recruited
or a given period of time, the full model can start. In the future, it is possible to
implement fructification, seed dispersal and seed germination to simulate a process-
based emergence of the regeneration (function of heat sums, distance from parent
trees, presence of natural dispersers, etc.).

At initialization, all the characteristics needed by the model are calculated from
the average height or diameter and the number of seedlings of every cohort size class
with the relations described in the section 3.3. Those characteristics are derived vari-
able (which are calculated from the height) so the only state variables of the model
are the height, the diameter and the number of seedlings. As the diameter can be
estimated from the height and the height can be estimated from the diameter, only
one of them is mandatory. With all the seedling characteristics, the main processes
are computed: absorption of the energy from light, gross primary production by
photosynthesis, growth and mortality.

3.3 Seedlings Characteristics Derived from the State Vari-
ables of the Cohort Size Classes

As shown in Figure 4, the seedlings characteristics are derived from the average
height and the seedling number. The objective is to predict the number of seedlings
at the next step of time (one year) and the average height of the remaining seedlings
(and therefore the average diameter, biomass, etc.).

3.3.1 Seedling Average Properties

Average height (h) and diameter at 5 cm (d5) are with the number of seedlings (N)
the state variables of the regeneration module. In order to make the model easier to
initialize, the diameter at 5 cm can be estimated from the height (eq 3.1) and vice
versa (eq 3.1’) a, b0, b1 and c are parameters and Tr is the transmittance defined
by equation 3.10. Those relations are specie specific and some terms of the equation
are not significant for every specie. In this case the associated parameter is equal to
0. The validity domain is between 0 and 6 meters for beech, hornbeam, birch and
spruce and is divided for oak in two parts (between 0 and 2.5 meters and between
2.5 meters and 6 meters).

d5 = a+ (b0 + b1Tr)h+ ch
2 [mm] (3.1)

h = a+ (b0 + b1Tr)d5 [cm] (3.1’)

With both values, the computation of the remaining characteristics needed by the
model can start.
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Figure 4: Flowchart of the regeneration module for one given cohort size class. In the dash
rectangle are the number of seedlings N , the average height h and d5 the diameter at 5 cm,
which are the state variables of the model. The state variables are used to calculate all the
other characteristics needed to predict the yearly height increment and the mortality (N
at t+1). The first step is to calculate the cover COV (from the maximum crown radius
rcrown and the maximum crown projection area cpa) and the leaf area index LAI which are
used to compute the absorbed radiation PARa by the size class with the Beer-Lambert’s
law. The transmitted radiation PARt is obtained by taking the difference between the
incident radiation PARi and the absorbed radiation. PARt becomes PARi for the size
class located below the size class of interest. PARa is used by Castanea to calculate the
GPP and the NPP for the whole size class. On the other hand, the height increment ∆h
is calculated from the transmittance Tr (the ratio between the incident radiation PARi
and the initial radiation PAR0 ). It allows to estimate a biomass increment that is equal
to the individual net primary production npp. The ratio between NPP and npp gives us
the number of seedlings able to survive with the available radiation.
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The maximum crown radius (rcrown) is calculated from the height with a linear
model (the crown diameter is calculated so it must be divided by 2 (eq. 3.2). That
crown radius was fitted on free growing seedlings. An overlapping ratio (coratio) is
used to account for the crown interpenetration (eq. 3.3).

rcrown = (a+ b ∗ h)/2 [m] (3.2)

corrected rcrown = rcrown
coratio

[m] (3.3)

With the crown radius, the maximum crown projection area (cpa) can be calculated
by simple geometry equation with the assumption that the crown projection is a
disk (eq. 3.4).

cpa = π ∗ r2
crown [m2] (3.4)

The total biomass (btot) is the sum of four compartments (eq. 3.6): the shoot
biomass (bshoot), the roots biomass (broots), the leaves biomass (bleaves) and the fine
roots biomass (bfineroots). First to calculate the shoot biomass, the height and the
diameter are used with a parameter (a) and is divided by 2 to express the biomass
in KgC (eq. 3.5). A ratio (rootToShoot) calculated as a function of the age (Genet
et al. 2010) is used to know the root biomass from the shoot biomass (eq. 3.5.1).
The leaf biomass (bleaves) is calculated with an allometric equation (eq.3.5.2) from
the dbh and the crown radius (rcrown). α, β, γ and leafCarbonCC are parameters.
The fine root biomass (bfineroots) calculated with a rootToFoliage ratio (eq. 3.5.3).

bshoot = ad
2
5h ∗ 0.5 [KgC] (3.5)

broots = bshoot ∗ rooToShoot [KgC] (3.5.1)

bleaves = α ∗ (π ∗ dbh)β ∗ (2 ∗ rcrown
dbh/100

)γ) ∗ leafCarbonCC1000 /1000 [KgC] (3.5.2)

bfineroots = bleaves ∗ rootToFoliage [KgC] (3.5.3)
btot = bshoot + broots + bleaves + bfineroots [KgC] (3.6)

3.3.2 Seedling Class Properties

The cover (COV ) and the leaf area index (LAI) are both variables that describe
the whole cohort size class (class variables). The cover is the ratio between the sum
of the maximum crown projection areas (cpa ∗ N) and the total surface of the cell
(Acell) (eq. 3.7). A specie specific crown overlapping ratio (coratio) is used to take
the crown interpenetration into account. The cover is constrained to 1 when the
seedlings are filling all the surface of the cell.

COV = cpa ∗N
co2
ratioAcell

[%] (3.7)

The leaf area index is the sum of the leaves surface divided by the ground surface
below the seedlings, the cell surface multiplied by the cover (eq. 3.8). In our case, it
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is estimated directly with the average height of the seedlings based on a Michaelis-
Menten equation (eq. 3.8’). This equation allows to set a horizontal asymptote which
is relevant for the LAI (maximum value of LAI in an ecosystem) and this value was
set to 6. The parameter k is the slope and is specie specific.

LAI = aleaf ∗N
Acell ∗ COV

[ ] (3.8)

LAI = h ∗ LAImax
h+ k

[ ] (3.8’)

3.3.3 Seedlings and Vegetation Layers Growth

Light Interception

As the main driver of regeneration, the light has a very important influence on the
module. The input light is the light under the canopy which is calculated with
SAMSARALIGHT. The layers of vegetation and seedlings size class are sorted in a
descending order based on their height and the Beer-Lambert’s law (eq. 3.9) is used
to calculate the energy absorbed by each layer. The transmitted energy is used as
the incident energy for the next layer. By this way, the light cross all the layers of
competing vegetation and all the seedlings size classes from the top to the ground
(Fig. 3). The cover value is also used to calculate absorbed energy only for the
surface covered by vegetation or seedlings.

PARt = PARi(1− COV ) + COV ∗ PARi ∗ e−k∗LAI (3.9)

Where:
PARi is the energy above the layer [MJm−2]
PARt is the energy below the layer [MJm−2]
COV is the cover [m2m−2]
k is the extinction coefficient
LAI is the Leaf Area Index [m2m−2]

The radiation value used in the growth equations is the transmittance (Tr), i.e.
the ratio between the radiation above the size class (PARi) and the radiation above
the canopy (PAR0), expressed in percentage (eq. 3.10).

Tr = PARi

PAR0
[%] (3.10)

Photosynthesis

The photosynthesis is done in Heterofor by the Castanea library and is there-
fore used for seedlings photosynthesis. In the regeneration module, the information
needed by Castanea is prepared and the function to compute the fluxes is called
(eq. 3.11). The outputs are the hourly GPP. The NPP is calculated with the equa-
tion 3.12 by multiplying the GPP and a specie specific ratio r.
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GPP = f(aPAR, sla, ...) [KgC] (3.11)
NPP = GPP ∗ r [KgC] (3.12)

Another approach is used to calculate the GPP which is based on the PAR use
efficiency concept. This empirical approach divides the radiation into direct and
diffuse radiation and quantify the radiation intercepted by the sunlit and shaded
leaves (Jonard et al. in review).

Height Growth

The seedling height growth is based on a height increment (eq. 3.13, Ligot et al.
2013). This height increment (∆h) depends on the initial height (h), the transmit-
tance (Tr) above the seedlings and two parameters a and b that depend on the tree
specie (Tab. 3).

∆h = a
√
h

1
1 + exp(1− Tr

b
)

(3.13)

With the height increment, the new height is calculated (eq. 3.14) which allows to
calculate the total biomass increment (eq. 3.6). The difference between biomass at
t+1 and t is used to calculate the individual npp (eq. 3.15) that is used in the
mortality relation. The litter (leaves and fine roots biomass) is also added to the
biomass required annually by the individuals.

ht+1 = ht + ∆h (3.14)
npp = btot,t+1 − btot,t + bleaves + bfineroots (3.15)

Table 3: Parameters values for the equation 3.13 (Ligot et al. 2013)

Specie a b

Oak 2.059 6.058
Beech 2.431 3.964

Vegetation Layer Growth

The vegetation layers are managed only by the regeneration library. They are defines
by their specie, height and cover, which are the state variables. The model calculate
a height increment (Hi), a cover increment (Ci), the maximum height (Hmax) and
the maximum cover (Cmax) which are the upper limit of the vegetation growth per
year.
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The growing process in simpler than the seedlings growth. The Table 2 shows
the information needed by the model: the specie (for the moment fern, molinie and
callune are implemented), the height, and the cover. From this initial state, the
model makes the vegetation layer grow in height and in cover with the amount of
available light (transmittance Tr) thanks to empirical equations (eq.3.16, Gaudio,
Balandier, Dumas, et al. 2011). The equation has the same shape for the calculation
of height increment, cover increment, max height and max cover. All the parameters
are given in Table 4.

X = a+ b ∗ Tr + c ∗ log(Tr2) (3.16)

3.3.4 Seedlings Mortality

The mortality process is modeled using a resource limitation method. The class
NPP measure the production capacity of the cohort size class. It is the total
biomass increment for the whole class. The npp is the individual biomass increment
of the average seedling based on its annual height increment which depends on the
transmittance. If the NPP is lower than the sum of the average npp, it means
that the product of the photosynthesis is not enough to allow all the seedlings in
the cohort size class to grow with such a height increment. Two solutions can
handle this difference: the height increment is too high or the number of seedlings
is too high. The self-thinning process can explain the difference between the two
approaches. The model quantifies the number of seedlings that can survive with the
ratio between NPP and npp (eq. 3.17).

Nt+1 = NPP

npp
(3.17)

3.3.5 Recruitment

When a size class reach a specific height (set by the user), all the trees of the size class
are recruited. It means that they are spatialized and the tree is fully characterized
in Heterofor (Tab. 1). The variables are set in the following way:

Table 4: Parameters for the growing equations of vegetation layers by species (eq. 3.16)

Fern Molinie Callune

X a b c a b c a b c
Hi -13.31 -0.41 8.34 6.20 0.81 -0.0074 -4.36 -0.19 4.23
Ci 22.18 -0.21 2.83 -13.49 -0.47 9.40 -18.23 -0.35 8.01
Hmax -50.53 -1.40 28.72 25.14 1.85 -0.017 -27.29 -0.80 18.11
Cmax 69.90 -0.73 7.00 -2.01 -1.25 20.50 -41.10 -1.07 20.69
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The specie is the cohort specie. The coordinates X and Y in the cell are randomly
chosen. The Z coordinate is the Z value of the cell. The height is the average height
of the size class. An equation calculates the dbh from the diameter at 5 centimeters
(eq. 3.18). The HCLE and the HCB are calculated with the height and a ratio. And
the crown radius in the four directions is equal to the maximum crown radius of the
size class.

dbh = a+ bd5 [cm] (3.18)

The recruitment process is the output of the regeneration sub-model. After this,
the trees are grown by the Heterofor’s equations.

3.4 Sapling Equations

Some of the equations described before were fitted on data collected on trees be-
low 6 meters. To have more accurate predictions above this height, the allometric
equations of Heterofor are used (Jonard et al. in review). The equations that
are changed are the calculation of the height, the dbh, the aerial biomass and the
crown radius.

h = m ∗ (1− e− dbh−a
b ) [m] (3.19)

dbh = −b ln(−h/m) + 1) + a [cm] (3.20)

baerial = α + β(h dbh2)γ [Kg] (3.21)
rcrown = CrownToStemDiameterRatio ∗ dbh/200 [m] (3.22)

3.5 Module Parametrization

Some relations shown in the section 3.3 were not found in the literature. In order
to estimate the seedlings characteristics needed in the model, data analysis was
conducted based on two datasets employing R and JMP software.

3.5.1 Data Collection

Existing Datasets

The data used to fit the relations needed in the regeneration module were given by
Ligot (2014) and Baudry (2013). Both have carried a regeneration survey on beech
and oak regeneration in Ardenne forests.
Ardenne is a Belgian ecoregion representative of acidophilous beech forests with
mean temperature ranges between 7.4◦C and 9.0◦C and annual rainfall between 933
mm/year and 1357 mm/year (Ligot 2014). The sessile oak, the pendunculate oak
and the beech are indigenous species that are often mixed in these forests (73% of
the broadleaved forests).
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Ligot (2014) selected 23 different sites with well-established regeneration that
were fenced and divided in small 4 m2 plots. In each plot, the seedlings height,
diameter at 5 cm and DBH was measured for the 3 tallest seedlings in 2009 and in
2011. The seedlings measured in 2009 were not tagged so the seedlings measured in
2011 could have been different. The transmittance was also measured in the center
of each plot.

Baudry (2013) selected 4 sites with dense oak and beech regeneration. Shading
devices were placed above a part of the seedlings. The seedlings characteristics
measured were the height, the diameter at 10 cm and at 130 cm, the leaves biomass
and surface and the aerial biomass.

Additional Measurements

To have a relation between the height of the seedlings and the ratio between the
stem diameter and the crown diameter, some measures were done on oak and beech
seedlings in the Lauzelle’s forest.
96 beech seedlings were measured in 3 different stands. The variables measured were
the height, the diameter at 5 cm, the diameter at 130 cm and the crown diameter.
The height was measured with a vertex, the diameter with a calliper and the crown
diameter with a tape measure. The seedlings chosen to be measured were isolated
and a target height was planned (24 seedlings 0 m high, 25 seedlings 1.6 m high, 22
seedlings 4.2 m high and 25 seedlings 6 m high).

3.5.2 Data Analysis

In order to find the best relations between the seedlings characteristics, different
equations were used to fit the data and compared with a statistical analysis. First
to explore the data and to try some relations, JMP was used with the adjustment
tool.
The final parameters were estimated with R which allows more flexibility especially
with the package nlme (Lindstrom and Bates 1990). This package includes the use
of non-linear models, random effects and variance function to deal with heteroske-
daticity. For the 1st degree relations without heteroskedasticity, the native linear
regression function lm was used. The Table 5 summarize which method was used
for each relation.
The changing residual variance is calculated in nlme by a variance function called
varPower (eq. 3.23) where x is the variable allowing to adapt the variance, σ is the
variance and t is a parameter. On heteroskedastic data, it is essential to model the
variance to have an accurate estimation of the parameters. Otherwise, the region
where the data have a high variance will have a huge impact on the estimation that
will affect the error in the region with smaller variance. The variance function solve
the problem by giving a greater weight to the region with low variance.

F (σ) = |σx|2t (3.23)
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Different indicators were used to select the best relation between two seedlings
characteristics: first the p-value for each parameter test whether it is significant in
the model, then the R2 shows the part of the variability explained by the model,
RMSE and AIC make it possible to compare the models among each other. A
likelihood ratio test was also used to compare the integration of light in the height-
diameter models. The likelihood ratio test (Vuong 1989) is used to compare complete
model with restricted models (the complete model from which one or more param-
eter has been removed). For that reason it is relevant to use it for the integration
of the light effect in the model. Finally, a Deming regression test (Deming 1943)
was performed to check the accuracy of the model prediction compared to the ob-
servation. The 0.05 confidence intervals were used to evaluate the accuracy of the
intercept and the slope of the prediction-observation regression (the intercept must
be non significantly different from 0 and the slope from 1).

With all the tools described previously, the best equation was chosen. In addition
to the different indicators, the equations with a small number of parameters, with
good extrapolation properties and with easier generalization to other species (similar
equation for the different species, sometimes with additional terms) were preferred.

LAI modeling from height was managed differently. The seedlings density mea-
sured by Baudry (2013) was used along with the leaf area estimation from height in
order to predict the LAI from the seedlings height with a Michaelis-Menten equation.
This equation allows to fix a maximum LAI and fit the slope to the data.
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Table 5: Regression method for each relation. nlme is a R function for non-linear mixed
models and lm is a simple linear regression function.

Relation Method Random effect Variance Dataset

h∼d,Tr nlme Site effect VarPower Ligot (2014)
d∼h,Tr nlme Site effect VarPower Ligot (2014)
dbh∼d5 lm none Constant Ligot (2014)
bshoot ∼d2h lm none Constant Baudry (2013)
aleaves ∼h nlme none VarPower Baudry (2013)
LAI∼h nlme none VarPower Baudry (2013)
SLA∼Tr nlme none VarPower Ligot (2014)
rcrown ∼h lm none Constant Additional mea-

surements

4 Results

4.1 Fitting of the Basic Relations of the Regeneration Mod-
ule

For each relation needed in the regeneration module, one equation was chosen with
the different evaluation methods explained in the section 3.5.2. The Table 6 shows
the mathematical formulation retained and the parameter estimates for each relation
of each specie studied (oak, beech, and other species when the data were available).
For the prediction of height from diameter and vice versa (eq. 3.1 and 3.1’), a linear
model was chosen because of its simplicity and the accuracy of the predictions (Fig. 5
and 6). The implementation in Heterofor is also easier if the form of the equation
is similar for all the species. The effect of the light is taken into account with the
term b1Tr and is only significant for beech. For oak, a simple regression was not
satisfying. A double regression has been chosen with a threshold at 2.5 meters as it
can be seen in Figure 5b. The best relation to predict the dbh from the d5 (eq. 3.18)
is also a linear model for all the species tested (Fig. 7). The relation chosen for the
shoot biomass prediction is a linear model from the volume estimation d2h (eq. 3.5;
Fig. 8). The leaf area follows an exponential relation from the height (Fig. 9). That
relation was used to fit the LAI relation from the height (eq. 3.8; Fig. 10). The
crown diameter is predicted with a linear relation (eq. 3.2; Fig. 11). The relation
chosen for the SLA prediction is a double exponential from the transmittance. This
relation is not used in the model.
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Figure 5: Regression fit for d5 prediction from h for beech and oak seedlings.
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Figure 6: Regression fit for h prediction from d5 for beech and oak seedlings.
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Figure 7: Regression fit for dbh prediction from d5 for beech and oak seedlings.
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Figure 8: Regression fit for bshoot prediction from hd
2
5 for beech and oak seedlings.
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Figure 9: Regression fit for aleaves prediction from h for beech and oak seedlings.
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Figure 10: Regression fit for LAI prediction from h for beech and oak seedlings.
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Figure 11: Regression fit for dcrown prediction from h for beech seedlings.

Table 6: Results of the fitting of the basic relationships. Mathematical formulation re-
tained and values of adjusted parameters. σ2 and t are the estimates for the variance
function. When no value is given for t, the variance is assumed to be constant. R. test is
the Deming regression test confidence interval for the slope (Sl.) and the intercept (In.).
Significance levels: ∗∗∗ = <0.0005, ∗∗ = <0.005, ∗ = <0.05, † = non significant. Units: h
[m]; d [cm]; Biomass [KgOM ]; Tr [%]; SLA [kg/m2]

Model Parameters σ2 t R2 R. test CI 95%

Beech

d5 = (b0 + β + b1Tr)h+ ch2 b0 0.8446∗∗∗ 0.04483 0.8475 0.5613 Sl. [0.8916 1.071]
b1 2.858*10−3 ∗∗∗ In. [-0.2510 0.2517]
c -1.282*10−2 ∗

β 0.1084

h = (b0 + β + b1Tr)d5 b0 1.280∗∗∗ 0.07218 0.9456 0.4925 Sl. [0.9563 1.148]
b1 -0.003336∗∗∗ In. [-0.7805 0.2241]
β 0.1523

DBH = a+ bd5 a -0.3479∗∗∗ 0.06545 0.8829 Sl. [0.9901 1.147]
b 0.6978∗∗∗ In. [-2.059 0.2024]

dcrown = a+ bh a 0.3409∗ 0.1618 0.7333 Sl. [0.6793 1.717]
b 0.5008∗∗∗ 0.04073 In. [-1.450 0.7089]

biomassshoot = a(d2h) a 0.02890∗∗∗ 0.002363 0.9860 Sl. [0.4658 1.474]
In. [-169.1 210.1]

aleaves = hc c 1.427∗∗∗ 0.9775 1.277 0.9717 Sl. [1.817 5.322]
In. [-6549 -1104]

LAI = h∗LAImax

h+k
k 9.887 ∗∗∗ 0.1076 0.9377 Sl. [-2.427 9.402]

In. [-10.59 4.343]

SLA = ae−bT r + ce−dT r a 25.21∗∗∗ 9.697 -0.2362 0.8098 Sl. [0.2750 1.829]
b 0.01255∗∗ In. [-18.50 16.20]

Continued on next page
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Model Parameters σ2 t R2 R. test CI 95%

c 131.3†

d 0.3661 ∗

Oak

if h < 250 : a 0.1760∗∗∗ 0.04180 0.6564 0.6853 Sl. [1.055 1.211]
d5 = (a+ α) + bh b 0.7322 ∗∗∗ In. [-0.5842 -0.1844]

α 0.09316
if h > 250 : d5 = 20.06 + b′h b′ 1.441 ∗∗∗ 0.007860 1.804

if d < 20 : h = bd5 b 1.174∗∗∗ 0.0716 0.8564 0.7487 Sl. [ 1.114 1.277]
if d > 20 : h = 234.8 + b′d5 b′ 0.5699 ∗∗∗ 0.1234 0.1591 In. [-1.377 -0.5720]

DBH = a+ bd5 a -0.1780∗∗∗ 0.04675 0.8945 Sl. [0.9820 1.139]
b 0.6200∗∗∗ In. [-1.778 0.2846]

biomassshoot = a(d2h) a 0.03075∗∗∗ 0.002468 0.9685 Sl. [0.5129 1.460]
In. [-101.5 123.4]

aleaves = hc c 1.333∗∗∗ 0.01641 1.710 0.2158 Sl. [1.162 4.070]
In. [-7669 -55.43]

LAI = h∗LAImax

h+k
a 6.251 ∗∗∗ 0.2013 0.9277 Sl. [0.3776 1.656]

In. [-0.5129 0.5487]

SLA = a+ be−cT r a 10.46∗∗∗ 45.64 -0.6389 0.5095 Sl. [0.2726 2.017]
b 13.11∗ In. [-16.54 11.82]
c 0.04447∗

Hornbeam

d5 = (a+ α) + bh a 0.1040∗∗∗ 0.03549 0.8912 0.5479 Sl. [0.9625 1.234]
b 0.7024 ∗∗∗ In. [-0.6051 0.07005]
α 0.02106

h = bd5 b 1.289∗∗∗ 0.1061 0.7987 0.4898 Sl. [0.9350 1.199]
In. [-0.9851 0.3376]

DBH = a+ bd5 a -0.2297∗∗∗ 0.06062 0.6582 Sl. [1.103 1.482]
b 0.5363∗∗∗ In. [-3.550 -0.6677]

Birch

d5 = bh b 0.7079∗∗∗ 0.03758 0.4756 0.7917 Sl. [0.6355 1.584]
In. [-1.526 0.8874]

h = a+ bd5 a 0.4053∗∗∗ 0.09414 0.2975 0.7857 Sl. [0.6738 1.671]
b 1.128∗∗∗ In. [-3.507 1.677]

DBH = a+ bd5 a -0.3429∗∗∗ 0.3100 0.9326 Sl. [0.5683 1.505]
b 0.7039∗∗∗ In. [-5.569 4.829]

Spruce

d5 = a+ bh a -0.03747∗ 0.1699 1.105 0.8626 Sl. [0.4510 1.658]
b 1.808∗∗∗ In. [-0.8884 0.7222]

h = a+ bd5 a 0.03239∗∗∗ 0.01236 1.008 0.8493 Sl. [0.4276 1.575]
b 0.5240∗∗∗ In. [-1.791 1.753]
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4.2 Regeneration Module Results

To test the module, different simulations were carried on the Baileux oak stand.
Jonard et al. (in review) describe the site:

«The Baileux site is located in the western part of the Belgian Ardennes
at 300 m elevation (50◦ 01’ N, 4◦ 24’ E). The average annual rainfall
is slightly above 1000 mm and the mean annual temperature is 8◦C. The
forest (60 ha) consists of sessile oak (Quercus petraea LIEBL.) and Euro-
pean beech (Fagus sylvatica L.) and lies on acid brown earth soil (luvisol
according to the FAO soil taxonomy) with a moder humus and an Ah

BwC profile. The soil has been developed on a loamy and stony soliflux-
ion sheet in which weathering products of the bedrock (Lower Devonian:
sandstone and schist) were mixed with added periglacial loess.»

4.2.1 Evolution of the Cohorts Characteristics

In order to see how the seedlings characteristics are evolving, a simulation was done
in full light conditions (no overstory trees). One regeneration cohort (0.2 m, 1 year
old) is grown with a density of 50 000 stems/ha. The simulation time is from 2001
to the recruitment (26 years for beech and 31 years for oak).

Beech seedlings show higher height increments than oak in Figure 12a as expected
from the growth equations (Ligot et al. 2013). The height growth depends only on
the available light which is not changing in this simulation. Beech seedlings reach
the recruitment height (fixed at 12 meters) after 26 years and oak after 31 years. The
seedlings density is stable during the first years of simulation and after a threshold
follows an exponential decrease (Figure 12b). Beech and oak seedlings handle similar
density in the simulation. For the same height, oak shows higher biomass weight
than beech (Fig. 12c). The gross primary production is also higher for oak than
beech (Fig. 12d). The mortality is calculated from the npp (biomass increment)
and the NPP (net primary production). It can explain why the densities are similar
despite the expectations (a shade-tolerant specie should handle higher densities).
The density at the recruitment is also very similar (around 2500 stems/ha).

4.2.2 Comparison Between Photosynthesis and PAR Use Efficiency

In Heterofor, it is not mandatory to use Castanea photosynthesis in the simu-
lations. To allow regeneration to grow in this case, the PAR use efficiency approach
is used but the results are slightly different (Fig. 13a). To keep the simulation results
similar with both approaches, a correction factor was added after the GPP calcula-
tion which is multiplied by 2.2 in the PAR use efficiency approach. The result of a
simulation with that factor is given in the Figure 13b.
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Figure 12: Seedlings characteristics evolution in full light conditions for a beech cohort
(—) and a oak cohort (- - -) until the recruitment at 12 meters. The seedlings start with
a height of 0.2 cm and a density of 50 000 stems/ha.
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Figure 13: Comparison of the GPP evolution with time for two simulations obtained either
with a GPP calculated based on the photosynthesis method of the Castanea library (—)
or based on a PAR use efficiency approach (- - -). (a) before the correction of the PAR
use efficiency approach carried out to make it similar to the photosynthesis approach (b)
after the correction.

4.2.3 Reproduction of the Self-Thinning Process

A first scenario that can be used to evaluate the performances of the model is the
self-thinning. When trees grow without any disturbance (e.g. human intervention),
the density decrease with the average size of the trees. To simulate this scenario,
seedlings were grown in full light conditions on the Baileux oak stand. The seedlings
start with a height of 0.2 meters and a density of 50 000 stems/ha. The simulations
are stopped when the seedlings reach the recruitment height (12 meters).
Different equations exist in the literature to describe this phenomenon (Charru et
al. 2012; Ningre et al. 2019; Pretzsch 2006; Yoda 1963). Simulations were carried
on seedlings growing without any competition to check them against theory. The
Figures 14a and 14b show the results of the simulations. Yoda’s self-thinning lines
(eq. 2.1) have an intercept parameter (k′). The lines on the figures (gray) have
respectively an intercept equal to 15,16, and 17. The modeled self-thinning follows
the same slope than Yoda’s equation (gray lines). The simulation reproduce the
self-thinning line with an intercept close to 16. The Figure 14a shows the self-
thinning lines of two simulations. Both were carried with the seedlings allometric
equations until a height of 6 meters. Above 6 meters, the first simulation (—) uses
the sapling equations (section 3.4) and the second (- - -) uses the seedling equations
until recruitment. As the self-thinning line is better reproduced with the seedling
equations used until recruitment, the sapling equations are not used anymore.
The Figure 14b shows a comparison between oak and beech self-thinning. This
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simulation suggest that oak handles higher densities for a given biomass but the gap
between oak and beech decrease with the biomass (the slope is greater for oak). To
have another point of comparison, the self-thinning based on the dbh was plotted
along with the Charru et al. (2012) self-thinning curves for beech and oak. In
the simulation, the self-thinning rate of the seedlings is higher than the theoretical
curves but follow a similar shape. Moreover it does not show any differences between
the two species in opposition of the empirical curves.

In another scenario, the self-thinning lines were reproduced under a canopy. The
basal area was reduced to 15 m2/ha and the beech seedlings (0.2 meters, 50 000
stems/ha) were grown during 26 years. The Figure 16a shows the difference in the
mortality process between beech and oak (with the transmittance evolution in the
Figure 16b). The seedlings follow a line parallel to the full light self-thinning line.
With a density at constant mean biomass (12 KgC), the density is reduced from 4500
stems/ha in full light conditions to 900 stems/ha under a canopy (transmittance:
13%) for beech seedlings. Oak does not show big differences with beech regarding
the self-thinning process. At low biomass, it seems to better support the shading.

4.2.4 Mixed Regeneration Scenario

In the case of mixed regeneration, they are different possibilities of competition
between oak and beech seedlings. If beech seedlings are taller than oak seedlings,
none of the oak seedlings are expected to survive if the number of beech seedlings
is enough to reduce the light resource for oak survival. A simulation with a yearly
regeneration of 50 oak and 50 beech seedlings per cell (100 m2) with a height of
0.2 m was done under an oak-dominated canopy. The small density of regeneration
cohorts allows oak and beech seedlings to grow together during the first years. After
12 years, the seedlings are still sharing the resources and no specie has started to
dominate the other. After 24 years, the beech seedlings dominate the understory
(the cover reach 1) and therefore the oak seedlings die from the shading. In this
scenario, only beeches are recruited.
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Figure 14: Self-thinning process reproduced by simulation compared with empirical equa-
tions. In gray, Yoda (1963) self-thinning lines (k’ = 15, 16, 17). (a) is a comparison
between the seedlings equations combined with the saplings equations (section 3.4) above
6 meters and the seedlings equations used until the recruitment. (b) compares oak and
beech self-thinning lines.
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stand.
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Figure 16: (a) Self-thinning process simulated under a canopy (initial basal area: 15
m2/ha). Comparison between beech seedlings (—) and oak seedlings (- - -). In gray,
Yoda (1963) self-thinning lines (k’ = 15, 16, 17). (b) Transmittance evolution for both
simulations.

5 Discussion

5.1 Seedlings Morphology

The basis of the regeneration module is the prediction of seedlings morphology.
With the different evaluation indicators, the best relations for the available data
were chosen. Some relations found look quite accurate (shoot biomass, dbh) but
other relations could need more evaluation to ensure the accuracy of the morphology
prediction. Moreover, the data used for all the fits came from Belgian Ardenne. A
comparison with other conditions (climate, soil, slope, orientation, etc.) could bring
more precision.

A first check that can be done is the comparison with another data set. Height
and diameter at 10 cm were measured by Baudry (2013). Despite the equations
are fitted to predict diameter at 5 cm, the comparison can still be meaningful.
The Figure 17a compare the equations with the data for oak and beech. For oak,
the double regression chosen predict accurately the diameter for the low heights
(Fig. 17b). But the precision decrease with the height and the regression above 2.5
meters does not seems correct. For beech, there is a bias (predictions overestimated)
but it is not changing with the height (Fig. 17c). Despite this, Pearson’s r shows
a good correlation between the observations and the predictions. Further analysis
with other data sets in various conditions could improve this one.

Before spending time to long measurements and data hunting, a sensitivity anal-
ysis could bring a better understanding of the impact of the errors in the morphology
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prediction on the regeneration module results.

5.2 Self-Thinning and Process-Based Mortality

The self-thinning lines predictions suggest that the regeneration module is able to
predict with accuracy the seedlings mortality process. It corresponds to the dynamic
balance of an undisturbed forest. Thus it can be assumed that after a disturbance,
the mortality will stop until the tree dimension reach the self-thinning for that den-
sity. Given that self-thinning concept handles a forest left without any disturbances,
this evaluation is valid only in full light condition. But the comparison with the mor-
tality of seedlings growing in a forest can be done. The figure 16a shows that for
beech seedlings, the reduction of light availability affects the mortality rate but the
self-thinning trajectory follows the same slope than for the full-light conditions. Oak
seedlings have a more unexpected behavior. They also follow a similar trajectory
with similar density than beech seedlings. The shading sensitivity of oak seedlings
suggests that this result is not normal. A deeper analysis of the seedling density
evolution with the transmittance may enable to find the problem and bring keys to
solve it.
For example, the figures 12c and 12d show that oak biomass increase faster than
beech biomass and gross primary production is also higher (in full light conditions).
As these two values are responsible for the mortality calculation, differences may
explain the mortality rate anomaly. The analyses of these variables with the varia-
tions of light and the different contributions of the other seedling characteristics to
the GPP calculation is necessary to understand the higher oak densities.

Moreover, the impact of water availability can be analyzed with the same ap-
proach. The Figure 18 shows the self-thinning lines of a simulation with modified
weather input compared with the normal conditions. To change the weather, the
rainfall have been arbitrary divided by 10 and the relative humidity reduced by 20%.
The result of this simulation does not show any visible difference in the mortality.
This result shows the importance of including a connection between the regeneration
module and the water balance module. Without this connection, no conclusion can
be taken if the water is limiting during the simulation.

5.3 Height Growth

The seedlings growing rates can be compared with values found in literature. But
these values are difficult to compare together because the light conditions are some-
times relative to compare different light conditions. Ammer (2003) found height
increments near 1.8 cm/year for 35 cm seedlings (unknown radiation). The values
at this height are close to 10 cm/year. On the other hand, Sevillano et al. (2016)
found 42 cm/year height increment for beech and 30 cm/year for oak. The seedlings
were in full light conditions with an initial height between 50 and 80 cm. For these
conditions, the regeneration module calculates height increments equal to 17 cm for
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Figure 17: (a) Diameter prediction from the height with equation 3.1 (lines) and measure-
ments (Baudry 2013) (dots). Oak: • & - - -. Beech: N & —. Observation - Prediction
plot with a Deming regression fit for oak (b) and beech (c).
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Figure 18: Self-thinning line in drought
conditions. Beech seedlings grown in full
light conditions with normal weather (—
) and with changed weather (- - -). The
changed weather is rainfall divided by 10
and relative humidity reduced by 20%

beech and 15 cm for oak. With these very different results, no conclusion can be
taken on the reliability of the growing equation. Deeper literature analysis could
help to evaluate it.

A different approach to evaluate height growth is to focus on the recruitment.
The regeneration module can bring the information of the seedling age, height, den-
sity, and the growing light conditions. Relations between these characteristics could
help to evaluate the accuracy of the growing rates. Unfortunately, this information
was not found in the literature.

5.4 Mixed Regeneration

The mixed regeneration scenario highlights the limitations of the seedling rain ap-
proach. The user must define the number of seedlings that are present or that will
appear annually. Thus this number is not changing and the model can not simulate
the spatial and temporal variability of regeneration. This results in the survive of
beech seedlings and the death of oak seedlings because of the higher growth rates
for beech. If the density is decreased, the oak seedling cohort will survive until the
beech cover reaches 1. Then the light is too low for the oak to survive.
It is consistent with the problematic of oak regeneration. Oak is indeed hard to
regenerate in the presence of beech seedlings. But the scenario of oak replacement
by beech could be improved with a more precise description of the regeneration
occurrence.

50



6 Conclusion and Perspectives
To meet the objective of developing a regeneration module for Heterofor, the
Capsis regeneration library was connected to the model, thus the seedlings are
structured in cohort size classes. The module uses the radiation to calculate a
height increment. The seedling characteristics are derived from the height or the
diameter. With these, photosynthesis is computed thanks to Castanea library.
And a mortality rate is calculated using a resource sharing method between the size
class production and the individual growth needs.

The regeneration module shows promising results. Especially the self-thinning
dynamic for beech seedlings. The choice to implement the mortality with a balance
between the individual carbon needs for growth and the cohort production capacity
appear to be valuable. To reach the objectives of the regeneration module that will
make it useful for long-term simulations, some further developments are needed.

Oak mortality must be checked more deeply to account for its sensitivity to
shade. As many factors are involved is the mortality process (biomass increment,
LAI measure, photosynthesis process), a sensitivity analysis could be an interesting
method to select the steps in the model that should be reviewed first.

The mortality linked to drought also produced poor results. The connection
between the water and the regeneration modules may improve the accuracy of the
mortality process. For example, the current mortality process could be kept as the
undisturbed mortality which is the minimum mortality rate. And other mortality
functions are possible to add (e.g. drought mortality, browsing mortality).

Another aspect that has not been explored is the competition with surrounding
vegetation. The vegetation dynamic inherited from RReShar is usable in Het-
erofor. Some tests can be managed to evaluate the interactions between the
regeneration cohorts and the competing vegetation.

As the mixed regeneration scenario shows, the seedlings can not be added uni-
formly in the stand to mix different species. The regeneration depends mainly on
the presence of parent trees in the surrounding. Another piece of the puzzle that
could be added is the seed production, dispersion and germination process. This
implementation would add more heterogeneity in the stand. New perspectives of
simulations such as stand colonization, disturbance-induced changes in the specie
distribution.

The climate change is one of the main topics of interest in forestry. As it was the
goal of this regeneration module, some long-term simulation could be handled. The
analyses of the results will maybe highlight interesting and unexpected consequences.
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Modeling Oak and Beech Regeneration in Mixed and Uneven-Aged
Forests
A Process-Based Approach for Changing Environments

Brieuc Ryelandt

ABSTRACT

Climate change and human impacts on the forest ecosystems forced to review
forest management practices. The forests need to be more resilient to face
these disturbances. The solution found for this is mixed and uneven-aged
forests which bring a lot of positive externalities in addition to the increased
resilience. But the complexity of the forest systems is therefore increased.
Process-based and spatially explicit models can bring the tools to integrate
this complexity and predict the behavior of the ecosystem along with the
changes associated with climate change. This is the aim of Heterofor, a
process-based model. But the uneven-aged stands need to take regeneration
into account to make long-term predictions. This Master’s thesis focus on
the development of the regeneration module in Heterofor. The seedling
morphology, growing process, and mortality process are described for oak and
beech. The module uses the radiation to calculate a height increment. The
seedling characteristics are derived from the height or the diameter. With
these, photosynthesis is computed thanks to Castanea library. And a mor-
tality rate is calculated using a resource sharing method between the size class
net primary production and the individual growth needs. The validation of
the module is carried by reproducing the self-thinning lines with different sce-
narios. The self-thinning lines were well reproduced in full light conditions.
Other simulations were carried to analyze the behavior of seedlings in mixed
regeneration, under a canopy, and with water stress.

Keywords: Regeneration; Process-based; Model; Seedlings; Beech; Oak; Self-
thinning
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