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1 Summary

LUBERON?2 is a simulation tool, based on a coupled demo-genetic modelling approach, to investigate
the effect of silviculture and/or stochastic disturbance events on stand-level genetic diversity. In the
B4EST project, we extended a previous “proof of concept” version of the model, which now runs for
two species, Pseudotsuga menziezii and Cedrus atlantica.

The model is developed on the CAPSIS modelling platform, currently available upon request following
the CAPSIS charter. Using a graphical interactive environment or a script mode, it can be used by
researchers and R&D departments of forest institutes, for training sessions with forest managers, as
well as for teaching and communication on management x genetic diversity interactions towards any
actors. By the end of 2021, a public access and a user manual will be available on CAPSIS platform.

2 Introduction

The genetic diversity of trees has allowed the differentiation of various adaptative capacities among
species and among provenances within each species (Savolainen et al, 2007; Alberto et al, 2013).
Furthermore, within each stand, genetic diversity is a factor of resilience and evolvability in the face of
environmental changes and disturbances. Thus, the genetic diversity of trees is not only a resource for
breeding and improvement of forest reproductive material for planted forests, it is also a resource for
natural regeneration of forest systems. In turn, silviculture practices shape the genetic diversity of
trees through selection and random evolution processes. Forest genetic resources and silviculture are
tightly and dynamically linked (Lefévre et al, 2014). The simulation tool is aimed to characterize and
qguantify the complex links between silviculture and tree genetic diversity, to address such questions
as:

e what are the effects of different levels of genetic diversity on the performance of a given
silviculture?

e what are the effects of different silvicultural regimes on the genetic diversity in the next
generations of trees?

e can we propose some innovative combinations of genetic diversity composition and
silviculture that jointly favor adaptive evolution towards higher resistance to disturbance and
long-term preservation of genetic diversity?

Given the delay between silviculture practices and their impacts on the genetic diversity, and given the
contingency of the links between practices and tree diversity to local conditions, a simulation approach
is an appropriate way to answer such questions. In addition, new experimental plots combining
different silvicultural treatments and different genetic compositions should also be installed to provide
new data for future studies. This deliverable reports on a simulation tool that simulates stand growth,
stand dynamics and genetic evolution depending on silviculture practices, initial genetic composition,
and stochastic disturbance scenarios.

This simulation tool (or model, for simplification), named LUBERON2, relies on a demo-genetic
modelling approach, i.e. coupling forest growth and demography with individual genetic diversity and
inheritance processes (Oddou-Muratorio et al, 2020). In this project, we improved and extended a
previous “proof of concept” version of the model recently developed on the modelling platform
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CAPSIS. The model can simulate monospecific even-aged stands either of Cedrus atlantica or
Pseudotsuga menziesii. The model can be used to assess the genetic impacts of natural regeneration
systems on pre-existing forest stands of unknown genetic composition, or to test innovative
management systems combining initial plantation of selected forest reproductive material followed by
natural regeneration, an emerging scenario which is one of interesting options to consider for
adaptation to partly uncertain future.

3 LUBERON2 model on the CAPSIS modelling platform

3.1 Brief description

CAPSIS (standing for “Computer-Aided Projections of Strategies In Silviculture”,
http://capsis.cirad.fr/capsis/presentation) is a software platform to integrate forest growth and
dynamics models for research, forest managers and training. It is a co-development oriented

organisation where modellers develop their own models and share common modelling tools, e.g.
libraries and extensions (Figure 1). More than 80 projects are currently active on the platform, i.e.
finalised models or under development, representing an international community of modellers.
Models are basically written in Java, with possible links with other languages. The CAPSIS charter
stipulates that all the source codes are freely accessible by all members in the CAPSIS community,
modules may become the base for new modules, code can be shared. In this project, we used this
community sharing to extend our previous version of LUBERON2 on Cedar in collaboration with
Gauthier Ligot (Gembloux University) who had developed the GYMNOS growth model on Douglas fir.
We kept our original name LUBERON2 because the new version keeps the functionality to combine
silviculture, genetic diversity and stochastic disturbance. Compared to the preliminary version of
LUBERON2, we restructured the whole source code to allow the extension to other species and we
introduced Douglas fir growth and dynamics processes, we also extended the simulator of disturbance
regimes as indicated with further details in section 4 of this report.

o Libraries Co-développement
A library 2
o i <
elopers
v
Modellers
End-users
Software architecture Actors and roles
Clear property rules
8 [ Free software (LGPL) Capsis¥
[ Capsis charter :
- property q
- sharing with other co-developers eT ¥ o

Figure 1: co-development oriented organisation of the CAPSIS platform.
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LUBERON?2 integrates multiple processes at stand scale: individual tree growth, sexual reproduction
and natural regeneration, mortality through self-thinning as well as any types of systematic or selective
thinnings, mortality through stochastic disturbance regime which frequency and intensity can be
parameterized (e.g. biotic agent), growth reduction through a second independent disturbance regime
(which can also reach mortality, e.g. drought events). Genetic diversity is simulated through individual
genotypes at neutral genes and QTLs that control growth vigour and resistance to each disturbance
factor following an additive inheritance model. Individual genotypes in the initial stand are simulated
using an heuristic algorithm to fit target values of populations and quantitative genetic parameters
(heritability, differentiation, fixation index,...). The individual genotypes of the new seedlings that
appear during the simulations directly result from sexual reproduction mechanisms that account for
individual male and female fecundities as well as spatial distance between mates in the parent
generation.

Starting from an “inventory file” provided by the user describing the initial stand and its genetic
composition, the model simulates the forest dynamics and genetic evolution in response to the
prescribed silvicultural treatments and the two disturbance regimes. Used in a graphical interactive
environment (Figure 2), the model provides graphical representations and tables of the evolution of
dendrometric, demographic and genetic characteristics of the forest stand. Each graphical display has
multiple customizing options. The model can also be used in a script mode, with export of simulated
data (i.e. individual tree characteristics) for external analysis. Sessions and projects can be saved for
later re-use. The software can be run in English or French version.
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Figure 2: screen-shot of LUBERON2 (in English). Chrono-sequences at the top show the different
scenarios of events defined by the user and compared (interventions, regeneration, with or without
disturbances); left panel shows the choice of graphic representations; first front pop-up window is an
interactive tool to proceed selective thinning based on the distribution of individual diameters; panels
behind show 2D and 3D representations of the stand, graphical comparison of different silviculture
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scenarios in terms of the evolutions of total basal area, genetic mean and genetic variance for vigour
during the rotation.

3.2 Potential uses

As a proof of concept, the previous version of LUBERON2 proved to be useful for different objectives:

. for research, to analyse the effects of interactions between silviculture and disturbance on
stand dynamics, genetic quality and evolutionary potential;

. for management, to compare different silviculture options considering jointly classical
forestry objectives, e.g. growth and production, and genetic diversity objectives, which
include not only genetic improvement for vigour and resistance to disturbances, but also
preservation of the variance of adaptive traits and overall neutral genetic diversity;

o for teaching and communication, to raise awareness on the potential impacts of
silviculture and disturbance on the genetic quality and adaptive capacity of the forests.

We had used the previous version of LUBERON2 with French forest managers to better understand the
mechanisms through which silviculture operates genetic selection on vigour and to quantify the
intensity of this selection (Lefévre et al, 2019). This preliminary work showed that tree selection by
silviculture can generate high selection intensity for vigour (reaching selection intensity i=1 in some
cases, depending on the genetic architecture of the trait and on forester’s choice), also resulting in
indirect selection on other correlated traits. To our knowledge, it was the first quantitative assessment
of the capacity of selection by silviculture on a quantitative trait. This preliminary work also revealed
that early interventions at juvenile stage are important drivers of the effective selection intensity (the
impact of tree selection in the final thinnings is constrained by the previous effects of juvenile
selection), and that genetic impacts of management practices are modified by the regime of natural
hazard, in particular at juvenile stage. These preliminary findings will be consolidated with the new
LUBERON?2 version in a broader range of contexts, including for two different species.

We had also used LUBERON2 in an international Training Workshop on methods in forest conservation
genetics organised by the H2020 GENTREE project to which the partners of B4EST were also invited
(https://b4est.eu/training-workshop-on-methods-in-forest-conservation-genetics). Most participants

were geneticists rather than forest managers, and it was possible in a 2h time slot to introduce them
to the model, install the software on their machines and perform their own simulations using the
graphical interactive environment.

These experiences showed the possible use for teaching and training purposes, in both the forest
managers’ and geneticists’ communities, either in French or English version. The simulator runs on a
PC, it requires installation of the CAPSIS software and appropriate Java version. A stand alone installer
can be prepared allowing straightforward installation, e.g. for training sessions. A user manual is in
preparation (available before end 2021), proposing different levels of utilisation, from the use of
default menu options to possible changes in the model parameters themselves.
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3.3 Targeted users and accessibility/use

The model is mainly dedicated to R&D services of public and private forest enterprises familiar with
the CAPSIS modelling platform: these users will have the capacity to use all the intervention simulation
tools offered by the platform and create new initial inventory files to design their own simulation
studies without any specific support other than the user manual. All CAPSIS modellers (i.e. the CAPSIS
community) can freely use the source code, either to extract part of the code and re-use it in their own
model of the CAPSIS platform or to develop a new model, with respect to the CAPSIS charter.

The graphical interactive environment also allows simpler uses by people not familiar with the
software based on default initial inventory files and default options, e.g. for training where participants
perform their own simulations or just for a visual demo. Still, it is possible for these users to develop
their own specific case studies: in this case, INRAE (francois.lefevre.2@inrae.fr) can provide support in

particular for the creation of the appropriate initial inventory files.

The model is simple to use but attention must be given with the most expert user mode since many
options can be changed: a smart choice might require information difficult to obtain, and irrelevant
choices could lead to absurd simulation results. In any case, the interpretation of model outputs is
under the sole responsibility of the user. Simulations start with an initial stand inventory made of
individual trees spatialized in one or several tree plots characterized by their site index. Each tree has
initial dendrometric characteristics and a genotype. The model makes these initials trees grow,
reproduce and die, and it generates the genotypes of new seedlings. Thus, a first set of user choices
concerns the initial stand: environmental conditions (parcels with their site indexes), individual
genotypes that can be provided directly by the user or simulated using the automatic generator of
genotypes given some synthetic parameters provided by the user (number of genes controlling vigour
and resistance to disturbance, heritabilities of these traits, etc.). A second set of user choices concerns
the parameters of stand evolution: with or without natural regeneration, with or without stochastic

disturbances (and in case parameters of disturbance regime). Finally, the user has to define silvicultural
interventions at each step (e.g. for thinning, which trees to remove).

4 LUBERON2 content and specificities

The demo-genetic modelling approach in LUBERON2 simulates the dendrometric and genetic response
of a dynamic system with its own internal processes and feedbacks including silviculture interventions,
submitted to biological constrains (e.g. trait genetic architecture) and facing stochastic disturbance
events of various frequency and intensity (Figure 3). This section provides a synthetic description of
the different compartments of the model. The structure of LUBERON2 source code can host distance-
independent individual-tree models with different specific parameterization, run alternatively not
together. Currently growth models calibrated for Cedrus atlantica (Courbet, 2002) and Pseudotsuga
menziesii (Perin et al, 2017) have been integrated.
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Figure 3: General schematic representation of LUBERON2 compartments: (i) the core system
compartment, grey box, is the demo-genetic coupling where growth, reproduction and survival
processes depend on the genetic diversity while determining the drivers of genetic evolution; (ii) the
external context compartment, green boxes, includes the initial genetic diversity and genetic
architecture of traits that interfere with demographic processes, as well as the regimes of stochastic
disturbances; (iii) the response compartment, red box, includes individual tree level and stand level
responses in terms of dendrometric and genetic variables that can be related to production, resilience
and genetic diversity properties.

4.1 The core system

The growth and self-thinning models used in LUBERON2 are calibrated for even-aged stands. In
LUBERON?2, a forest stand is called a “scene”, it may consist in several parcels with different site indexes
and/or different silviculture treatments with no other interactions than pollen and seed flow among
them. In addition, to allow natural regeneration to occur in small patches, the “scene” can be spatially
split into a square grid of smaller “cells” that will behave independently one from the other: in this
case, the user defines the size of the growth units, which requires to characterize the possible impact
on growth and self-thinning processes when cells are too small (see section 5). To simulate pollen and
seed sources external to the target forest stand, it is possible to simulate “lateral parcels” where
growth and self-thinning processes occur at stand level only and not at individual tree level and where
genetic diversity can only evolve through genetic drift.

Individual tree growth without disturbance

For each individual tree, a potential annual radial growth increment is first computed as a function of
initial tree size, accounting for stand density, site index and tree age, following previously calibrated
distance-independent individual-tree models (Figure 4). Then, the effective annual radial growth
increment is obtained by adding the individual phenotypic value (positive or negative) computed from
the genotype of the individual at the QTL controlling vigour and a stochastic micro-environmental
effect. Allometric relations are then used to derive other dendrometric variables (height, LAI, etc.) as
well as male and female fecundity once trees have reached the adult stage from the radial growth.

Page 8 of 14



B4EST — Deliverable D4.5

(a) Variation of A (P = 1; m= 1.025) (b)Vananon of P (A=100; m = 1.025) (c)Variauon of m(A=100;P=1)
200 -=-- A= 50 , | 200{----P=0%0 200{ -=== M= 1.000

—_—— A=T5 / —-—=P=075 — = m= 1010

— A =100 /’ 3 —P=100 —m=1.025

—_—A=125 Z i —_—P =125 —m = 1.050

— P = 1.50 — m = 1,100

— A = 150 / 150

o
(=]

100 100

o
o

50 50

Basal area increment (cm?/an)
o
o

0 100 200
Tree girth at breast height (cm)

Figure 4: Impact of the three parameters that determine the growth model in Luberon2, specific
parameterization set-up are used for Pseudotsuga menziesii and Cedrus atlantica (illustration taken
from Perin et al, 2017, parameters A, P and m as functions of stands characteristics are detailed in
Perin et al. 2017).

Sexual reproduction

Each individual tree has precise spatial coordinates: this spatial information, unused in the growth
model, is necessary to simulate pollen and seed dispersals. Regeneration may only occur in empty cells.
When regeneration occurs, all reproductive female trees send their seeds in the cell following a seed
dispersal model that depends on female fecundity and spatial distance. For each seed arriving in a cell,
knowing the identity of the mother tree, the identity of the father tree is determined using a pollen
dispersal function (actually several are proposed) depending on male fecundity and distance to the
mother tree. Selfing can be allowed or not. Finally, knowing the identity of the mother and the father,
and therefore their genotypes, the genotype of the seed is computed following sexual reproduction
mechanisms, i.e. meiosis and gamete sorting. In practice, since the growth models are not calibrated
for very young stages, seedlings are simulated rather than seeds, i.e. juvenile trees are created with
the expected size at the age of recruitment for the growth model (age 15 for Douglas fir, 25 for Cedar)
and wait until reaching that age to start growing.
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Figure 5: Female fecundity model in Luberon2 for Cedrus atlantica where the probability of the number
of cones produced (represented in a log scale by a 0-5 score) depends on tree dbh, similar formalism
used for Pseudotsuga menziesii (illustration taken from Bertrand 2004)

Self-thinning

A classical self-thinning model is used to determine density-dependent mortality, in which smaller
dominated trees die first.

Response to disturbances

Two types of annual stochastic events may be applied, either none or one or both independently, with
different regimes (see below). The first type is a mortality event that randomly kills some trees
regardless of their size (thus different from the self-thinning process). Once such an event occurs, its
intensity gives the potential probability of mortality of each tree within all cells, but the realized
probability of mortality is corrected for each cell depending on its LAl (lower LAI reduces the
probability, as in drought event), and additionally corrected for each tree within the cell depending on
its phenotype that depends on its genotype at the QTL controlling sensitivity to mortality disturbance.

The second type is a growth reduction event that reduces individual tree growth, which may result to
mortality only when the resulting growth is too low. As previously, the intensity gives the potential
diameter growth reduction of all tree within all cells, which is also corrected by the cell’s LAl and by
individual genotype at the QTL controlling sensitivity to growth disturbance. In this case, growth
reduction is computed prior to all allometric computations of other dendrometric variables mentioned
above.

Silviculture interventions: thinnings

Several types of thinnings can be simulated using the CAPSIS intervention tools: systematic thinnings,
selective thinnings using diverse types of criteria, combined thinnings, etc. Regarding genetic diversity,
thinnings may have an effect on genetic drift by changing the census number of reproducing trees and
the variance of their relative contributions to the regeneration, and an effect on selection related to
the traits used to choose the trees to keep (generally tree size).
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4.2 The external context
Stand inventory

As an input, the model requires an initial “scene” which contains the spatial delimitation of tree plots
if any within respective site indexes, the list of individual trees that make the initial stand, with their
spatial coordinates, their initial age and size and their genotype. Optionally, multiple-tree objects that
represent multiple trees can be used to simulate sources of pollen and seed flow coming from outside
the target stand.

Genetic diversity and trait genetic architecture

Individual genotypes include neutral loci and quantitative trait loci (QTL) related to vigour, resistance
to mortality disturbance and resistance to growth disturbance, all of them mapped along a set of
linkage groups, i.e. a genome. Since, obviously, individual tree genotypes at QTL cannot be empirically
determined in a forest, a heuristic tool can be used to generate realistic QTL allele effects (bi-allelic
loci), allele frequencies, and individual genotypes that match target values of genetic variance (or
heritability) and differentiation (QST) if several gene pools are admixed, while keeping Hardy-Weinberg
equilibrium genotype frequencies within each gene pool. The number of QTL is fixed by the user, QTL
allele effects and frequencies are optimized by the software following an L-shaped distribution of allele
effects. Inheritance is currently supposed to be purely additive.

Disturbance regimes

For each type of disturbance, frequency of occurrence and potential intensity are initially
parameterized by the user: low frequency events are more frequent than high frequency events. Then,
when the disturbance options are “on”, stochastic events occur annually following the designated
regimes.

4.3 The response

A set of tools have been developed in the CAPSIS graphical environment to visualize through figures
and tables large set of classical dendrometric variables at individual tree or stand level, population
genetic and quantitative genetic variables, as well as chrono-sequences of disturbance events.

5 Calibration and model validation
General considerations

Validation of coupled models, here demo-genetic coupling, is a real challenge because the assembly
of individually calibrated processes may result in strange behaviour of the model. Indeed, this is even
more or less what is looked for in this kind of approach: to reveal unprecedented properties of the
modelled system that could emerge from the coupling. Thus, LUBERON2 should be used in prospective
studies to compare different scenarios of silviculture, genetic diversity and disturbance regime, rather
than for precise prediction in a specific case study requiring very precise parameterization (see also
section 3.2 on the potential uses of the model). At this stage, calibration and model validation are still
on-going.

Each process integrated in the model has been calibrated for the two species, in different ways, as
briefly explained below. Similarly, the levels of genetic diversity used in the simulations results either
from empirical data or from theoretical considerations. However, possible deviations from individual
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process expectations that could result from their assembly or from using particular genetic diversity
values cannot always be compared to data. Users are encouraged to proceed with appropriate
simulation design to account for this uncertainty.

In the most advanced use mode, e.g. for the CAPSIS community (see section 3.3), all parameterization
in the source code can be changed. In a simpler use mode, some parameters are defined in the
inventory file for which default values are suggested.

Growth and self-thinning

LUBERON?2 re-uses tree growth and self-thinning models for Cedar and Douglas fir taken from other
CAPSIS models, respectively CA1 (developed by F. Courbet; based on Courbet, 2002) and GYMNOS
(developed by G. Ligot et al.; based on Perin et al., 2017). These models had been validated in their
original publications, based on multiple empirical datasets. However, here we introduce two new
aspects that may alter the behaviour of these models.

The first aspect occurs when the “scene” is split in a grid of independent cells, each of them considered
as an independent mini-stands. Obviously, reducing cell size too much introduces bias. We performed
a specific simulation plan to quantify such biases on mortality rates and growth trajectories, comparing
stand growth without splitting or after splitting in different cell sizes: from this work, we recommend
a minimum cell size not below 15x15m and provide bias estimates for this size (Godineau et al. in prep).

Another deviation to the original growth models is due to the genetic diversity: indeed, we introduce
a fixed tree effect on vigour and/or resistance to disturbances which is ho more random as in the
original growth models. In particular, this effect contributes to making the response to selective
thinnings different to a model with no genetics. We checked that realistic levels of genetic variances
(see below) do not introduce irrealistic behaviour of the growth model (Godineau et al., in prep).

Male and female fecundity, pollen and seed dispersal

Male and female fecundity models were originally calibrated for Cedar (Bertrand, 2004, see above),
based on empirical data. Since we did not find any other model specifically developed for Douglas fir
in the literature, we calibrated the same type of model for this species based on data taken from
(Valadon (coord), 2010).

Pollen and seed dispersal models are classical kernel functions, calibrated from unpublished data for
Cedar (Etienne Klein pers. comm.) and from data in Valadon (coord, 2001) for Douglas fir.

Genetic variation for growth vigour and sensitivity to disturbances

The genetic architecture and genetic diversity of variable traits, i.e. vigour and sensitivity to both types
of disturbance must be provided by the user. Default values of number of QTL and heritabilities are
proposed. Default estimates of within-stand phenotypic variance of vigour were obtained from
empirical datasets of Cedar and Douglas fir by re-fitting the original growth models with an additional
random tree effect (Godineau et al, in prep; Fririon et al, in prep). Then, from these estimates of
phenotypic variances, estimates of additive variances can be established based on theoretical
assumptions of heritability values for such trait (e.g. 0.3).

Page 12 of 14



B4EST — Deliverable D4.5 A

During this project, a new approach has been developed based on dendrochronological data to
disentangle inter-individual variation in vigour, i.e. growth potential in the absence of stress, from
inter-individual variation in sensitivity to stress intensity (Fririon et al, in prep). This approach was used
to provide default estimates of within-stand phenotypic variance of sensitivity to growth disturbance
for Douglas fir.

No empirical estimates of the phenotypic variance of sensitivity to mortality disturbance was available
to calibrate the model in this regard.

Disturbance regimes

Disturbance regimes are defined as stochastic distribution functions that determine temporal variation
in disturbance intensity, to be parameterized by the user. Default parameters are proposed. To
calibrate the default parameters for growth disturbance regime, we used a process-based modelling
approach to fit drought stress level indices from dendrochronological data in five Douglas fir ICP forests
(Fririon et al, in prep). The default mortality disturbance regime was designed according to a 11-years
mortality chronosequence dataset in a Beech forest in Southern France (Petit-Cailleux et al, 2020).

6 Perspectives

As mentioned above, a user-manual is in preparation to guide different levels of use of the model (see
section 3.3). Training sessions will be proposed to project partners upon request.

The model will now be used to simulate different silviculture treatments, under various disturbance
regimes, in forest systems that successively combine initial plantation followed by natural regeneration
in Douglas fir. The management scenarios to be simulated and assessed will be defined with
stakeholders, and will also include original silviculture treatments specifically dedicated to genetic
diversity objectives. Simulations will include different initial genetic set-up, i.e. contrasted forest
reproductive materials and mixtures, and different silviculture scenarios, e.g. short-rotation oriented
or drought adaptation. The assessment will concern the stand performance with regards to the
forestry objective, including resilience to disturbance, the genetic impacts on the next generation(s)
both in terms of genetic means (vigour and sensitivity) and in terms of genetic diversity (genetic
variance of adaptive traits, neutral genetic diversity, realized population size, etc.), and the expected
performance and resilience of the next rotation resulting from these genetic changes.

The use of the model for Maritime pine, as initially planned, has been abandoned for two reasons: (i)
discussion with forest managers in charge of Maritime pine forests in France revealed that succession
of plantation and natural regeneration was not considered as a management option, as it can be for
Douglas fir and Cedar, and therefore questions addressed with this type of model were not relevant
for this species, and (ii) the growth models of Maritime pine currently used in CAPSIS were not suited
to develop a similar demo-genetic modelling approach.

A second version of this deliverable which will include results of defined simulations will be available
before end 2021. By the end of 2021, a public access to LUBERON2 and a user manual will be available
on CAPSIS platform.
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7 Partners involved in the work

INRAE (URFM Avignon) developed the model jointly with the CAPSIS developers, in collaboration with
Gembloux University (Gauthier Ligot) who provided the source code for Douglas fir growth and self-
thinning processes.
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