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Summary

Forests are essential to human society as they deliver different kinds of ecosystem services.
However, nowadays, climate change is exposing our forests to changing environmental
conditions, being higher temperatures, erratic rainfall, and changing disturbance regimes. To
ensure the continuous delivery of ecosystem services, we should therefore manage our
forests to increase their resistance and resilience against climate change, which means
increasing their ability to resist change as well as to recover fast after a disturbance took place.
This type of sustainable management is called Climate-Smart Forestry. In this regard, thinning
has already been proposed as a management action that can reduce between-tree
competition and increase drought tolerance, mitigating the effect of climate change.
Therefore, we used the mechanistic individual-based landscape model, iLand, to evaluate
how different thinning intensities could influence the stability of species composition and
forest structure to climate change, in the Meerdaal and Heverlee forest complex. We
expected that higher thinning intensities could maintain or improve forest stability. We
programmed the management of this forest complex by using the forest management plan
and suggestions from the forest managers and tested four different management scenarios,
being no management and a removal of 5%, 10%, or 20% of the total basal area of the forest
every eight years, under varying climatic conditions. Our results indicated that overall,
increasing thinning intensity, shifted the species composition and the diameter class
distribution more, hence reducing the resistance against climate change, although trends in
the resistance of the diameter class distribution were less clear. The resilience of the basal
area also dropped with increasing thinning intensity in all climate scenarios, apart from the
most hot and dry climate, where no difference was observed between different thinning
intensities, and where resilience was overall the lowest. We found that climate influenced
both resistance and resilience of the forest, indicating the climate sensitivity of these stability
metrics. Usually, the largest change was found under the most extreme climate, where the
forest characteristics shifted towards smaller trees and an increased abundance of native
oaks, Douglas fir and black pine. Our research explored the potential of using a mechanistic
landscape model to simulate the effect of climate-smart forest management strategies for
the first time in the Atlantic region and pinpoints some new research lines that could be

addressed using this model.



Samenvatting

Bossen zijn essentieel voor de maatschappij omwille van de verschillende
ecosysteemdiensten die ze ons leveren. Niettemin worden onze bossen tegenwoordig
bedreigd door de klimaatsverandering, hetgeen gepaard gaat met hogere temperaturen,
onregelmatige regenval en een veranderend verstoringspatroon. Om de ecosysteemdiensten
die ze leveren te garanderen naar de toekomst toe, moeten we daarom ons bosbeheer
richten op het verhogen van de weerstand en veerkrachtigheid van het bos tegen de
klimaatsverandering. Dit betekent dat we zijn capaciteit om veranderingen te weerstaan en
snel te herstellen na een verstoring moeten verhogen. Dit type van duurzaam bosbeheer
wordt ook wel klimaatslim bosbeheer genoemd. Dunning werd reeds voorgesteld als een
beheeringreep die de weerbaarheid van het bos tegen klimaatsverandering kan vergroten
door de competitie tussen bomen te reduceren en de droogteweerstand te vergroten.
Bijgevolg onderzochten we met het mechanistische landschapsmodel iLand hoe verschillende
dunningsintensiteiten de stabiliteit van de soortensamenstelling en de bosstructuur tegen
klimaatsverandering kunnen beinvlioeden voor het Meerdaalwoud en Heverleebos. Er werd
verwacht dat een hogere dunningsintensiteit gepaard zou gaan met een hogere stabiliteit.
We programmeerden het huidig bosbeheer van het bos op basis van het huidige
bosbeheerplan en suggesties van de boswachters, en evalueerden vier beheerscenario’s, met
name een nulbeheer en een verwijdering van 5%, 10%, of 20% van het grondvlak van het bos
om de acht jaar, onder variérende klimaatscenario’s. Onze resultaten toonden aan dat een
hogere dunningsintensiteit de soortensamenstelling en de bosstructuur sterker veranderden,
alhoewel deze trend minder duidelijk was voor de bosstructuur. Het grondvlak van het bos
herstelde minder goed bij een hogere dunningsintensiteit, wat het geval was voor alle
klimaten behalve in het warm en droog klimaat waar de veerkrachtigheid van het bos het
laagst was en niet verschillend tussen de dunningsscenario’s. Daarenboven vonden we ook
dat de stabiliteit van het bos beinvloed werd door het klimaat. Het meest extreme klimaat
werd gekenmerkt door de grootste veranderingen in de boskenmerken, waarbij het aantal
kleine bomen toenam en soorten zoals inheemse eiken, douglasspar en Corsicaanse den
algemener werden. Ons onderzoek verkende voor het eerst in de Atlantische regio het
gebruik van een mechanistisch landschapsmodel om klimaatslimme beheerstrategieén te

onderzoeken en geeft suggesties voor verder onderzoek gebruikmakend van dit model.
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1 Introduction

The intensification of the climate and changing disturbance regimes are putting pressure on
ecosystems worldwide (IPCC, 2023a; Nolan et al., 2018; Patacca et al., 2023). Among those
ecosystems forests have already experienced increased forest disturbances, and mortality as
a consequence (McDowell et al., 2020; Patacca et al., 2023). Yet, towards the future forest
dynamics remain uncertain, as rising temperatures and atmospheric CO; concentrations can
increase forest productivity while disturbances reduce productivity (Lindner et al., 2010; Mina
et al.,, 2022). Additionally, changing disturbance regimes have the ability to significantly
change forest structure and composition, and push forests to a new state (Johnstone et al.,
2016; Seidl, Rammer, & Spies, 2014). As forests are essential to human society because of the
ecosystem services and goods they deliver, and their ability to mitigate climate change, which
is reflected in their carbon sink potential (Harris et al., 2021; Winkel et al., 2022), we should
aim at increasing the stability of forests against climate change. This can be done by
incorporating Climate-Smart Forestry in our forests. This type of adaptive management aims
at increasing the resistance and resilience of the forests against climate change, as well as
increasing their mitigation potential (Bowditch et al., 2020). The former relates to an
increased capacity of the forest to withstand change and a fast recovery to the initial

conditions when a disturbance takes place (Van Meerbeek et al., 2021).

Within CSF, thinning is seen as a way to increase the stability of forests to climate change on
the short term. Specifically, thinning can alleviate the competition between trees for
resources, reducing tree stress consequently (Chase et al., 2016), and can reduce impacts
from drought (Sohn, Saha, et al., 2016). Nevertheless, there still exists uncertainty about how
to implement CSF (Sousa-Silva et al., 2016, 2018). Moreover, it is unsure whether a lower or
higher thinning intensity would increase forest stability, as thinning can also make the
microclimate more extreme by increasing the fluctuations in temperature and vapor pressure
deficit within the stand, as well as decrease the stability of the stand against wind on the short

term, although increasing it on the long term (Jiao-Jun et al., 2003; Rambo & North, 2009).

Therefore, in this thesis, we investigated the influence of different thinning intensities on the
stability of forest composition and structure to climate change. To deal with the large spatial

and temporal scales of our research question, forest modelling emerges as a useful



instrument to get a better understanding of the effect of management on ecosystem stability
(He et al., 2011; Shifley et al., 2006). Especially process-based forest landscape models can
help us look at forest dynamics under future climate while also accounting for spatial explicit
forest processes such as management and disturbances (Landsberg, 2003; Shifley et al.,
2017). Therefore, we used the individual-based forest landscape and disturbance model,
iLand, which can model trees explicitly (Seidl, Rammer, et al., 2012). We investigated our
research question for the case study of Meerdaal and Heverlee forest, situated in the south
of Leuven, Belgium, for which iLand was already initialized. To study the influence of
management on the forest’s stability, we programmed the current management of the
Meerdaal and Heverlee forest using the forest management plan and suggestions from the
forest managers. We tested four different management scenarios being a no management
scenario and management scenarios with a removal of 5%, 10%, or 20% from the basal area,
under different climate scenarios. Finally, with this factorial experiment we could investigate
the effect of management and climate on two stability components, being the resistance of
the species composition and diameter class distribution against climate change and the
resilience of the basal area of the forest under climate change. We hypothesized that
increasing thinning intensity would increase the stability of the forest by increasing the
available resources for the remaining trees (Chase et al., 2016), making trees more robust

against droughts and other disturbances.



2 Literature study

2.1 Forests

Forests form an important part of the Earth’s biosphere by occupying approximately 31% of
the global land area. When looking at the global forest distribution, the tropical regions
comprise the largest fraction of this total forest cover (45%), followed by boreal (27%),
temperate (16%), and sub-tropical (11%) regions. One-fourth of this global forest area has
been identified as primary forest, meaning it has never been disturbed by humans. On the
other side of the spectrum, 3% of the total forest area are plantations, with nearly half of
these plantations consisting of introduced species. This already gives a glimpse of the variety
of forests in the world, ranging from forests that have been undisturbed by humans for
extended periods up to intensively managed monofunctional forests that only serve for wood
production. Furthermore, nearly half of the total global forest area is subjected to
management plans, reflecting the high extent of human influence in general and the need to

steer ecosystem services provisioning (FAO, 2020a).

When zooming in on Europe, 35% of its land area is covered by forests (Forest Europe, 2020).
Six European countries, specifically Sweden, Finland, Spain, France, Norway, and Turkey,
cover 70% of Europe’s forest area. Central-Europe overall shows the largest forest
productivity, in comparison to northern and southern Europe, where forest growth is limited
by shorter growing seasons and lower water availability, respectively. About 95% of European
forests are under some form of forest management with only 10% of this total forest cover
under intensive management and 30% under multiple-use management. Additionally, forests
are managed to achieve different goals ranging from intensive forestry with monocultures for
bio-energy production to protected forests for conserving biodiversity. Forestry is quite an
important economic activity in Europe as the majority of timber is exported, providing a large
proportion of roundwood on the global market (European Environment Agency, 2016). In
2022, the total roundwood production amounted to 508 million m? for Europe which is 12.8%

of the worldwide production of roundwood (FAO, 2023).

In Belgium, forests cover 689,000 ha or 22.5% of the Belgian territory (FAO, 2020b), of which
140,279 ha are located in Flanders, a subregion of Belgium (Statistiek Vlaanderen, 2020). With

a forest cover of 10% (Statistiek Vlaanderen, 2020), Flanders is one of the least forested



regions in Europe (Forest Europe, 2020). In Flanders, 38,060 ha of forests are under a
management plan and 1602 ha are considered forest reserves (INBO, 2023). Over the last
decades, forest management has become more sustainable and multifunctional in Flanders.
This is reflected by observed changes in forest stand characteristics, such as a shift from
coniferous forests to deciduous and mixed forests (Govaere, 2020). The share of species such
as Scots pine (Pinus sylvestris L.), Corsican pine (Pinus nigra subsp. laricio (Poir.) Maire), and
poplars (Populus spp.) decreased, while the share of most broadleaved species (except poplar
and red oak (Quercus rubra L.)) increased. The mean standing volume per hectare expanded
and the structural diversity increased. Furthermore, the amount of dead wood and old trees

increased in the forest, enhancing the ecological importance of forests (Govaere, 2020).

There is no doubt that forests are essential to human society by providing us with a wide
consortium of services, such as the provisioning of wood, regulating processes, and cultural
functions. Additionally, forests will also play an important role in climate change mitigation
(Winkel et al., 2022). The latter is reflected in the contribution of forests to the global carbon
cycle, considering that over the last two decades, forests have been acting as a sink of
greenhouse gasses (i.e. -7.6 +/- 49 GtCO,e yr!; Harris et al., 2021). Recently, however, our
forests have been experiencing some major threats, affecting their carbon sink potentials.
Specifically, during the period 1990 to 2020, 4% of the global forest cover was net lost (FAO,
2020a). This relates both to human and natural causes, with human causes mostly comprising
urbanization, agricultural expansion, or timber harvesting leading to deforestation, while
natural causes consist of droughts or storms which lead to unintentional forest loss (Keenan
et al., 2015). For forests in Europe, the forested area actually expanded over the last decades.
However, defoliation increased, indicating a decline in forest health (Forest Europe, 2020).
Different factors such as habitat loss and degradation, invasive alien species, pollutants and
nutrient overloads, and climate change are seen as prominent threats to European forests
(European Environment Agency, 2016). This raises questions about how our forests will cope
with a changing environment and evolve towards the future. Considering the high pressure
that is placed on these ecosystems nowadays, we should focus on these questions as a decline
in forest health can lead to the loss of ecosystem services. When this happens, the restoration

of these services might take several decades (Trumbore et al., 2015).



2.2 Climate change

At present, climate change has become a prominent theme in many different aspects of our
lives, impacting our societies and the environment where it has already caused a lot of
damage. Human-induced greenhouse gas emissions are seen as the cause of the rise in global
temperatures (IPCC, 2023a). These warmer conditions have already induced changes in
different spheres of the Earth’s system. Climate change has caused glaciers, ice sheets, and
sea ice to melt (Garcia-Soto et al., 2021; IMBIE, 2018; Khan et al., 2015; Zemp et al., 2019).
Moreover, the ocean has warmed up and acidified, and the sea level has risen (Garcia-Soto et
al., 2021). A shift in weather patterns has emerged as shown by the intensification of climatic
extremes, like heatwaves, droughts, and heavy precipitation events (Rummukainen, 2012).
Globally, different kinds of ecosystems are affected by climate change and are put under
stress, thereby losing their ability to deliver ecosystem services (Nolan et al.,, 2018).
Furthermore, besides nature, society also experiences direct effects from climate change as
it impacts economy, water, and food security, as well as physical and mental health (IPCC,

2023a).

Between the periods 1850-1900 (the reference period) and 2011-2020, temperature
increased by 1.1 °C. This is partially explained by the rise in greenhouse gases over this period
(IPCC, 2023a). The most important greenhouse gasses are CO, and CHs, but also N;O,
tropospheric Os, and halogenated gases can contribute to global warming, in contrast to
anthropogenic aerosols which have a cooling effect on the planet (IPCC, 2023a; Wigley, 2001).
These greenhouse gases originate mainly from the energy sector, the industry, and land use
changes (IPCC, 2023a). It is expected that in the period 2081 to 2100 the temperature will
have increased by a total of 1.4 or 4.4 °C compared to the reference period and depending on

the socioeconomic global changes (IPCC, 2023b).

Reducing greenhouse gas emissions has the potential to dampen the temperature rise, even
though temperature will still continue to increase in the following decades. Actually, if we
would strongly and rapidly reduce the main greenhouse gasses (CO2 and CHs), the
temperature increase could stay under the 1.5 or 2.0 °C threshold. This will require that
efficient mitigation strategies are set in place. If not, further warming will happen in line with
further greenhouse gas emissions, which can lead to irreversible changes (IPCC, 2023b). These

different greenhouse gas emission scenarios are represented by the Representative



Concentration Pathways (RCPs). There are four primary scenarios, of which one represents a
strong reduction in greenhouse gasses (RCP 2.6), two represent intermediate situations (RCP
4.5 and RCP 6.0), and the last one represents a scenario where greenhouse gas emissions are
very high (RCP 8.5). These different scenarios are useful to investigate their related impacts
on the environment and society (IPCC, 2014). It should be noted that recently also new kinds
of scenarios that are similar to the RCPs emerged, being emission scenarios based on the
Shared Socio-economic Pathways (SSPs), but as we will use the RCPs, these scenarios are out

of the scope of this thesis and will thus not be further explained (IPCC, 2023a).

As previously mentioned, droughts and heavy precipitation events have already become
more intense and frequent over the last decades. Hot extremes like heatwaves increased in
frequency and intensity in contrast to cold extremes which decreased in frequency and
intensity (IPCC, 2023a; Rummukainen, 2012). Hot extremes will likely continue to manifest
and even become more severe in the future as the Earth continues to warm up. Moreover,
precipitation will become more erratic and intense in most regions. Droughts are also
projected to increase in frequency and intensity (IPCC, 2023b). Specifically, for our study
region, central Belgium, the precipitation is expected to decrease and increase in summer and
winter, respectively. Meanwhile the potential evapotranspiration will increase in both
seasons, as a result of the higher temperatures. In winter, the net rainfall resulting from this,
i.e. the rainfall remaining after subtracting evapotranspiration, is still higher than in the
historical records (1961-1990). In summer, these changes will push the situation towards even

drier conditions (Baguis et al., 2010; Tabari et al., 2015).

2.3 Forests and climate change

Climate change will affect forests in different ways, both positively and negatively.
Specifically, increasing temperatures and higher CO; levels in the atmosphere (climate change
as such) could increase forest productivity, in contrast to disturbances which will have
negative effects on forest growth and health (Lindner et al., 2010; Mina et al., 2022). There is
some evidence that when looking at the combined effect of climate change as such and
disturbances, both influencing productivity in an opposite way, the net result may be no net
gain in productivity anymore or a further amplification of productivity loss in most cases.
However, there were also some minor cases where climate change as such and disturbances

together did have a positive influence on productivity. For example, low-impact fires can



reduce competition among trees and fertilize the soil, which promotes productivity. Hence,
the combined effect of climate change as such and natural disturbances is context-specific
(Reyer et al., 2017). Changing environmental circumstances are giving rise to changing forest
dynamics. Hence, it is unclear how forests will behave in the future. As for now, climate
change is leading to forest mortality and pushing forest stands to stay relatively young, hence,
carbon storage is reduced. Nonetheless, these impacts may be partially buffered by
adaptation, acclimation, and migration. At the other side, growth has increased by the
fertilization effect of CO,, although this effect only promotes growth in an early stage and
when nutrients and water are not limited. Nevertheless, with the projected increase in
mortality and variability in growth, forest canopy cover and biomass will most likely drop
correspondingly (McDowell et al., 2020). In addition, Forzieri et al. (2022) showed that forests
are losing their ability to withstand disturbances, which is likely linked to increasing incidents

of drought and variability in climate.

Furthermore, disturbance regimes have been changing in Europe over the last decades,
becoming more intense and increasingly affecting our forests (Patacca et al., 2023; Seidl et
al., 2011). Wind caused the most damage to Europe’s forests over the period 1950-2019 and
is thus the most important disturbance agent, followed by fire and bark beetle. For the Sub-
Atlantic zone, which comprises Belgium, fire and bark beetle disturbance have been observed
to decrease and increase, respectively, with no clear trend observed for wind disturbance
(Patacca et al., 2023). Forests have evolved to tolerate a natural disturbance regime (Seidl,
Rammer, & Spies, 2014; Trumbore et al., 2015). A shift in disturbance regime may cause a
mismatch between species traits, evolved in line with a certain history of disturbances (i.e.
their information legacies), and disturbance characteristics. Besides information legacies,
disturbances can create material legacies, such as nutrients, individuals, and seeds. These
material legacies arise due to or persist from a perturbation, which make the transfer of
species and their traits possible. Material legacies together with information legacies form
what is called the ecological memory of a system. If this latter degrades due to changing
disturbance regimes, resilience is reduced and the system might evolve to a new state
(Johnstone et al., 2016). For example, we could think of certain tree species that can keep
seeds stored for long periods of time, and only releases them after a fire event takes place

(i.e. serotiny; Johnstone et al., 2016; Lamont & Enright, 2000). This is an information legacy



as this trait has evolved in line with a historical occurrence of fire events (Johnstone et al.,
2016; Lamont et al., 2019). The material legacies are the seeds as they guarantee the survival
of the species (Johnstone et al., 2016). In case fire frequency increases, regeneration will be

hampered, and this system might evolve towards a deforested state (Buma et al., 2013).

In fact, forest composition and structure may undergo significant changes in response to an
increasing disturbance frequency, in comparison with how it was under the historic
disturbance regime (Seidl, Rammer, & Spies, 2014). Thom et al. (2022) found that climate-
induced changes in disturbance regimes may actually have a stronger impact on forest
dynamics than climate change itself. Moreover, legacy effects are important here as they can
support the recovery to the pre-disturbance forest state, such as the persistence of tree
patches after a fire event which can steer recovery to the pre-fire state (Seidl, Rammer, &

Spies, 2014)

There is also a strong interconnection between climate, forests, and disturbances, causing
different interactions and feedbacks to happen. Seidl et al. (2017) have shown that climate
change influences forest disturbances such that drought, fires, and insect outbreaks are more
likely to occur in a dry and warm climate, in contrast to pathogens and wind which will have
a higher impact in a wet and warm climate. Interactions between disturbances most often
increase their negative impact (e.g., drought increases the susceptibility of Norway spruce
(Picea abies (L.) Karsten) to bark beetles (Temperli et al., 2013)), and these interactions may
be altered by climate change (Seidl, Thom, et al., 2017). Moreover, interacting disturbances
can have larger negative impacts on forests when climate changes. For example, the
interaction between wind and bark beetle disturbances can affect larger forest areas in a
scenario with elevated temperatures (Seidl & Rammer, 2017). Changing forest composition
and structure, indirectly mediated by climate change and disturbance itself, may change the
vulnerability of forests to different disturbances (Seidl, Thom, et al.,, 2017). In fact,
disturbances may actually help forests to adapt faster to changing conditions. This
relationship was found to be valid for disturbance severity and frequency, meaning that
higher levels of these parameters gave rise to faster adaptation, but was not valid for
disturbance size (the size of the affected area; Thom et al., 2017). Eventually, a change in
forest composition and structure can also be effectuated by forest management as a way to

strengthen forests against disturbances (Seidl et al., 2011, 2017). For the latter, we could for



example think of reducing the share of bark beetle-sensitive tree species, thereby reducing

the vulnerability of the whole forest to bark beetle disturbances.

Campioli et al. (2012) investigated the impact of climate change on forests specifically for
Belgium, as such making a more detailed assessment at the level of a country by considering
regional characteristics. As expected, their conclusions align with observations on the
(sub)continental scale. For Belgium, they stated that rising CO. concentrations and
atmospheric nitrogen deposition would increase forest productivity, but other factors such as
droughts, climatic extremes, and the impact of fungi and insects would arise as key threats
for our Belgian forests. Specifically, European (Fagus sylvatica L.) and Norway spruce would
suffer from climate change in Belgium as a result of increasing aridity (Campioli et al., 2012).
Climate change effects were also observed on the individual tree level in Belgium based on
ring-width chronologies by Latte et al. (2016). They found reduced growth for beech in past
decades with changing soil conditions, i.e. increased nitrogen content and soil compaction, as
the dominant driver until 1980 and climate change becoming dominant in the recent decades
(Latte et al., 2016). Nevertheless, questions still remain regarding the negative as well as
positive effects of climate change. It is unclear whether climate change affects each tree
species equally and which tree species will thrive or perish under the changing climatic

conditions.

Projections towards the future can take different directions, as is illustrated by the findings of
McDowell et al. (2020) who stated that forest change and shifts in dynamics will accelerate
further towards the future, in contrast to Thom et al. (2022) who found that current forest
change as caused by climate change may attenuate in the second part of the 21st century by
negative feedback mechanisms. Nevertheless, climate change and related effects impact
forests and if we want to maintain and ensure the provisioning of ecosystem services to meet
societal demands, forest management should aim to increase forests' capacity to withstand
changes in climate (Temperli et al., 2012). We call this adaptive forest management Climate-

Smart Forestry.

2.4 Climate-Smart Forestry
Climate-Smart Forestry (CSF) is a new way of managing forests in times of climatic changes

that recently emerged and comes from the more mature concept of sustainable forest



management (Bowditch et al., 2020). A clear definition of CSF was given by Bowditch et al.
(2020):

“Climate-Smart Forestry is sustainable adaptive forest management and governance to
protect and enhance the potential of forests to adapt to, and mitigate climate change. The
aim is to sustain ecosystem integrity and functions and to ensure the continuous delivery of
ecosystem goods and services, while minimising the impact of climate-induced changes on

mountain forests on well-being and nature’s contribution to people.”

Although its focus is set on mountain forests, this definition remains applicable to European
forestry in general. Adaptation, mitigation, and the social dimension stand central and
summarize the goals of CSF. In full, CSF aims at adapting forests to the future climate by
enhancing their resilience and resistance to climate change, and at the same time maintaining
mitigation capacity which translates into sequestration, storage, and substitution of carbon.
The latter refers to the replacement of fossil fuels or carbon-intensive materials by forestry-
derived products. The social dimension involves a wide range of factors such as the
communication between stakeholders or the transfer of knowledge and technology

(Bowditch et al., 2020).

Stability, resilience, resistance, and other related concepts are ambiguous concepts with
different definitions in different fields. Within ecology, the adoption of these terms from
different fields led to confusion about their exact meaning. Specifically, two fields of study
developed different definitions for the same stability concepts, being the study of systems
staying close to their equilibrium and systems behaving in a non-equilibrium way, i.e. systems
with multiple stable states (Van Meerbeek et al., 2021). Different attempts to unify these
diverging definitions arose from this, with the paper of Van Meerbeek et al. (2021) being one
of the most recent contributions to this field, synthesizing previous work that led to an
overarching framework for stability research in ecology. In the next part of this paragraph, we
will elaborate on this framework. A system’s stability consists of different components (Figure
1): resistance (“the ability to withstand change following a perturbation”), resilience (“the
rate at which a system returns to the reference after change”), recovery (“the ability to fully
return to the reference”), latitude (“the maximum amount a system variable can be changed

before losing its ability to recover”), and tolerance (“the ability of a system to tolerate
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perturbations”; Van Meerbeek et al., 2021). Resilience as defined here is also known as
engineering resilience in the literature (Nikinmaa et al., 2020). Furthermore, system variables
are defined as parts of an ecological system such as the biomass or vegetation cover, while
system parameters are for example precipitation and temperature, which are able to affect
the system variables (Justus, 2007 in Van Meerbeek et al., 2021). Within this framework,
perturbations are seen as processes, forces, or agents able to alter the system’s variables
and/or parameters (Van Meerbeek et al., 2021). They can be characterized as being a pulse,
press, or ramp perturbation, meaning the perturbation happens in a limited time space, is
continuous, or is gradually increasing in time, respectively. For example, the rising
temperature can be identified as a ramp perturbation, while pulse or press perturbations
could be a drought or a continuous low groundwater level, respectively (Donohue et al., 2016;

Van Meerbeek et al., 2021).

A B

Figure 1: Figure based on Van Meerbeek et al. (2021) showing the system variable (S) through
time (t) in different disturbance scenarios (blue zone), with A) a pulse perturbation smaller
than the system’s tolerance, B) a pulse perturbation larger than the system’s tolerance, C) a
ramp perturbation, and D) a press perturbation. Rst, Rsl, and Rc stands for resistance,

resilience, and recovery, respectively.
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Coming back to CSF, we can see that stability concepts are important in this management
strategy to adapt forests to climate change. By adapting the forest, we aim to make the forest
more resistant and resilient, meaning that we want to increase the forest’s capacity to
withstand perturbations and to recover fast in case the system deviates from its reference
condition (Van Meerbeek et al., 2021). Seidl (2014) shows that given the uncertainty of the
risk, i.e. climate change, focus should be set on fostering resilience because the predictability
of the risk and knowledge to handle it is low. If we want to maintain ecosystem provisioning
and mitigation by forests, we should make sure that forests can tolerate perturbations and
return to their initial state or another favourable state when disturbed. With another
favourable state we mean a state where the forest is still able to deliver the desired ecosystem

services.

The importance of CSF to achieve mitigation goals, has been acknowledged by Verkerk et al.
(2020), seeing CSF as “the missing link” on the way to get in accordance with the objectives
as stated in the Paris Agreement. If CSF would be incorporated in Europe’s forests, it would
have a carbon mitigation potential of 441 Mt CO,. year?! by 2050 in addition to what is
currently captured by the forests of Europe in terms of CO,, which amounted up to 569 Mt
CO,. year!in the previous decade. The latter equals 13% of greenhouse gas emissions in
Europe (Nabuurs et al., 2017). This illustrates that CSF has a large potential for contributing

to the mitigation of climate change.

Thinning is a silvicultural intervention frequently applied in forests. It reduces the density of
a stand to give the remaining trees more space and consequently, improve their growth
(Goncgalves, 2021). Multiple parameters are important when executing a thinning, which are
the thinning frequency (the time between two consecutive thinnings), the age of the stand at
the first thinning, the thinning intensity (the number of trees or volume that is removed from
the stand), and the type of thinning (Klingen et al., 2010). There are multiple types of thinning,
with the most important ones being a thinning from below, a thinning from above, and a
future tree thinning. A thinning from below will mainly focus on removing suppressed (usually
smaller) trees in the stand, whereas a thinning from above will intervene in the crown layer
by removing dominant or co-dominant trees. The management goals will determine the trees

that are kept in the stand (e.g. better form, nature values, etc.). Future tree thinning can be
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seen as a form of thinning from above, where the future trees to be kept are already chosen

in an early stage of the rotation period (Klingen et al., 2010).

Thinning is seen as an important activity to directly react to climate change. More intensive
thinnings have been reported as a way to cope with climate change, as it would increase stand
stability and health, and reduce the competition for water (Keskitalo & Carina, 2011). In
general, thinnings can alleviate the competition for resources, such as light, nutrients and soil
moisture, amongst trees, which can therefore reduce tree stress. Trees that experience stress
are more prone to insect infestations, diseases, and mortality (Chase et al.,, 2016).
Furthermore, thinning can promote warmer soil temperatures and higher soil moisture
(Chase et al.,, 2016; Ma et al.,, 2010), which can improve N mineralization and, thus, N
availability in the soil (Chase et al., 2016; Powers, 1990). The content of available phosphorus
and available potassium was also shown to be higher in thinned stands compared to
unthinned stands (Xiangrong et al., 2018). Moreover, a meta-analysis by Sohn, Saha, et al.
(2016) showed that thinning is an important silvicultural practice that can reduce the impact
of drought on the growth of trees in a stand. This effect was valid for both conifers and
broadleaved trees, but in different ways. For conifers this effect translated mainly into a
better recovery to initial growth levels after drought, while for broadleaved trees the growth
reduction was less during drought. The latter was explained by an increased soil water
availability. Additionally, heavier thinnings could achieve these effects better. Following
Bréda et al. (1995), this increased soil water availability is linked to a decreased transpiration
and interception after thinning. These benefits of thinning are apparent for some
conventional species of Europe. For Scots pine, trees were found to be more resistant during
drought and recovered better relative to the growth reduction after drought in thinned stands
compared to unthinned stands. The recovery in relation to the growth reduction was higher
in more heavily thinned stands. Nevertheless, this effect diminished with time after the last
thinning (Sohn, Hartig, et al., 2016). For beech, a very common species with low drought
tolerance, thinning reduced growth reduction due to drought and increased the ability of the
remaining trees to return to pre-disturbance growth levels after drought. Higher thinning
intensity resulted in an increased drought tolerance (Diaconu et al., 2017). Moreover, sessile
oak (Quercus petraea (Matt.) Liebl.) also experienced increased resistance to droughts

following a thinning event. Thinned trees showed an increased ability to recover with
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reference to the minimum growth level and to reach pre-disturbance growth levels (Schmitt
et al., 2020). The positive effects of thinning have also been illustrated by other studies
(Gradel et al., 2017; Manrique-Alba et al., 2022; Misson et al., 2003), however, more studies

investigated conifer species than broadleaved species.

However, one could argue that more heavily thinned stands could also be less stable
considering an altered microclimate due to thinning. Rambo & North (2009) found that in
overstory-thinned stands the microclimate was more extreme. Summer and winter
temperature as well as vapor pressure deficit (VPD) showed larger fluctuations during day-
and nighttime in thinned stands compared to unthinned stands, especially closer to the forest
floor. This was explained by more solar radiation entering the thinned stand during day, which
led to higher maximum temperatures and VPD. During night, more longwave radiation was
lost to the atmosphere and resulted in lower minimum temperatures and VPD (Rambo &
North, 2009). Nonetheless, the effect of this altered microclimate on the trees itself remains
uninvestigated, as most often research looks at the global effect of thinning on the trees, such
as the studies mentioned in the previous paragraph. Possibly, the positive effects of thinning,
i.e. the increased availability of resources, are higher and compensate for the negative effects,
i.e. the changed microclimate. Secondly, as thinning can increase the openness of the stand,
wind disturbances could also become more problematic. Specifically, in the short-term, the
stand stability against wind is reduced after a thinning due to increased canopy roughness
and the reduction in neighbouring trees which provided shelter (Jiao-Jun et al., 2003).
Nevertheless, in the long-term, stand stability against wind is often enhanced by thinning,
especially when executed in an early phase of the stand, due to effects on growth and

adaptation to wind (Jiao-Jun et al., 2003; Picchio et al., 2020).

In Europe, most forest stakeholders are aware of the effect of climate change on their forests.
Despite this, only half of them are convinced that adapting forest management is necessary
to cope with climate change and only a third have already taken action to adapt their
management, yet with differences in percentages between countries. This shows that
management is adapting slowly, whereby the deficiency of knowledge both in practice and
theory is identified as the main obstacle allowing for action to take place (Sousa-Silva et al.,
2018). In our study region, Belgium, forest stakeholders have already experienced climate

change in the form of heatwaves, droughts, and heavy wind and precipitation events.
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Nevertheless, only a third of the stakeholders have altered their management. If adaptive
measures were set into place, it mostly consisted of promoting mixed stands and planting
better-adapted species and varieties. However, a lot of other measures were also reported,
including the altering of thinning intensity. In Belgium, knowledge was also seen as the

limiting factor to allow for forest adaptation (Sousa-Silva et al., 2016).

Different factors can hamper the achievement and preservation of the sustainable supply of
ecosystem services by forests. These factors include not only climate change, but also land
use change, management, economy, socio-culture, and governance. In the case of
management, a conservative approach with a lack of adaptive measures is seen as a main
obstacle to be able to adapt and increase resilience of forests to climate change, and, in this
way, ensure the sustainable provisioning of ecosystem services. The main solution is to switch
from this traditional management to climate-smart management as a novel way to deal with
a changing world (Hernandez-Morcillo et al., 2022). Nevertheless, it is clear that for this to
happen, knowledge should increase about how to implement CSF. In this case, forest
modelling can help to get a better mechanistic understanding of the interactions between

management and forest dynamics, and aid in developing CSF strategies.

2.5 Forest modelling

Experimental setups are often inadequate to study the effects of processes such as climate
change, disturbances, and forest management on large spatiotemporal scales. Here, forest
modelling emerges as a useful instrument to make this possible (He et al., 2011; Shifley et al.,
2006). The three most important types of forest models are empirical, mechanistic or process-
based, and hybrid models. The first models that arose somewhere in the thirties, were
empirical models such as yield tables and regression models to predict future timber yield.
From here on, further development and progress resulted in other kinds of models. This
development, where model complexity and performance increased, happened in line with
improvements in different technological and practical aspects, which were the computing
capacity of computers, the availability of data to calibrate and validate the model, the model’s
applicability in practice, and the capacity to contain social, biological, and economical agents
to steer change in the model. As these limitations became less critical over the years, new
kinds of models emerged such as the process-based models and later the hybrid models

(Shifley et al., 2017).
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Empirical models are models based on regression equations derived from large field inventory
datasets to represent forest growth (Shifley et al., 2017; Twery & Weiskittel, 2013). The most
widely adopted empirical models are yield tables, where site index and stand age are used to
predict forest growth (Twery & Weiskittel, 2013). Empirical models are often more practical
to use for forest management (e.g. yield tables; Landsberg, 2003; Twery & Weiskittel, 2013),
but they have some significant downsides as well. First, the data that underlies the model
should be of sufficient quality, as this will also determine the quality of the model. This data
should comprise a broad range of observations to include the internal variability and extremes
within these observations (Twery & Weiskittel, 2013). Additionally, their spatial applicability
is limited as they are generally specific for a certain site and the spatial scale on which these
models are used, is most often the forest stand. Another limitation of these models is that
they are not able to make predictions when new conditions arise, as they are only valid for
the conditions in which the data that underlies the model was collected. In other words, these
models consider the climate to be stable and, therefore, are often used on smaller timescales
(Landsberg, 2003; Twery & Weiskittel, 2013). Disturbances or management activities, such as
thinning and fertilisation, which can impact growth, are not accounted for in these models.
Additionally, they are both limited in input as output, as they are not able to use data sources
such as remote sensing data to steer the model and usually also offer limited outputs
(Landsberg, 2003). Lastly, site index, a parameter often used in empirical models, relies on

assumptions which are not always valid (Skovsgaard & Vanclay, 2008).

Mechanistic or process-based models, on the contrary, rely on equations representing the
underlying physiological processes steering forest growth such as photosynthesis and
respiration (Landsberg, 2003; Twery & Weiskittel, 2013). In other words, they try to describe
these processes, including the interaction with factors that influence them (e.g. water supply,
CO: level, etc.), in mathematical equations to predict the outcome rather than measuring the
outcome from which then statistical equations are derived at a higher level such as in
empirical models (Landsberg, 2003; Landsberg & Sands, 2011a). Mechanistic models can
overcome most of the disadvantages of the empirical models, but they are less commonly
used in forest management planning because of their complexity. Specifically, they are more
generic as they allow for simulating forest growth under changing conditions (e.g. climate

change). Additionally, effects of different silvicultural measures or disturbances on forest
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growth can often be assessed (Landsberg, 2003). At the other side, they often need a lot of
parameters to be defined, for which the numerical value is not always known (Landsberg,
2003; Twery & Weiskittel, 2013). Important parameters to define are usually those which set
species apart from each other in the model and are called species-specific parameters. In
general, the values of the parameters will influence the output, although these influences are
usually subtle. Nevertheless, this is not always the case. These parameters are usually found
by the process of calibration or parametrisation. Calibration is the process of assigning values
to parameters which were found by doing experiments, whereas parametrisation is the
process of varying the values of the parameters in the model until model output and observed

output matches best (Landsberg & Sands, 2011b).

Models are always simplifications of reality as ecosystems are very complex. Nevertheless, if
we want to produce accurate predictions for these ecosystems, we should describe the
underlying processes in enough detail in the model to approximate these. At the other side,
too much detail is unwanted because then the model would become too complex and require
too many parameters to be specified. Additionally, models will always contain uncertainties,
which are linked to the description of the processes, the parameter values, and the
assumptions made (Landsberg & Sands, 2011a). Specifically, error propagation should be
considered when using models, where errors in the parameters or input data of the model
will lead to errors in the model output (Crosetto & Tarantola, 2001), which can become more

severe when simulating over longer time frames (Albrich, Rammer, Turner, et al., 2020).

There also exist different kinds of mechanical models such as gap (stand-scale) models and
forest landscape models (FLMs; landscape-scale). Gap models model establishment, growth,
and mortality of individual trees on a small area usually around 0.01 to 0.1 ha. They were
initially not spatially explicit, however with time also spatially explicit gap models emerged
able to model seed dispersal and recruitment (Perry & Millington, 2008). FLMs arose after the
gap models as a consequence of the development of better technologies. In contrast to gap
models, they can model entire forest landscapes instead of only the forest stand and, hence,
also simulate the interaction between forest stands (Xi et al., 2009). FLMs are spatially explicit
models which means that they can model spatially explicit processes such as seed dispersal,
wind and fire disturbances, pathogen and insect spreading, and silvicultural interventions (He

et al., 2011; Shifley et al., 2017). The incorporation of these processes into a forest model,
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opened new possibilities for research (Shifley et al., 2017). Additionally, they have the
advantage that they can use remote sensing and other spatial data as input data (Xi et al.,
2009). An example of a process-based forest landscape model is iLand, which can model the
resource competition between spatially explicit individual trees based on physiological
processes (Seidl, Rammer, et al., 2012). iLand is discussed in more detail in the methodology

section.

Finally, hybrid models combine both empirical and mechanistic components to combine the
benefits of both model types (Landsberg, 2003; Twery & Weiskittel, 2013). In other words,
they combine empirical equations to predict growth together with mathematical
representations of the main physiological processes (Weiskittel et al., 2010). Their
mechanistic side enables them to make projections for new situations, while their empirical
side makes them more robust overall (Twery & Weiskittel, 2013). Hybrid models also often
require less parameters to be defined in comparison to process-based models (Weiskittel et
al.,, 2010). An example of a hybrid model is FORECAST, which can use yield as predicted by
historical regression equations (the empirical side) and, consequently, this yield is then
altered by simulating the light competition or the availability of nutrients through time (the

mechanistic side; Kimmins et al., 1999).

As maintaining forest stability becomes a more important target of forest management with
the recently changing climate and environment, models arise as an important research tool
(Keane et al., 2018). Models have already been used to study the resilience or overall stability
of forests against climate change and disturbances (e.g. Albrich et al., 2020; Cantarello et al.,
2017), and in addition to this, the role of forest management herein has also been
investigated. For example, Duveneck & Scheller (2016) used the LANDIS-II model to look at
theinterplay between climate change, forest stability, and management in the northern Great
Lake forests of the USA. Forest resistance and resilience dropped in high emission scenarios
when management was not considered. When management was accounted for, especially
the planting of climate suitable species resulted in higher resilience after fire events. Another
study also investigated the effect of different management strategies on the reduction of
disturbances in Norway spruce dominated forests in Central-Europe with the forest model
iLand (Dobor et al., 2020). They concluded that management promoting species diversity by

planting site-adapted tree species led to less disturbances in contrast to management that
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promoted spruce. Nevertheless, studies looking at the effect of management on the stability

of forest landscapes against climate change remain scarce.
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3 Methodology

3.1 Study site

Abiotic and biotic properties

The Meerdaal and Heverlee forests are situated in the south of Leuven, Belgium (N50.80°,
E4.67°). The forest complex is an old forest making it highly biodiverse and ecologically
valuable. The topography is relatively flat, with a maximal elevational difference of
approximately 70 m. The soil is characterized by the presence of tertiary sandy layers which
were covered with aeolian silt during the last ice age. This gave rise to a silt layer of varying
thickness over the landscape, with locally exposed hill tops and slopes where the silt layer
eroded away. Therefore, the soil texture can mostly be classified as silt in Meerdaal forest. In
Heverlee forest most of the aeolian silt eroded away or has become thin, causing the soil

texture to be mostly sandy silt (Agentschap voor Natuur en Bos Houtvesterij Leuven, 2006).

The forest complex is divided into 120 forest parcels (Dutch: “bospercelen”) which are
subdivided into forest stands, resulting in 644 forest stands over the entire forest complex. A
large part of the forest consists of only broadleaved species, with only a minor part containing
only conifers and a third containing a mixture of broadleaved and conifer tree species. The
presence of homogenous stands consisting of only one tree species is limited in the forest
complex, with Meerdaal forest containing less homogenous stands than Heverlee forest.
Most forest stands also have a large range in age classes. Analysing the distribution in age
classes has shown that Heverlee forest had been almost fully deforested in World War I,
together with the northeast part of Meerdaal forest, and afterwards reforested again (mostly
with conifers). Consequently, Meerdaal forest consists of older stands than Heverlee forest.
The forests are also characterized by a high canopy closure. Based on percentual share in
basal area the largest part of Heverlee forest (excluding avenues and forest reserves) consists
of red oak, followed by European beech, Scots pine, and larch (Larix spp.). In the same way,
Meerdaal forest consists of mainly European beech, followed by Scots pine, native oak
(pedunculate (Quercus robur L.) and sessile oak), and Corsican pine. The forest reserves in the
Heverlee forest are mainly constituted of red oak followed by Scots pine and European beech,
in contrast to the forest reserves of Meerdaal forest where European beech followed by

sycamore maple and native oak are more common. The large share of red oak in Heverlee
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forest is a consequence of the avenues which have been planted with red oak in the past,
giving this species eventually the ability to spread further over the whole forest (Agentschap

voor Natuur en Bos Houtvesterij Leuven, 2006).

Management

In the early 1600s the forests came under the ownership of the Duke of Arenberg, after they
have been the property of several other noble families. From this moment on, the forests
have been subjected to an active management whereby forest plunder was prohibited and
hunting together with wood production became the main activities in the forests. Ever since,
the forests were managed as coppice and coppice with standards producing mainly firewood,
small wood products, and bigger wood products such as beams or planks. With the
introduction of coal as main energy source for heating in households, the management
transitioned to a high forest management at the end of the nineteenth century. Hereby,
several parts of Meerdaal forest were planted with European beech. In this period also large
deforestations occurred as a cause of the expanding agricultural land. After World War | the
forests came under the confiscation of the Belgian government and in 1934 the first
management plan was introduced, giving rise to the use of a Swiss group system to regenerate
the forests. Thinnings favoured mainly European beech and oak. During World War | and I,
large clearcuts took place, especially in Heverlee forest causing this forest to be nearly fully
deforested after which it was replanted again with mainly conifers. From the 1970s and 80s,
various foresters got to manage these forests and new insights in forest dynamics and
management emerged, as well as other perspectives about the functions of a forest.
Important additions to the management plan were the use of secondary species for
maintaining site quality but also for wood production, the growing focus on dead wood in the
forest, the enlargement of regeneration groups, the growing interest in the recreational
function of the forests, the foundations of the future forest reserves, and the establishment
of a connection between Meerdaal and Heverlee forest. New possibilities were given by
natural regeneration as the forest had become older, containing mature trees which were
able to produce seeds. Eventually, the current management plan (2006 — 2026) was born

(Agentschap voor Natuur en Bos Houtvesterij Leuven, 2006).
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Nowadays the forests are managed for multifunctionality and sustainability. This is achieved
by applying the concept of zoning which aims at realizing a balance between the recreational,
ecological, and economical function of the forests. The management aims at being
complementary to the natural processes, e.g., by allowing for regeneration, aging, and
succession to happen and consequently steering management based on these processes.
Additional to these three main functions, the forests also fulfil two more, that is, protecting
the environment by e.g., controlling erosion, and by serving as a study site for scientific
research. The forest reserves occupy 240 ha or 12% of the forest complex and are different
from the main part of the forests as here, the forests are mostly not managed and can evolve
freely, and this allows for specific forest types to emerge or to be maintained. Some parts of
the forest reserves are managed to get specific forest structures, species, or communities or
to try different silvicultural systems for nature conservation. Usually, the forest reserves have
interesting biotic and abiotic characteristics and are often also characterized by larger
volumes of fallen and standing dead wood (Agentschap voor Natuur en Bos Houtvesterij

Leuven, 2006).

Current targets in the management plan aim at increasing the ecological potential of Heverlee
forest as this forest was mainly used for wood production and recreation in the past. In the
case of Meerdaal forest multifunctionality is already nearly at its optimum (Agentschap voor
Natuur en Bos Houtvesterij Leuven, 2006). In what follows next, we will illustrate the active
management currently practiced in the forest complex as well as the main goals, which will
form the basis for how we programmed the management in iLand, as explained in 3.3.

Landscape, climate and management setup.

Following the forest management plan, most of the forest stands will be managed as a high
forest to harvest wood, with only a minor part that will not be used for wood production.
Future tree thinning is and will be the default thinning method used. The timeframe to
perform a thinning is every 16 years (full rotation), but usually this happens every 8 years (half
rotation) with even the possibility to lower it further to every 4 years (quarter rotation) if
necessary. The forest complex will be expanded by the afforestation of adjacent land,
targeting 153 ha of new additional forest in the future (Agentschap voor Natuur en Bos

Houtvesterij Leuven, 2006).
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In the scope of forest regeneration, one important consideration in the management plan is
the lowering of the share of European beech in the forest. Not only is it important to have a
wide variety of species to be able to also satisfy the wood market in the future, it is also
relevant from an ecological point of view as European beech acidifies the soil and will
potentially suffer under climatic changes because of its sensitivity to dry summers
(Langenbruch et al., 2012; Leuschner, 2020). The share of oak and other native tree species
will therefore be increased. There will mainly be chosen for sessile oak rather than
pedunculate oak because of its higher tolerance to droughts which will most likely accompany
climate change (Ducousso & Bordacs, 2004; Lévy et al., 1992). The management plan foresees
only a small reduction in the share of Corsican pine, Scots pine, Douglas fir (Pseudotsuga
menziesii (Mirbel) Franco) and larch in terms of regeneration due to economic reasons. The
share of sweet chestnut will be maintained constant, and finally, a reduction of red oak will
be effectuated. The regeneration is done primarily by using a group system with groups of 20
to 50 are. Natural regeneration is preferably used. Only if the latter is not possible artificial

regeneration is used (Agentschap voor Natuur en Bos Houtvesterij Leuven, 2006).

Through forest conversion, mainly by decreasing the share of red oak and exotic conifers, the
share of native and suitable species will be raised. Secondly, the management will aim at
mixing native broadleaved species within homogenous exotic conifer and Scots pine stands.
As European beech acidifies and degrades the soil (Langenbruch et al., 2012), some beech
stands will also be converted, with the aim to realize an oak - hornbeam (Carpinus betulus L.)
forest on some stands. Red oak will also be converted as this tree species has also the
potential to degrade the soil and darken the forest (Agentschap voor Natuur en Bos

Houtvesterij Leuven, 2006; Dyderski et al., 2020).

3.2 Model description

We used the process-based forest landscape model iland, the individual-based forest
landscape and disturbance model, to study the effect of disturbances and changing climate
on forest dynamics. iLand considers individual trees as the primary entity which are modelled
explicitly (Seidl, Rammer, et al., 2012). The competition between trees is founded on the
ecological field theory (Walker et al., 1989; Wu et al., 1985). Each tree can, because of its
height and crown shape, influence the light availability into its direct vicinity. Over the forest

landscape these influences of the individual trees are combined into a continuous field of
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interference, which will determine the light availability for each tree. Based on the light use
efficiency approach of Landsberg & Waring (1997), the gross primary productivity is derived
monthly on a 100 x 100 m grid from the intercepted radiation and taking into account the
available soil water, air temperature, vapor pressure deficit, available nitrogen, and
atmospheric CO, concentrations. Subsequently, the net primary production is computed as
being a fraction of the gross primary production. Aging will reduce the net primary production
based on age and height of the tree. The formed carbohydrates are allocated hierarchically
to the different tree compartments based on allometric equations (Landsberg & Waring,
1997). The strategy of trees to invest more biomass into height or diameter increment based
on its competitive status relative to other trees is also included and based on the approach of
Bossel (1996). Seed dispersal is accounted for by the simulation of probabilistic dispersal
kernels around mature trees and calculated for a 20 x 20 m grid. Next, establishment of seeds
is influenced by environmental conditions (temperature, nutrients, and water) and the
availability of light. Saplings are represented by a mean tree approach on a 2 x 2 m grid and
only after reaching a height of 4 m are modelled as individual trees in iLand (Seidl, Spies, et
al., 2012). Finally, mortality is divided into an inherent mortality and a stress-related mortality,
based on the maximum attainable age and carbon starvation, respectively (Seidl, Rammer, et
al., 2012). For more details about the model approach of iLand we refer to Seidl, Rammer, et

al. (2012).

iLand can account for three different disturbances, being wind, fire, and bark beetle
disturbances. Time series of wind events can be provided to the model and wind speed over
the landscape is adjusted based on topography. The forest landscape is susceptible for wind
disturbances where a difference of 10 m between the forest height of neighbouring grid cells
is present. Additionally, during a storm event, the landscape is continuously updated, which
means that newly formed edges because of a previous wind disturbance are considered in
the next wind disturbance during the same storm. The shelter effect from neighbouring trees
as well as upwind gap size is taken into account. Depending on the wind speed, trees can
either be broken or uprooted (Seidl, Rammer, & Blennow, 2014). Secondly, bark beetles are
able to infest Norway spruce trees in iLand. The model includes the development of the bark
beetles, their dispersal and colonization of potential host trees, the ability of the tree to

defend itself and partial mortality of the beetles during winter (Seidl & Rammer, 2017). Fire
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is simulated explicitly and represented by different phases, being fire ignition, spread and
extinction (Seidl, Rammer, & Spies, 2014). Lastly, drought is not included as an explicit
disturbance in the model but is simulated through calculating the soil moisture content out
of a daily water balance and then, relating this to the minimum soil water potential given for
each species to model water stress (Seidl, Rammer, et al., 2012). Species-specific minimum
soil water potentials were derived from the drought tolerance values from Niinemets &

Valladares (2006).

To enable the implementation of forest management into the virtual forest landscape of
iLand, an agent-based model for forest management (ABE) was coupled to it by Rammer &
Seidl (2015) and has, to our knowledge, only been used in studies focusing on forests in
Central-Europe (e.g., Albrich et al., 2018; Dollinger et al., 2023; Thom et al., 2018). The ABE
module requires that the forest landscape is divided into management units, which are
further divided into stand units. An agent, i.e. the forest manager, manages one management
unit and is able to make operational decisions on the stand level as well as strategic decisions
on the management unit level. A strategic decision, which is related to the key parameters of
a silvicultural program, is for example the choice of the rotation age, while an operational
decision could be whether to harvest a stand or not, because it might have reached the given
rotation age. Moreover, the management strategy for a management unit will work out
differently for each stand comprised in this management unit, as the initial conditions of the
stands are different. The strategy can influence the operational decisions as for example a
different rotation age will change the timing of the final harvests of the stands. In the model
there is a two-way communication between the agent and the ecosystem. The agent is
supplied with information about the environment and, conversely, management decisions
taken by the agent are imposed on the landscape. Consequently, in case conditions change in
the environment, the agent is able to adapt its behaviour. When stand conditions change, the
agent might change its operational management. Additionally, changes in ecosystem
conditions might also change the management strategy (i.e. the key parameters) of the agent
(Rammer & Seidl, 2015). For thinning specifically, different parameters can be specified, such
as the thinning frequency, the thinning intensity and the target variable on which the thinning

applies (e.g. basal area), The percentage to remove from each diameter class, thinning
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constraints, etc. (Rammer & Seidl, 2015; see https://iland-model.org/startpage for more

practical details).

3.3 Landscape, climate and management setup

The landscape of Meerdaal and Heverlee forest was already initialized by Storms et al. (2023).
They initialized soil conditions, being the clay, silt, and sand content as well as the chemical
properties, based on data from the Belgian soil map, soil profile database and Forsite
database (De Vos, 2009; Van Orshoven et al., 1988). Information about forest characteristics
was derived from a forest inventory and the forest management plan. Additionally, satellite
and LiDAR data were used to derive clear-cut areas as well as forest gaps and individual tree

positions, respectively. We refer to their paper for more details.

The climate data we used were the same datasets as created and used by Storms et al. (2023).
The historical climate data for the period 1985 to 2019 was retrieved from a weather station
in Beauvechain (N50.76°, E4.76°) from the Royal Meteorological Institute (Storms et al.,
2023). To extend this historical climate until 2095, we randomly sampled observations from
this dataset. Possible future climate scenarios were then represented by six scenarios in RCP
4.5 and seven in RCP 8.5, all ranging from 2006 until 2100. These were formed based on
regional and global climate models from EURO-CORDEX with a 12.5 km resolution and,
additionally, they were bias corrected using a N-dimensional probability density function by
Storms et al. (2023) (Cannon, 2018; Dalelane et al., 2018; Jacob et al., 2014). We used these
scenarios from the year 2020 until 2095 without random sampling. Later, these RCP scenarios
were divided into three main climatic pathways based on their average maximal temperature
and precipitation sum in the period June, July, and August in 2081-2100, following the
approach of Storms et al. (2023). These climatic pathways were a moderate climate (max.
temperature < 24°C and precipitation > 150 mm), a hot climate (max. temperature >24°C and
precipitation > 150 mm), and a hot and dry climate (max. temperature > 24°C and

precipitation < 150 mm; Figure 2).

Finally, a dataset with damaging historical wind events from Storms et al. (2023) was utilized
to construct future wind events by random sampling, as no clear upward trend is observed
for wind events in the Sub-Atlantic zone, which contains Belgium (Patacca et al., 2023). Wind

events in the former were seen as damaging if the average wind speed was higher than 10
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m.sl. Between replicates wind events were distinct because of a different random sampling.
The rise in atmospheric CO, concentrations towards the future was accounted for by
providing the model with CO; concentrations time series from 2020 until 2095 for both RCP

4.5 and RCP 8.5 scenarios. Wind and bark beetle disturbances were enabled in the model.
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Figure 2: Delineation of the different climate scenarios based on the average maximum
temperature (°C) and the average precipitation sum (mm) in June, July, and August in the
period 2081-2100. The historical climate is the average of the temperature and precipitation

in June, July, and August in the period 1985-2019.

For the implementation of the ABE module in practice, we divided the Meerdaal and Heverlee
forest into management units, consisting of the forest stands that were already initialized in
iLand. We did this based on the division in forest parts (Dutch: bosplaatsen) as stated in the
management plan, as for each forest part clear management goals were defined (Agentschap
voor Natuur en Bos Houtvesterij Leuven, 2006). We came up with four different management
units, being the forest reserves, the arboretum, the connection area, and the main forest
(Figure 3). These forest parts have different management goals; The forest reserves are
managed for their ecological and scientific value, the arboretum for its scientific, educational,
and recreational value, and the connection area for its ecological and recreational value.

Lastly, the main forest distinguishes itself from the previous forest parts as here the economic
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value becomes more important, besides the ecological and recreational value it also has
(Agentschap voor Natuur en Bos Houtvesterij Leuven, 2006). The delineation of the
management units was done with R (R Core Team, 2022), using the packages sf (Pebesma,

2018) and raster (Hijmans, 2023a).
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Figure 3: A) Division of the forest landscape into management units, which are further divided
into stand units or forest stands, B) a managed stand in the forest complex, C) an unmanaged

stand in the forest complex.

Next, as each management unit was set under management of an agent, we needed to define
a stand treatment program (STP) for each agent. In ABE, a STP consists of a set of silvicultural
activities, usually regeneration, thinning and harvesting activities, that will be executed by the
agent in the management unit at the prescribed timing (Rammer & Seidl, 2015). We based
ourselves on the management plan to construct these STPs (Agentschap voor Natuur en Bos
Houtvesterij Leuven, 2006). For the forest reserves, management was mostly focused on the

goal to allow for spontaneous forest dynamics to take place, thus the STP consisted of doing

28



nothing, i.e. zero management. Nevertheless, some parts of the forest reserves were
managed actively for nature conservation, but as this concerned a minor part of some forest
reserves, we neglected this and put the forest reserves as a whole under the zero
management. For the arboretum and the connection area we used the same STP as for the
forest reserves. For the arboretum this was decided based on its values as mentioned earlier,
as well as for the connection area. Additionally, the management plan also envisaged a
spontaneous development of the native species in the connection area, which supported our
decision. It should be noted that these three management units could have equally been
taken together to form one management unit as they have the same STP. Conversely, for the
main forest, which agreed to the largest part of the forest landscape, we designed a STP
consisting of the main silvicultural activities done in the forest complex. These were thinning,
forest conversion, harvest, and regeneration. In the next paragraph we will go deeper into

how these activities were implemented in the STP.

We based ourselves primarily on the management plan to define the activities in the main
forest (Agentschap voor Natuur en Bos Houtvesterij Leuven, 2006). Thinnings were enforced
on the landscape every 8 simulation years (thinning frequency) and removed a certain
percentage of the basal area, which determined the thinning intensity (see 3.4 Simulation
design for used thinning intensities). Most trees were thinned in the upper diameter classes,
which approximated a thinning from above, as simulating a future tree thinning was too
complex. No trees were cut in the lowest diameter class. An exception was made for
homogenous stands consisting of red oak. These stands were not thinned to hamper
regeneration of red oak (see forest conversion) as was suggested by the forest managers. A
stand was seen as homogenous if the dominant tree species took up more than 80% of the

total basal area.

Forest conversion was applied to lower the share of conifers and red oak in the forest
complex, as well as make conifer stands more mixed. We did this as follows: in homogenous
conifer stands (conifers included Norway spruce, silver fir (Abies alba Mill.), European larch
(Larix decidua Mill.), Douglas fir, black pine (Pinus nigra), and Scots pine) we planted groups
of young broadleaved trees. The species used were sessile oak and small-leaved lime (Tilia
cordata Mill.) and represented the management strategy to achieve economic and ecological

goals. Specifically, in the management plan oak as well as other native species are foreseen

29



to increase (Agentschap voor Natuur en Bos Houtvesterij Leuven, 2006). Multiple groups were
planted in these stands twice in the simulation period (2020-2095), at the beginning and in
the middle of this period, after a year with a thinning. Red oak conversion was organized
differently. Here, we coupled the forest conversion to the group harvest, where we planted
trees after every group harvest in stands containing more than 50% red oak in terms of basal
area. This threshold was set low enough to allow for sufficient stands with red oak to be
converted. This strategy is used by the forest managers to hamper red oak from regenerating.
The planted tree species included also mainly sessile oak together with small-leaved lime,

common hornbeam, and common hazel (Corylus avellana L.).

Finally, we programmed a group system harvest, where groups varied from 10 to 50 are in
size and were cut in the landscape. The minimum size of the groups was set lower than was
stated in the management plan (20 are), as was suggested by the forest managers considering
climate change. Although, it should be noted that smaller groups can hinder the regeneration
of more light-demanding species like oak. The groups were programmed to not overlap within
a year and between years. The former was done to prevent too large groups to be cut, while
the latter prevented that a group that was cut in the previous year was cut again in the years
to come. Nevertheless, groups were able to expand over time if groups partly overlapped in
different years. The number of groups per stand was taken in relation to the area of the stand.
Group harvests were programmed four years after a thinning and every eight simulation years
and unenforced, with a margin of two years before and after this timing, to allow the agent
to be more flexible, making sure that a sustainable timber yield could be cut. This is based on
the decision heuristic implemented in ABE to safeguard that harvests are in balance with the
increment (Rammer & Seidl, 2015). The groups were taken differently between the replicates
and were made with R (R Core Team, 2022), using the packages mentioned in Appendix A. For
more numerical details about the programming of the management module, we refer also to

Appendix A.

3.4 Simulation design

We tested four different thinning scenarios, being a scenario where no management (NM)
was applied, meaning that the ABE module in iLand was not enabled, and a scenario with
management having a lower (LI), normal (NI), or higher (HI) thinning intensity using the ABE

module, all with a constant thinning frequency of eight years. Thinning intensity is defined as
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the fraction of the total basal area that is removed (Gongalves, 2021). The different thinning
intensities in our study were set to 5%, 10%, and 20% of the basal area as was suggested by
the forest managers. For each combination of thinning scenario and climate scenario 10
replicates were made to account for the intrinsic stochasticity of the model. Simulations were
made from 2020 until 2095. This led to 4 thinning scenarios x 14 climate scenarios x 10

replicates, which was equal to 560 simulation runs or 42,000 simulation years.

3.5 Analysis

To study the stability of the forest, we mainly looked at species composition in terms of the
basal area share of each species in the forest landscape and diameter class distribution in
terms of tree number share in each diameter class. We analysed the landscape dynamics
through time and studied both resistance and resilience, which were defined in the literature
study. For resistance we looked at the total change in species composition as well as diameter
class distribution by using the Bray-Curtis Dissimilarity, an approach already used in other
stability studies (Albrich, Rammer, & Seidl, 2020; Duveneck & Scheller, 2016; Lucash et al.,
2017). The Bray-Curtis Dissimilarity (Bray & Curtis, 1957) is used to quantify the difference in
composition in space as well as in time and varies between 0 and 1. Zero reflects full similarity
between the groups in space or time, whereas one indicates full dissimilarity. We calculated
the Bray-Curtis Dissimilarity between the start of the simulation period and the end where
the mean was taken of the species composition or diameter distribution of the last five years.
Consequently, low resistance was reflected in a high Bray-Curtis Dissimilarity, and vice versa.
Next, we statistically determined the influence of the climate and management scenario on
the Bray-Curtis Dissimilarity by using a Scheirer-Ray-Hare test (Scheirer et al., 1976), as the
assumptions for multi-factorial ANOVA were not met. The Scheirer-Ray-Hare test is an
extension of the Kruskal-Wallis test, able to study the influence of more than one factor on
the outcome in contrast to just one (Scheirer et al., 1976). Next, we used a Dunn’s post hoc
test to make a pairwise comparison between the levels of the studied factors and used a
Benjamini-Hochberg adjustment of the P-values. It should be noted that probably a
PERMANOVA analysis would have been better, as used by Albrich, Rammer, & Seidl (2020) as
this test directly compares the composition of species or diameter classes between scenarios
(rather than the Bray-Curtis Dissimilarity such as in our case). Nevertheless, this test was not

usable because of the significant dispersion effects.
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Further on, we also analysed the total basal area of the forest through time. We also
examined the resilience of this parameter under different climate change scenarios (i.e., a
ramp perturbation) against pulse perturbations, where we considered every thinning
intervention to be these pulse disturbances. We used Equation 1 from Van Meerbeek et al.

(2021) to calculate resilience:

Resili 2 X |Sg = Sol 1 )
esilience = -1,
|Sg — Sol + ISz — Syl

Here, Sy is the reference value of the system variable, S, is the value of the system variable
farthest away from the reference condition, and lastly Sy is the value of the system variable
after a standardized time interval after the disturbance (here, one year). The incorporation of
|Sg — Syl or the maximal change of the system variable allows for standardization of this
change caused by the disturbance. This resilience index ranges from -1 to 1, where 1 stands
for full resilience, 0 for no recovery and -1 when the system variable even deviates further
away from the reference (here, further than |S; — S,| away; Van Meerbeek et al., 2021). We
used a Scheirer-Ray-Hare test (as multi-factorial ANOVA assumptions were again not met)
and, consequently, a Dunn’s post hoc to determine the significant differences in resilience
between the management scenarios, as well as between the climate scenarios. Finally, we
also assessed if the resilience at the start of the simulation period (the resilience for the three
first thinning interventions) was significantly different from the resilience at the end (the
resilience for the last three thinning interventions). To compare these, we used a Wilcoxon
signed rank test for paired observations. In this thesis, a significance level of 0.05 in all
statistical tests was used. All analyses were done using R (R Core Team, 2022). The most
important packages we used, were DB/ (R Special Interest Group on Databases et al., 2022)
and RSQLite (Miller et al., 2023) to work with SQLite Databases, vegan (Oksanen et al., 2022)
to calculate the Bray-Curtis Dissimilarity, rcompanion (Salvatore, 2024) to use the Scheirer-

Ray-Hare test, and FSA (Ogle et al., 2023) to use the Dunn’s post hoc test.
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4 Results

4.1 Species dynamics

The basal area (m2.ha) occupied by each species in the forest landscape was analysed
through time, and different dynamics were seen for different abundant species. In the
historical climate beech seemed to become dominant when no management was set in place
(+76.4%, Figure 4). Nevertheless, increasing thinning intensities seemed to favour Douglas fir
(+526.0%, +545.5%, and +641.9%) over beech (+27.0%, +8.9, and -22.3%). This trend was also
to be observed in the moderate (Figure 5) and hot climate (Figure 6). In the hot and dry
climate beech was found to have a less strong increase in the NM scenario (+17.9%) and
gradually disappeared more when management became more intensive (-19.5%, -31.8%, and
-52.6%,; Figure 7). Conversely, black pine (+64.2%, +35.8%, +21.5%, and +16.7% for the NM,
LI, NI, and HI scenario, respectively) and Douglas fir (+253.5%, +284.8%, +281.8%, and
+293.6% for the NM, LI, NI, and HIl scenario, respectively) thrived in this climate, although this
increase was more reduced for Douglas fir compared to the other climates. The basal area of
native oak was found to be slightly higher at the end of the simulation period in management
scenarios (1.94, 2.16, and 2.20 m%.ha') compared to NM (1.36 m?.ha) in the historical
climate (Figure 4). The same trend was found in the moderate (Figure 5), hot (Figure 6), and
hot and dry climate (Figure 7). The basal area of red oak seemed to stay constant throughout
the simulation period (~5-6 m?.ha'; Figure 4, Figure 5, and Figure 6), except in the hot and
dry climate where it dropped through time (~2-3 m2.ha'}; Figure 7). Scots pine disappeared in
every management and climate scenario, while management seemed to accelerate its

disappearance (Figure 4-Figure 7).
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Figure 4: The basal area (m2.ha) evolution through time of the most abundant species for

each management scenario in the historical climate, with A) no management, B) lower

intensity, C) normal intensity, and D) higher intensity.
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4.2 Resistance of the species composition to climate change

Most of the previous trends, could also be derived by plotting the share in basal area of each
species at the end of the simulation period (Figure 8 and Figure 9; Appendix B for numerical
details). Beech became less dominant with higher thinning intensity (42.8%, 35.4%, 32.7%,
and 26.6% averaged over climates; Figure 8), and this was more pronounced in the hot and
dry climate (38.2%, 31.1%, 28.6%, 22.9%). Pedunculate oak together with sessile oak became
more dominant when management became more intensive (4.4%, 6.9%, 7.8%, and 8.8%
averaged over climates). Additionally, their share in the landscape was higher in the hot and
dry climate (6.7%, 10.0%, 11.1%, and 12.0%). The share of red oak stayed constant in most
climate scenarios (~13-16%) but dropped in the hot and dry climate (~9-11%). Black pine
became less abundant with increasing thinning intensity in most climate scenarios (averaged
over historical, moderate, and hot: 13.4%, 10.6%, 9.3%, and 7.6%) but flourished in the hot
and dry climate (19.9%, 19.2%, 18.3%, and 19.8%). Scots pine almost disappeared in all
scenarios (from 18.7% to 2.7%-5.5%) and Douglas fir thrived (from 3.1% to 11.7%-25.5%). The
latter being more pronounced with higher thinning intensity (12.1%, 17.0%, 18.6%, and 23.2%
averaged over climates). The share of hornbeam and small-leaved lime slightly increased in
the landscape and was also positively correlated with a higher thinning. We observed no large
differences in species composition between the historical, moderate, and hot climate, while
the hot and dry climate did show a large difference with the former climates. The hot and dry
climate is mainly characterized by a higher share of black pine and Douglas fir, and a lower
share of Scots pine and red oak in relation to the start situation and across all management
scenarios. This indicates that mainly the reduction in precipitation contributed to a shift in

species composition, whereas higher temperatures (hot climate) did not have this effect.

Both climate (P<0.001) and management (P<0.001) had a significant influence on the Bray-
Curtis Dissimilarity and thus, resistance against climate change (Appendix C). The interaction
term was not significant (P=0.19), meaning that climate would not affect the effect of
management on the resistance and vice versa. This meant that between climate scenarios

management had the same kind of influence on resistance and vice versa.

Generally, the resistance against climate change seemed to decrease when thinning intensity
increased and was usually a lot lower in the HI scenario (Table 1). A lower resistance meant

that the species composition shifted more strongly, which is indicated by a higher Bray-Curtis
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dissimilarity. When comparing management scenarios statistically (Figure 8), the former
trend was confirmed; the resistance became significantly lower going to a higher
management intensity in the moderate, hot, and hot and dry climate. In the historical climate
the NM, LI and NI scenarios showed no significant difference in resistance, whereas the Hl

scenario had a significantly lower resistance compared with the other management scenarios.

Trends in relation to the climate were less clear, except that in the hot and dry climate the
resistance was always the lowest (highest Bray-Curtis Dissimilarity) compared to all other
climates (Table 1). This trend was significant for all management scenarios apart from the NM
scenario where there was no difference between the historical and hot and dry climate
(Figure 9). Furthermore, the resistance was always significantly higher in the hot climate
compared with the moderate and hot and dry climate. The moderate climate was always
situated between the hot and hot and dry climate in terms of resistance which was also
confirmed statistically. The historical climate showed less clear trends, being not significantly
different from the moderate (NM and HI), hot (LI, NI, and HI) or hot and dry climate (NM). In

conclusion, trends remained vague in terms of differences between the climate scenarios.

Table 1: The median Bray-Curtis Dissimilarity between the species composition at the start
and the species composition at the end of the simulation period (2020-2095) for the different
climate and management scenarios. The species composition at the end is equal to the mean
species composition of the last five years of the simulation period. The 0.25 and 0.75 quantile

values are given between square brackets.

No management

Lower intensity

Normal intensity

Higher intensity

Historical 0.264 [0.261-0.266] 0.261 [0.257-0.264]  0.265 [0.261-0.267] 0.320 [0.315-0.321]
Moderate 0.262 [0.257-0.268] 0.269 [0.264-0.272] 0.276[0.273-0.280] 0.317 [0.303-0.329]
Hot 0.252[0.247-0.259] 0.261[0.258-0.263] 0.269 [0.263-0.275] 0.306 [0.293-0.317]
Hotand dry  0.272[0.256-0.274] 0.284[0.270-0.287] 0.296 [0.284-0.302]  0.355 [0.345-0.361]
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Figure 8: The basal area shares of the most abundant species at the start and at the end of
the simulation period (2020-2095) for each climate and management scenario, with A)
historical climate, B) moderate climate, C) hot climate, and D) hot and dry climate. The species
composition at the end is the mean species composition of the last five years of the simulation
period. The letters above the bars show the significant differences in the Bray-Curtis
Dissimilarity values from Table 1 between the different management scenarios within a
certain climate. Management scenarios show significant differences in the Bray-Curtis

Dissimilarity when they do not share the same letter. P-values can be found in appendix C.
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Figure 9: The basal area shares of the most abundant species at the start and at the end of

the simulation period (2020-2095) for each climate and management scenario, with A) no
management, B) lower intensity, C) normal intensity, and D) higher intensity. The species
composition at the end is the mean species composition of the last five years of the simulation
period. The letters above the bars show the significant differences in the Bray-Curtis
Dissimilarity values from Table 1 between the different climate scenarios within a certain

management regime. Climate scenarios show significant differences in the Bray-Curtis

Dissimilarity when they do not share the same letter. P-values can be found in appendix C.
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4.3 Resistance of the diameter class distribution to climate change

The diameter class distribution evolved differently for every management and climate
scenario. The NM scenario showed a higher proportion of trees with a diameter greater than
10 cm (47.7%) compared to managed scenarios in all climates (39.7%; Figure 10; Appendix B
for numerical details). This proportion decreased with increasing thinning intensity
(respectively, 47.7%, 40.9%, 39.2%, and 38.0% averaged over climates), which is a
consequence of removing more big trees when thinning intensity was higher. When
comparing between climates, older trees (>10 cm diameter) seemed to be more present in
the moderate (44.0%) and hot climate (44.9%) compared to the historical (39.8%) and hot
and dry climate (37.2%; Figure 11). In the hot and dry climate older trees seemed to be less

abundant compared with the other climates.

Next, we observed that the change over time in the diameter class distribution was overall a
lot smaller compared with the Bray-Curtis Dissimilarities for the species composition (Table 1
and Table 2), which is probably linked to the higher number of species classes than diameter
classes. Both climate (P<0.001) and management (P<0.001) as well as the interaction between
these two variables (P<0.001) had a significant effect on the resistance (or Bray-Curtis
Dissimilarity) of the diameter class distribution against climate change (Appendix D). The
latter meant that climate could change the effect of management on the resistance and vice

versa.

We observed partly the same trends as seen with the species composition, but with some
more anomalies. First, the resistance against climate change seemed to also decrease with
thinning intensity, except for the moderate and hot climate where the NM scenario also had
a low resistance or a high Bray-Curtis Dissimilarity (Table 2). This was also confirmed
statistically (Figure 10); in the historical climate we saw a subtle significant decrease in
resistance with management intensity. In the moderate climate the resistance decreased
significantly with thinning intensity, although the NM scenario is not found to be different
from the NI scenario. In the hot climate only LI had a significantly higher resistance than all
the other management scenarios. Finally, in the hot and dry climate there was again a
decrease in resistance with management intensity although the NI and HI scenario were not

significantly different from each other.
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When comparing climates within the management scenarios, the hot and dry climate seemed
to always have the lowest resistance (highest Bray-Curtis Dissimilarity) as was also observed
for species composition (Table 2). This was almost statistically valid (Figure 11). The hot and
dry climate had a significantly lower resistance compared to the moderate and hot climate in
all management scenarios except in the NM scenario. Nevertheless, when considering the
historical climate, the resistance between this climate and the hot and dry climate was almost
never significantly different, except in the NM scenario. The former meant that there was a
larger shift in the diameter class distribution in the historical and hot and dry scenario
compared to the moderate and hot climates. This contradiction in trend between the NM and
other management scenarios could be linked to the significant interaction effect or in other
words, management seemed to have a different effect on the resistance trend between

climates.

Table 2: The median Bray-Curtis Dissimilarity between the diameter distribution at the start
and the diameter distribution at the end of the simulation period (2020-2095) for the
different climate and management scenarios. The diameter distribution at the end is equal to
the mean diameter distribution of the last five years of the simulation period. The 0.25 and

0.75 quantile values are given between square brackets.

No management

Lower intensity

Normal intensity

Higher intensity

Historical 0.045 [0.032-0.049] 0.080 [0.076-0.083]  0.099 [0.095-0.104] 0.111[0.107-0.114]
Moderate 0.076 [0.065-0.090] 0.057 [0.051-0.065] 0.074 [0.066-0.081] 0.084 [0.080-0.093]
Hot 0.081 [0.069-0.101] 0.070 [0.068-0.071] 0.075[0.073-0.079]  0.085 [0.077-0.091]
Hotand dry  0.090[0.069-0.092] 0.130[0.120-0.132] 0.136[0.129-0.139] 0.136 [0.130-0.137]
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Figure 10: The share of trees for each diameter class at the start and at the end of the

simulation period (2020-2095) for each climate and management scenario, with A) historical

climate, B) moderate climate, C) hot climate, and D) hot and dry climate. The tree number

share at the end is the mean tree number share of the last five years of the simulation period.

The letters above the bars show the significant differences in the Bray-Curtis Dissimilarity

values from Table 2 between the different management scenarios within a certain climate.

Management scenarios show significant differences in the Bray-Curtis Dissimilarity when they

do not share the same letter. P-values can be found in appendix D.
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Figure 11: The share of trees for each diameter class at the start and at the end of the
simulation period (2020-2095) for each climate and management scenario, with A) no
management, B) lower intensity, C) normal intensity, and D) higher intensity. The tree number
share at the end is the mean tree number share of the last five years of the simulation period.
The letters above the bars show the significant differences in the Bray-Curtis Dissimilarity
values from Table 2 between the different climate scenarios within a certain management
regime. Climate scenarios show significant differences in the Bray-Curtis Dissimilarity when

they do not share the same letter. P-values can be found in appendix D.
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4.4 Basal area dynamics

In the NM scenario the basal area of the forest (m2.ha') usually increased continuously
through time, except in the hot and dry climate where it stayed approximately constant (~30-
33 m?.ha’}; Figure 12). The basal area increased more rapidly in the moderate and hot climate
(reaching 42.3 and 42.5 m2.ha%, respectively) compared with the historical climate (39.3
mZ2.ha?). Within the historical, moderate, and hot climate the same trend was to be observed
for the different thinning scenarios; The higher the thinning intensity, the higher the fall in
basal area in the first 20 to 30 years of the simulation period. Afterwards the basal area
recovered and started to increase again in all thinning scenarios. In other words, the timber
yield only became sustainable after the first decades. Conversely, in the hot and dry climate,
when management was put in place, the basal area of the forest started to drop, with the
decline being more severe when the thinning intensity increased (reaching 25.7, 23.8, and
20.8 m2.hal, respectively). Management was not sustainable, as the timber yield was
probably higher than the growth of the forest, although the basal area seemed to drop less

towards the end.
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Figure 12: The mean basal area (m?.ha!) of the landscape through time for each climate and

management scenario.
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4.5 Resilience of the basal area of the forest

Lastly, we calculated the resilience of the basal area of the forest against the thinning
interventions under climate change by considering every thinning intervention as a
disruption. This resulted in nine points in time where resilience could be computed for every
thinning scenario (Figure 13). When looking at the trends, we observed that the variation in
resilience was always higher for the LI scenario. In almost all climate scenarios the resilience
seemed to slightly increase over the simulation period, except in the hot and dry scenario

where the resilience seemed to be very variable for every thinning intensity.
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Figure 13: The median resilience index through time for each thinning intervention given per
climate scenario, with A) historical climate, B) moderate climate, C) hot climate, and D) hot
and dry climate. The colored area around each line delineates the 0.25 and 0.75 quantile

values.

The higher the thinning intensity, the lower the resilience appeared to be for every moment
in time for the historical, moderate, and hot climate (Figure 13). In the hot and dry climate

this trend was only observable until the third thinning intervention. Afterwards, the resilience
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did not show a clear difference anymore between the thinning scenarios, and the uncertainty
intervals started to overlap strongly. Both climate (P<0.001) and management (P<0.001) were
found to have an important effect on the resilience index, as well as the interaction term

(P<0.001; Appendix E).

The medians of the resilience over all thinning interventions were all statistically different
between the management scenarios for the historical, moderate, and hot climate (Figure 14).
Here, the LI scenario had the highest resilience, followed by the NI and HI scenario (Table 3).
A high resilience meant that the forest landscape could recover faster after a disturbance (or
thinning) took place. Conversely, in the hot and dry climate the resilience between all
management scenarios was not significantly different. This could probably be linked to the
significant interaction effect, where climate influences the effect of management on the

resilience index.

Table 3: The median of the resilience over the thinning interventions for every management

and climate scenario. The 0.25 and 0.75 quantile values are given between square brackets.

Lower intensity

Normal intensity

Higher intensity

Historical 0.226 [0.134-0.392] 0.156 [0.088-0.199] 0.104 [0.064-0.132]
Moderate 0.288 [0.221-0.422] 0.161 [0.129-0.201] 0.118 [0.091-0.139]
Hot 0.235[0.137-0.351] 0.133 [0.086-0.199] 0.098 [0.068-0.147]
Hot and dry 0.090 [-0.041-0.245] 0.080 [0.021-0.149] 0.069 [0.043-0.099]
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Figure 14: The distribution of the resilience for every management scenario with the
significant differences denoted by different letters above the boxplots, with A) historical
climate, B) moderate climate, C) hot climate, and D) hot and dry climate. Management
scenarios show significant differences in resilience when they do not share the same letter.

P-values can be found in appendix E.

It was clear that in every management scenario the resilience was significantly lower in the
hot and dry climate compared to the other climates (Table 3 and Figure 15). In the LI and HI
scenario also the moderate climate was significantly different from the other climates,
showing a higher value for the resilience. This was not the case for the NI scenario, where the
moderate climate had a significantly higher resilience than the hot and hot and dry climate

but not than the historical climate.
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Figure 15: The distribution of the resilience for every climate scenario with the significant
differences denoted by different letters above the boxplots, with A) lower intensity, B) normal
intensity, and C) higher intensity. Climate scenarios show significant differences in resilience

when they do not share the same letter. P-values can be found in appendix E.

Lastly, we observed that all resilience indices at the end of the simulation period were
significantly different from these at the start, except for the HI scenario in the hot and dry
climate (Table 4). In the historical, moderate, and hot climate the resilience index was always
higher at the end in contrast to the hot and dry climate where it was always lower at the end

for all thinning intensities.
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Table 4: Comparison of the resilience at the beginning (in the first three thinning

interventions) with the resilience at the end (in the last three thinning interventions) for every

climate and management scenario. The 0.25 and 0.75 quantile values are reported between

square brackets and the P-value indicates significant differences between the medians of

these two time periods.

Climate Management Resilience start Resilience end P-value
Lower 0.148[0.058-0.235] 0.245[0.173-0.497] 0.02
Historical Normal 0.090[0.065-0.122] 0.195[0.158-0.237] <0.001
Higher 0.065[0.046-0.088] 0.132[0.092-0.153] <0.001
Lower 0.251[0.152-0.354] 0.311[0.223-0.443] <0.001
Moderate Normal 0.131[0.086-0.161] 0.178[0.139-0.216] <0.001
Higher 0.083[0.055-0.100] 0.128[0.110-0.150] <0.001
Lower 0.200[0.122-0.251] 0.253[0.181-0.310] <0.001
Hot Normal 0.109[0.065-0.130] 0.163[0.130-0.214] <0.001
Higher 0.067[0.040-0.085] 0.125[0.091-0.156] <0.001
Lower 0.188[0.108-0.256] 0.078[-0.116-0.189] 0.002
Hot and dry Normal 0.112[0.068-0.135] 0.065[-0.037-0.144] 0.007
Higher 0.082[0.045-0.087] 0.066[0.011-0.115] 0.85
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5 Discussion

5.1 Species dynamics

Beech, a dominant species in the Meerdaal and Heverlee forest, experienced a decline in
abundance with increasing management intensity in all climates, especially in the hot and dry
climate projection (Figure 4-Figure 7). As beech is a shade-tolerant species (Packham et al.,
2012), it can easily dominate over less shade-tolerant species (Gravel et al., 2010). When
management or disturbances are introduced, canopy gaps are created and can promote co-
existence with other (less shade-tolerant) species (Gravel et al., 2010). Moreover, in Flanders,
pedunculate oak, a light-demanding species, was found to experience a reduction in growth
when mixed with more shade-tolerant species, such as beech and red oak (De Groote et al.,
2018; Niinemets & Valladares, 2006). This was confirmed by Vannoppen et al. (2019) who
found a decreased and increased radial growth for oak and beech, respectively, in mixed
stands in Flanders in relation to their shade tolerance, explaining why oak became more
abundant when thinning intensity became higher and hence, competition lower (Figure 4-
Figure 7). Beech suffered more in the hot and dry climate because it is a drought-sensitive
species (Leuschner, 2020). Hence, the competitive power of beech reduced, and less drought-
sensitive species like oak or black pine became more dominant (Figure 7; Niinemets &
Valladares, 2006; Scharnweber et al., 2011; Vacek et al.,, 2023). Studies in Flanders also
showed that in the 20" century growth of pedunculate oak increased, mainly due to higher
growing season temperatures, whereas the growth of beech decreased in the last decades,
which was mainly attributed to drought (Aertsen et al., 2014; Kint et al., 2012). Additionally,
these trends are expected to continue towards the future (Kint et al., 2012), which

corroborates with our results in the hot and dry climate.

In the hot and dry climate black pine thrived (Figure 7), which can be explained by its high
resistance to droughts and heat waves (Lévesque et al., 2014; Vacek et al., 2023). Douglas fir
became also more abundant in this climate. Specifically, Niinemets & Valladares (2006)
reported black pine and Douglas fir to be more drought-tolerant than beech. Moreover,
Lévesque et al. (2014) and Eilmann & Rigling (2012) found black pine and Douglas fir to be
more tolerant against drought and variability in climate compared to Scots pine, larch, and
Norway spruce in Central-Europe, although other studies have reported that Douglas fir may

be sensitive to intense droughts (Sergent et al., 2014). This could explain why Douglas fir still
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increased in terms of basal area in the hot and dry climate, although this increase was less
than in the other climates (Figure 7). Thinning seemed to promote Douglas fir over beech
(Figure 4-Figure 7), probably as Douglas fir is less shade-tolerant (Niinemets & Valladares,
2006). Additionally, the high increase in basal area of Douglas fir can relate to its high growth
rates and ability to effectively suppress other trees by shading (Thomas et al., 2022).
Nevertheless, Douglas fir became very abundant in every management and climate scenario,
which could also be contributed to its parametrization in the model, as this species had high
parameter values for the maximum height and fecundity. Scots pine seemed to disappear
quickly in every climate and management scenario (Figure 4-Figure 7). This can be linked to
the low competitive power of Scots pine on fertile sites, meaning it gets easily outcompeted
by other species (Matyas et al., 2004). Finally, reductions in basal area of some conifers with
thinning intensity can also be attributed to the programmed management, which aimed to

make homogenous conifer forests more mixed.

The share of red oak stayed relatively constant in all climate and management scenarios
(Figure 4, Figure 5, and Figure 6), except in the hot and dry climate where it slightly decreased
(Figure 7). Red oak is reported to be more drought-resistant than the native oak species
(Dyderski et al., 2020), nonetheless native oaks are doing better than red oak in the hot and
dry climate relative to the start situation and compared with other climate scenarios. When
comparing the managed with non-managed scenarios, this could be a consequence of the
management which suppressed red oak and promoted native oak by the planting of sessile

oak, as well as the expansion of black pine in this climate.

We observed little difference between the moderate and hot climate in terms of the species
composition as well as the diameter class distribution at the end of the simulation period and
the basal area evolution of the forest. This can be explained based on how the model accounts
for the temperature response in trees. Specifically, Seidl, Rammer, et al. (2012) adopted their
approach to model the temperature response from Makela et al. (2008), which assumes no
growth decline when temperature becomes high, in contrast to a parabolic response function
such as in Sands & Landsberg (2002). Consequently, the temperature might not have had

large negative effects.
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5.2 Resistance of the species composition to climate change

Increasing thinning intensity lowered the resistance of the species composition to climate
change (Table 1 and Figure 8). This conflicts with our hypothesis, stating that a higher thinning
intensity would increase stability, and thus resistance, of the forest against climate change,
as between-tree competition would become lower (Chase et al., 2016) and drought tolerance
would become higher (Sohn, Saha, et al., 2016). Therefore, we expected that different
species, mostly the drought-sensitive species such as beech, would better maintain their
niche in the landscape. Nevertheless, if we consider thinning interventions as a form of forest
disturbances, our results corroborate with Thom et al. (2017), who found that increasing
disturbance severity (here, linked to thinning intensity) could accelerate the adaptation of
species composition to climate change. Specifically, an equilibrium between the species
composition and the prevailing climate was reached faster when disturbances were
introduced. Disturbances also promoted early successional species more (Thom et al., 2017).
In our study, we observed that thinning promoted species which are often more light-
demanding and better adapted to the prevailing climate, such as oaks at the cost of beech
(Figure 8; Aertsen et al., 2014; Kint et al., 2012). The share of Douglas fir, being a light-
demanding species with rapid height growth and being more drought tolerant than beech,
also increased with increasing thinning intensity (Niinemets & Valladares, 2006; Thomas et
al., 2022). Furthermore, In the hot and dry climate, black pine became an important species,
mostly because it is better adapted to droughts (Vacek et al., 2023), although its share stayed
approximately the same over management scenarios, which is probably due to the conifer
conversion management. We should note that our shifts in species composition as a
consequence of thinning, could be an overestimation compared to what would happen in
reality, as here thinnings were imposed on the whole landscape at specific moments in time

whereas in reality thinnings are executed on the stand level.

The resistance of the species composition against climate change was the highest in the hot
scenario, followed by the moderate and hot and dry scenario (Table 1 and Figure 9). This held
for every management scenario. However, the resistance in the historical climate showed
different behaviour across the management scenarios, being not significantly different from
the moderate (NM and Hl), hot (LI, NI, and HI) or hot and dry climate (NM). As the hot and

dry climate is the most different in terms of temperature and precipitation from the current
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climate, it is not surprising that here the resistance of the species composition was lowest.
Some species will probably be disadvantaged (such as the drought-sensitive beech;
Leuschner, 2020), whereas other species will see a chance for expansion (such as the drought-
tolerant black pine; Vacek et al., 2023). These species dynamics under different climate
change scenarios were also observed by Storms et al. (2023). Moreover, Duveneck & Scheller
(2016) also found a lower resistance in species composition in the most extreme climate
change scenario for one of two forests they studied in the USA. The other forest showed
higher resistance in this climate, which was explained by a delay in succession caused by
climate change (Duveneck & Scheller, 2016). Lastly, we did not expect the hot climate to have
a higher resistance than the moderate climate given the higher temperatures. This could
again be linked to temperature having no directly negative effects on growth in iLand (Seidl,
Rammer, et al., 2012), as well as the wetter conditions in the moderate climate (Figure 2).
Additionally, higher temperatures can lengthen the growing season (Jeong et al., 2011), which
can have positive effects on the growth of different species and maybe promote resistance.
Furthermore, Lucash et al. (2017) found greater change in species composition under climate
change compared to under historical climate for a forest in Minnesota. Our findings are not
in accordance with this, as we observed the resistance of the historical climate to be similar
to the moderate, hot, or hot and dry climate depending on the management scenario. This
may indicate that the current species composition in the Meerdaal and Heverlee forest is not
in equilibrium. Storms et al. (2023) found that in this forest under historical climate and
without management beech would become very dominant, and an equilibrium in species

composition would only be reached after approximately 500 years.

5.3 Resistance of the diameter class distribution to climate change

Our hypothesis stating that thinning intensity could increase the resistance of the diameter
distribution to climate change could not be confirmed, as in every climate scenario higher
thinning intensities decreased the resistance (Table 2 and Figure 10), although less clear
compared to its effect on the resistance of the species composition, indicating that thinning
shifts the forest structure rather than maintaining it. The NM scenario showed the highest
resistance in the historical and hot and dry climate but was not different from the NI or Hl
scenario in the moderate and hot climate (Table 2 and Figure 10). Moreover, the hot and dry

climate was found to most often have a significantly lower resistance compared to the
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moderate and hot climate, but not compared with the historical climate, except when the
forest was not managed (Figure 11). As we did not study the variables influencing the shift in
diameter class distribution in detail, we can only describe some possible contributing factors.
We expect that resistance could have been most likely influenced by the combination of

management, disturbances (e.g. drought), the CO; fertilization effect, and species shifts.

The resistance as measured by the Bray-Curtis dissimilarity does not consider the direction of
change, only the magnitude of change, which can explain some anomalies in the observed
resistance trend, mainly when taking the non-managed scenarios into account. The larger
share of trees with a diameter greater than 10 cm in the moderate and hot climate compared
to the historical and hot and dry climate could be a consequence of the CO; fertilization effect
which promotes growth (Norby et al.,, 1999). Furthermore, as height-diameter (HD)
relationship thresholds are different between species in iLand (Seidl, Rammer, et al., 2012),
and growth rates may differ between species, a shift in species composition could possibly
also underly changes in diameter class distributions, but as the species composition at the
end of the simulation period was visually very similar between the moderate and hot climate
(Figure 9), this effect would probably be minimal here, in contrast to maybe the hot and dry
climate (Figure 9). Moreover, although studies have found an influence of temperature and
precipitation on the HD relationships of different species (Fortin et al., 2019; Hulshof et al.,
2015), iLand does not take these influences into account and only accounts for the influence
of light availability and plant age (or diameter) on a tree’s HD relationship (Niklas, 1995; Seidl,
Rammer, et al., 2012). Nevertheless, this means that thinning can impact these HD
relationships by reducing the between-tree light competition, leading to trees becoming
thicker when competition is reduced (del Rio et al., 2019; Niklas, 1995), although this effect
was not to be seen in the diameter class distribution as management counteracted this effect
by removing trees in higher diameter classes, leading to less big trees (>10cm diameter) when

thinning intensity increased (Figure 10).

The share of trees with a diameter greater than 10 cm was usually lower in the hot and dry
climate compared with the historical climate (Figure 11), which is in line with literature.
Specifically, Albrich, Rammer, & Seidl (2020) found that climate warming increased the
number of smaller trees (with a diameter < 30 cm) in the Alps, with lower rainfall accelerating

this transition. Although we looked at trees over 10 cm diameter, looking at the proportion
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of trees over 30 cm diameter followed the same trends (Appendix B), with this proportion
being greater in the moderate and hot climate and lower in the hot and dry climate relative
to historical conditions. In this regard, our results from the hot and dry climate are in
accordance with their findings, whereas this is not the case for the hot climate, which could
relate to the absence of rising CO, concentrations in their study (Albrich, Rammer, & Seidl,
2020). Moreover, Taccoen et al. (2019) found that climate change contributed to the
background mortality (besides stand conditions and the tree’s social status) for half of the
temperate tree species they studied, whereby increasing temperature and decreasing
precipitation led to higher mortality. Moreover, review studies confirm that forest mortality
as caused by climate change, mainly droughts and heat, is increasing worldwide and pushing
stands to stay relatively young (Allen et al., 2010; McDowell et al., 2020). Even though CO;
was still at elevated levels in this climate scenario, Obermeier et al. (2017) found that drought
and/or heat can reduce the CO; fertilization effect. Dominant species that seemed to suffer
under this climate, were mainly beech, red oak and Scots pine as their basal area mostly
dropped through time, whereas black pine, Douglas fir, and native oak thrived (Figure 7).
Although Douglas fir and black pine are fast-growing species (Enescu et al., 2016; Thomas et

al., 2022), they did not lead to a higher share of big trees in the forest.

5.4 Basal area dynamics

When the forest complex was not managed, the basal area of the landscape increased
continuously over time in the historical, moderate, and hot climate, whereas in the hot and
dry climate it stayed constant (Figure 12). The CO; fertilization effect could explain the
stronger increase in the moderate and hot climate, while in the hot and dry climate mortality
could have led to a lower basal area. Specifically, it has been found that the CO; fertilization
effect can increase the water-use-efficiency of the plant, due to a reduced stomatal
conductance and hence transpiration (Ainsworth & Long, 2005; Drake et al., 1997), an effect
also included in iLand (Seidl, Rammer, et al., 2012). Consequently, the plant will be more
resistant to drought (Birami et al., 2020). However, prolonged heat and drought stress can
eventually lead to a closure of the stomata and hence, reducing photosynthesis and leading
to mortality at the end (Birami et al., 2020; Choat et al., 2018). Uncertainty remains about to
what extent the positive effect of elevated CO; on the water use efficiency can compensate

for drought (Xiao et al., 2021).
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We concluded that the droughts in the hot and dry climate were likely too harsh and
dominated over the positive effects of the CO, fertilization effect. Additionally, the dominant
tree species in the landscape, beech, is also drought-sensitive (Leuschner, 2020). As
mentioned before, empirical studies have found that extreme climate conditions, i.e.
droughts and heat, can diminish the CO; fertilization effect (Obermeier et al., 2017).
Moreover, the CO; fertilization effect can be limited by nutrient constraints, such as nitrogen
limitation (also included in iLand (Seidl, Rammer, et al., 2012)) (Norby et al., 2010; Reich &
Hobbie, 2013). Although the soils of Flanders are currently rich in nitrogen (VMM, 2018), we
cannot exclude the influence of this effect in this study, and, hence, the persistence of the
CO2 fertilization effect towards the future must be questioned. Pefuelas et al. (2017) stated
that towards the future the positive effects of CO. fertilization (as well as nitrogen
fertilization) may be outweighed by the negative effects of changing climatic conditions and
disturbance regimes as well as nutrient limitations, leading to ecosystems with a reduced

carbon sink potential.

Finally, when managed, the basal area dropped in the first 20-30 years and started to increase
afterwards in the historical, moderate, and hot climate (Figure 12). This drop was more
pronounced when thinning intensity was higher. The increase could probably be linked to the
group harvests becoming less pronounced already after the first decade. This is possible as
the group harvests were flexibly planned in the STP, as they were planned unenforced with a
margin of four years to be executed. Conversely, the thinnings were fixed in time and
enforced. The ABE module of iLand contains a decision heuristic which ensures a sustainable
harvest, and where the sustainable harvest is recalculated every 10 years (Rammer & Seidl,
2015), explaining the reduced group harvests. In the hot and dry climate, mortality may have
been higher because of the more extreme climate as mentioned above, and even though the
group harvests became also less pronounced over time, harvest was not sustainable anymore,
leading to a continuous decrease of the basal area of the forest. Increasing the thinning
frequency (e.g., 8 to 16 years) or applying no thinning at all could possibly prevent this drop

in basal area.

5.5 Resilience of the basal area of the forest
The resilience was found to be significantly higher for the lower intensity thinning, followed

by the normal and then higher intensity in the historical, moderate, and hot climate (Figure
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13 and Figure 14). This conflicts with our hypothesis stating that a higher thinning intensity
would increase the resilience of the forest, leading to a faster recovery of the basal area of
the forest. Empirical studies investigating the resilience of the basal area growth on the
individual tree level against drought, most often found increased resilience with increasing
thinning intensity (Diaconu et al., 2017; Kohler et al., 2010; Sohn, Hartig, et al., 2016). This
could indicate that resilience of the basal area growth can be scale-dependent, as we found
the opposite trend on the landscape level, although we assessed resilience against pulse-
perturbations being thinning "disturbances” and not drought events, highlighting the
importance of the questions resilience “of what?” and “to what?” sensu Carpenter et al.
(2001). Furthermore, a modelling study of Seidl, Vigl, et al. (2017) studied the resilience of the
total stem volume (and leaf area index (LAl)) to thinning interventions (also seen as
disturbances) of different intensity under different climate change scenarios. Although they
studied even-aged Norway spruce forests, our findings were in line with theirs, as they found
that increasing thinning (or disturbance) severity reduced resilience for a given age and basal
area. However, they found that stand characteristics also influenced resilience. Specifically,
increasing age and basal area negatively affected resilience. In our study, the basal area
developed quite differently for every thinning intensity (Figure 12), but as the resilience trend
LI > NI > HI seemed to stay valid over the studied time period, the effect of disturbance
severity could have been more important even though the basal area of the forest was lower
for every moment in time for the HI scenario, followed by the NI and LI scenarios (Figure 12).
Nevertheless, to understand the underlying drivers of resilience better, possible contributing
variables should have been studied in more detail, although this was out of the scope of this

thesis.

Under the hot and dry climate, we did not observe a significant difference between the
different thinning intensities and overall, resilience was low (Figure 14), suggesting that the
effects of extreme climatic changes can exceed those from management, as confirmed by
Duveneck & Scheller (2016). This could indicate that under extreme future climate conditions,
one adaptive measure, such as changing thinning intensity, may not be enough to make
forests more resilient to climate change, and that probably additional climate-smart
measures or more active management would be necessary (Duveneck & Scheller, 2016).

Moreover, the resilience was found to be significantly lower for the hot and dry climate
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compared to all other climates (Figure 15). This finding is in accordance with findings of
Duveneck & Scheller (2016) who studied the resilience of two forest landscapes in the USA
after wildfire disturbances under different climate scenarios. Although they looked at the
resilience of aboveground biomass and species composition simultaneously, they found lower
resilience under a high emissions climate scenario in comparison to historical and low
emissions climate scenarios. Moreover, Lucash et al. (2017) found that resilience, as
calculated similarly to Duveneck & Scheller (2016), was lower under climate change compared
to historic climate. In our case, this was only valid when comparing the hot and dry climate
(and not always for the moderate and hot climate) with the historical climate, where the
former had a consistent lower resilience than the latter (Figure 15). Often, the moderate
climate was found to be the most resilient, which could maybe be a consequence of the
positive effects of the CO; fertilization effect and less disturbances compared to the hot and
hot and dry climate. Moreover, Seidl, Vigl, et al. (2017) found that resilience does not per se
decrease under climate change. Whether it increases or decreases under future climate is

related to the site conditions as well as the change in precipitation and/or temperature.

Finally, we observed an increase in resilience through time in the historical, moderate, and
hot climates, whereas the hot and dry climate most often showed a decline in resilience (Table
4). The latter could be explained by the climate becoming more extreme (warmer and drier)
towards the end of the simulation period (Duveneck & Scheller, 2016; Lucash et al., 2017). As
stand and site characteristics can influence resilience (Seidl, Vigl, et al., 2017), and species
composition also changes over the simulation period, dynamics in these variables might
explain the resilience increase in the historical, moderate, and hot climate. Again, more
detailed research should be needed to look at the underlying drivers. Additionally, it is
important to note that these resilience trends were observed for a period of 75 years.
Simulating for longer periods could potentially show other trends. Specifically, we observed
a slightly downward trend of the resilience in the moderate and hot climate at the end of the
simulation period (Figure 13), but as the resilience index could be somewhat erratic, we

should make longer simulations to better observe this trend.

5.6 Limitations
Lastly, we should acknowledge that our study has its limitations. Although models are very

useful to investigate forest dynamics under unprecedented conditions, they approximate
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reality and contain process descriptions, assumptions, and parameter values that can
introduce uncertainty into the model outputs, which should be interpreted carefully
(Landsberg & Sands, 2011a). Secondly, although multiple climatic pathways were used in this
study (six scenarios in RCP 4.5 and seven in RCP 8.5), there is still uncertainty about the future
climate and disturbance regimes. Specifically, our future greenhouse gas emissions, which will
depend on our mitigation actions, will largely determine future warming and consequently,
the future climate (IPCC, 2023b). Next, our modelling approach does not consider genetic
adaptation and phenotypic plasticity of species, which could enhance adaptability both in the
short and long term and thus, alleviate changes in species composition because of climate
change (Fady et al., 2016; Richter et al., 2012). Finally, herbaceous understory vegetation was
not included in this study. However, it has been found that this vegetation layer can
significantly influence forest dynamics by competing for light with the tree regeneration layer
(Thrippleton et al., 2016). Consequently, we encourage future research to take this effect into

account.

Additionally, some aspects of the methodology of this study are subject to optimalisation. We
recognize that different stands of the Meerdaal and Heverlee forest are in different stages of
the rotation cycle which means that thinnings happen at different moments in time for each
stand. Due to the way the Meerdaal and Heverlee forest was initialized in iLand, leading to
forest stands largely surpassing the rotation age, we could not plan the management activities
relative to the rotation age. Consequently, thinnings were imposed on the whole forest
complex at once at certain simulation times, which could underly the unsustainable harvest,
rapid species dynamics, and resilience trends. Furthermore, the calculation of the resilience
index was not optimal. Going back to Equation 1 Sy, depicting the initial value of the system
variable, should ideally be the basal area in case the thinning did not happen at the moment
of the thinning (Van Meerbeek et al., 2021) and should have been estimated by modelling the
growth trend of the basal area. In this study, we used the basal area in the year before the

thinning happened as S;. We expected this method would be acceptable.

Additionally, we recognize that the variables used to assess the resistance and resilience of
the forest could impact these metrics differently. Here, the question resilience of what? is of
importance (Carpenter et al., 2001). Specifically, we looked at the resilience of the basal area

of the forest, which was considered a meaningful system variable as it relates to the structure
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of the forest as well as to a range of ecosystem services (e.g. timber harvest, microclimate,
carbon storage, etc.). Nevertheless, looking at the resilience of more than one system variable
(another variable could have been the LAl for example, as done in Seidl, Vigl, et al. (2017))
could have made our findings and conclusions more robust. Therefore, we encourage future
research to look at more than one system variable when assessing resilience as well as
resistance of a system. The same could apply on the disturbance to which resilience is
assessed (resilience to what?, Carpenter et al., 2001), as here we looked at resilience after

thinning interventions, but resilience could also be assessed after drought events for example.

Furthermore, looking at the species composition and diameter class distribution might not be
ideal to assess resistance on, although this was based on previous studies assessing resistance
of the forest against climate change (Duveneck & Scheller, 2016; Lucash et al., 2017).
Specifically, it would be better to look at the resistance of variables linked to the functionality
of the forest instead. Actually, species community and forest structure shifts may be
inevitable in face of climate change and even necessary to maintain ecosystem services
provisioning. A modelling study of Buma & Wessman (2013) found that for a forest in the USA
no action as well as management aiming at maintaining a specific forest by the planting of the
species currently present in the forest failed under climate change to preserve the forest,
whereas management planting climate-suitable species preserved the forest and, thus,
ecosystem services associated to the presence of a forest. Adaptive forest management may
be necessary to avoid shifts to a non-forest, although it might imply the loss of a specific
forest. Therefore, other variables better to assess resistance on, would be variables that are
more desirable to keep at current conditions, such as the LAl (Seidl, Vigl, et al., 2017) or carbon
stock (Buma & Wessman, 2013), but also the basal area, diameter or species diversity, growth
rate, etc. might be suitable variables, and would correlate more with the functionality of the
forest (delivering ecosystem services) than the identity of the forest (the species
composition). For example, when looking at the basal area dynamics through time (Figure 12),
the basal area is better preserved in the historical, moderate, and hot climate, whereas it
drops in the hot and dry climate in every thinning scenario, which would indicate reduced
resistance in the hot and dry climate and an increased potential to shift to non-forest. Actively

planting climate-suitable species in the forest could mitigate the negative effect of this
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extreme climate and better preserve the basal area, although this reduces the resistance of

the species composition.

Lastly, we did not study the underlying variables influencing the resistance and resilience of
the forest against climate change, as this was out of the scope of this thesis. Nevertheless,
looking more in-depth to the drivers of resilience and resistance, especially for forests with a
high species and structural diversity (in contrast to Seidl, Vigl, et al. (2017) for even-aged
Norway spruce forests), could increase our understanding of how thinning can influence these

stability metrics, and is therefore recommended towards future research.

5.7 Forest management implications

Increasing thinning intensities lowered the resistance of the species composition and the
diameter class distribution against climate change. However, this shouldn’t be viewed as an
argument against higher thinning intensities. Much like the results of Thom et al. (2017), who
found that disturbances can promote forest adaptation to climate change, higher thinning
intensities can have similar results. Hence, thinnings could promote the conversion of a forest
dominated by climate-sensitive species to climate-adapted species. This can be useful when
considering the low rates of tree migration in relation to the rate of climatic changes
(McLachlan et al., 2005). Especially in flat areas, where the velocity to stay at the same
temperature is much higher than in mountainous areas (Loarie et al., 2009). The gradual
conversion of species by thinning could also overcome the climate-induced tree species
bottleneck, which is a recent finding suggesting that many species are not adapted to both
current and future climate conditions, which narrows the species choice in forest
management when considering the long lifetime of tree species (Wessely et al., 2024).
Furthermore, Puettmann (2011) states that in face of global change, including climate change,
and the large uncertainty associated with it, forests should be managed as complex adaptive
systems where concepts such as adaptability and resilience stand central, rather than
managing for resistance. Hence, in this regard, thinnings could be seen as a valuable

management tool to promote species adaptation.

Nonetheless, there is a trade-off where this approach, leading to species adaptation, could
lead to a lower productivity in terms of ecosystem services and goods. Although, at the other

side, their delivery would be better assured towards the future as the forest is better adapted
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to the prevailing climate (Puettmann, 2011). This is, for example, observable in the hot and
dry climate where black pine became very abundant. Black pine is better adapted to droughts
(Vacek et al., 2023), and consequently less prone to mortality in face of climate change.
Nonetheless, this species may deliver less desirable goods and services. In Catalonia, Garcia-
Valdés et al. (2021) found, for example, that with climate change the species composition
shifted towards more drought-tolerant species. However, this shift came along with a
reduced forest productivity because of the lower growth of drought-tolerant species (Garcia-
Valdés et al., 2021), illustrating that this trade-off should therefore be kept in mind in forest

management.

Furthermore, resilience of the basal area declined with increasing thinning intensity, meaning
that the basal area recovered faster in the lower thinning intensity scenario. Towards forest
management, this could indicate to keep thinning intensities low, although we should note
that the thinnings might have been very intense in our landscape since they were imposed on
the whole landscape at once. Consequently, the effect of intensity might have compensated
for the effect of other variables influencing resilience, such as the age and basal area of the
forest (Seidl, Vigl, et al., 2017). Therefore, we suggest that the relation between resilience and
different thinning intensities should be further researched, as well as other thinning
intensities besides the three thinning intensities studied here. In conclusion, even though
higher thinning intensities led to an overall lower stability of the forest, it allowed for a faster
conversion to drought-adapted species. We therefore recommend forest managers to apply
a higher thinning intensity on a smaller scale, allowing drought-adapted species to establish

while trying to maintain the overall stability of the forest.

A clear effect of climate on the resilience was identified and confirms the climate sensitivity
of this stability metric (Seidl, Vigl, et al., 2017). This could be of interest for forest
management, as climate might outweigh the effects of management on resilience, such as
was observed in our most extreme climate change scenario. In the hot and dry climate, we
observed no difference anymore between the thinning intensities, and resilience was overall
low. Towards management this could highlight the importance of using more than one
climate-smart measure to maintain resilience under extreme climate change (Duveneck &
Scheller, 2016). These measures could include, for example, increasing species and functional

diversity, as this measure was also found to increase resilience (Messier et al., 2022). Another
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management technique could be to make rotation lengths shorter, which would lead to more
generations of species and hence, an increased chance for genetic adaptation to the changing
climate (Duveneck & Scheller, 2016). In this regard, to provide clear management
recommendations, future research should also investigate the combination of multiple

climate-smart measures on the stability of the forest under climate change.
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6 Conclusion

In this modelling study we looked at the effect of thinning intensity on the resistance of the
species composition and forest structure against climate change as well as the resilience
under climate change. Therefore, we applied the mechanistic landscape and forest growth
model, iLand, in combination with an agent-based management module for the first time in
an Atlantic forest. We hypothesized that a higher thinning intensity would increase the
stability of the forest against climate change, because it lowers between-tree competition
and increases drought tolerance. However, we could not confirm this hypothesis. We found
that increasing thinning intensity reduced both the resistance of the species composition as
well as the diameter class distribution against climate change. Although the trend in the latter
was less clear. Specifically, we observed an increase in the share of mainly oaks and Douglas
fir in the landscape at the expense of beech with increasing thinning intensity. Secondly, we
found that the climate could influence the resistance of the species composition as well as
the diameter class distribution significantly, and consequently shift forest characteristics.
Most often the hot and dry climate showed the lowest resistance, with a shift to a forest with
more smaller trees and a larger abundance of black pine, Douglas fir, and native oaks.
However, trends were less clear for the diameter class distribution, where the historical
climate did not always differ in terms of resistance from the hot and dry climate. Lastly, the
resilience of the basal area against the thinning events under climate change was found to
become lower when thinning intensity increased. This could indicate that higher thinning
intensities led to more difficulties for the basal area to recover rapidly from the intervention
afterwards. However, climate significantly influenced resilience, and a hot and dry climate led
mostly to an overall low resilience with no difference anymore between the thinning
intensities, suggesting that more than one climate-smart measure could be necessary to
increase resilience under extreme climatic conditions. Although our study could not fully
address the questions related to higher thinning intensities, we were able to successfully
initialize the mechanistic landscape model iLand in Flanders, allowing future studies to
evaluate climate-smart forest management strategies more in depth. Specifically, we advise
future studies to focus on (i) the underlying drivers of resistance and resilience, (ii) evaluate
more dynamic planting and thinning strategies and rotation times and (iii) address the

potential of the combination of climate-smart actions and more localised forest management.
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8 Appendices

Appendix A: Detailed and numerical description of the programming of the ABE module in
iLand.

For the main forest an STP was programmed containing the main silvicultural activities
executed in the forests. First, a rotation age needed to be specified, which was set equal to
100 years (with minimal and maximal value equal to 99 and 101, respectively). This rotation
age was the mean rotation age as mentioned in the management plan (Agentschap voor
Natuur en Bos Houtvesterij Leuven, 2006), but was not important as we eventually worked in
simulation years to plan activities rather than planning the activities relative to the rotation
age. We did this because most stands had already passed the rotation age due to how iLand
was initialized and consequently, activities could not be planned relative to the rotation age.
Addiitionally, defining one rotation age for the whole landscape is also not optimal as
different species have different rotation ages, such as stated in the management plan.
Nevertheless, it should be noted that the current approach was also not ideal. Planning the
activities in simulation years does not allow to take into account the individual stand
characteristics such as age, and plan management accordingly. Instead, one activity, e.g. a
thinning, is imposed on the whole landscape at once. This is of course far from realistic but

was necessary as a workaround for the initialization problem.

Thinnings were planned every 8 simulation years until the end of the simulation period, and
forced, meaning that the activity would definitely be executed. Homogenous red oak stands
(more than 80% in basal area share) were not thinned as suggested by the forest managers.
A thinning removed a certain percentage of the basal area. This percentage was either 5%,
10% or 20% depending on the thinning scenario (low, normal, or high thinning intensity,
respectively). A thinning from above was programmed by thinning in five evenly sized
diameter classes, with 0%, 10%, 20%, 40%, 30% of removal, respectively. Some trees are
removed from the lower diameter classes (10% and 20%) to increase the availability of

resources and space for the remaining trees.

Conversion of conifer forest stands was programmed by executing a grouped planting in the
9t and 415t simulation year. This was done in homogenous conifer stands, or hence, when

one of the species Norway spruce, silver fir, European larch, Douglas fir, black pine, or Scots
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pine occupied more than 80% of the basal area. The number of conifers would be reduced
(mainly because of thinning and harvesting) and these stands would gradually become more
mixed with broadleaved species. The species planted were sessile oak and small-leaved lime.
They were planted in a circle5 pattern with a spacing of 40 m between the centres and an
offset of 5 and 25 m for sessile oak and small-leaved lime, respectively (numbers based on
Thomassen et al., 2020). The circle5 pattern is a group of 5 pixels in diameter, which matches
an area of 68 m?. The offset only made sure the plantings where not overlapping. The saplings
were given an initial height of 1.35 m (Agentschap voor Natuur en Bos Houtvesterij Leuven,
2006) and the stand was not cleared from saplings before planting. Less focus was placed on
mixed stands containing conifer and broadleaved species as conifers are not to be fully
excluded. They still are appreciated by recreationists and are not regenerating very easily in

contrast to red oak (Agentschap voor Natuur en Bos Houtvesterij Leuven, 2006).

A group harvest was simulated for the regeneration of the forest. These were planned 4 years
after each thinning with a margin of two years before and after this date to provide flexibility
to the agent to ensure a more sustainable harvest. This activity was of the general type in
iLand and was programmed manually by providing a grid defining the groups to be cut in the
landscape. Trees situated in these groups where consequently filtered and harvested in iLand.
The grids defining the groups were made using R (R Core Team, 2022). Here, randomly spaced
points were generated in a stand. The number of points per stand was linked to the area of
the stand, considering 1 point per 10 ha. The random spacing was only subjected to the
constraint that points needed to be at least 90 m apart. This was done to prevent group cuts
to become to big due to points laying close to each other. Next, buffers varying in radius from
17.8 m to 39.9 m were drawn around the points, creating groups of sizes varying between 10
to 50 are. This procedure was repeated nine times (for every harvest planned in the STP) and
groups generated in a previous step were continuously subtracted from the next groups to
prevent groups overlapping in time when used in iLand. To do this, we used the packages sf
(Pebesma, 2018) for working with simple features, terra (Hijmans, 2023b), raster (Hijmans,
2023a), sp (Bivand et al., 2013; Pebesma & Bivand, 2005), and spatstat (Baddeley et al., 2015)
for spatial data analysis, potential (Giraud & Commenges, 2022) for handling spatial
interactions, matrixStats (Bengtsson, 2023) for summarizing matrices, and dplyr (Wickham et

al., 2023) for data manipulation.
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After every group harvest, plantings were executed in stands containing mostly red oak (more
than 50% in basal area share). This was done to prevent red oak from regenerating, a
technique used by the forest managers. As it was difficult to exactly plant in the group cuts,
the whole stand was planted, assuming that most likely only the trees in open spaces from
the group harvests would grow and the remaining trees would die due to competition with
the mature trees. The following broadleaved trees were planted, as suggested by the forest
managers, and the fraction of the stand that they would cover is given; sessile oak (40%),
small-leaved lime (20%), common hornbeam (20%) and common hazel (20%). More sessile
oak was planted because of its economic value and other species were considered for
diversity. The naturally present regeneration was not cleared, as this would not be done in
reality either. The saplings had again an initial height of 1.35 m (Agentschap voor Natuur en

Bos Houtvesterij Leuven, 2006).
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Appendix B: The numerical details of the species composition and the diameter class

distribution at the end of the simulation period.

Table 5: The mean share of each species (%) in the last five years of the simulation period as

presented in Figure 8 and Figure 9 for every climate and management scenario. The

management scenarios are NM (no management), LI (low intensity), NI (normal intensity),

and HI (high intensity).

Historical Moderate

NM LI NI HI NM LI NI HI
F. sylvatica 4428 36.41  33.18 26.57 4478 37.31 34.62 28.40
Q. petraea 0.65 217 2.61 3.06 0.61 2.07 247 3.01
Q. robur 2.92 3.55 4.14 4.59 2.98 3.47 3.87 4.21
Q. rubra 14.69 1512 1541 16.45 1463 1457 1480 15.55
P. nigra 13.52  10.80 9.82 8.12  13.02 10.25 8.93 7.16
P. sylvestris 5.13 4.06 3.84 2.89 5.20 4.07 3.74 2.77
P. menziesii 1248 1796 19.66 25.06 12.27 1809 20.05 25.49
P. abies 1.69 1.53 1.51 1.48 1.80 1.56 1.49 1.38
A. alba 0.82 0.67 0.63 0.56 0.89 0.69 0.65 0.56
A. pseudoplatanus 1.82 2.31 2.62 2.94 1.90 2.34 2.60 2.94
C. betulus 1.51 3.72 4.37 5.26 1.39 3.71 4.41 5.34
T. cordata 0.34 1.22 1.48 1.66 0.37 1.38 1.66 1.91

Hot Hot and dry

NM LI NI HI NM LI NI HI
F. sylvatica 43.79 36.65 3423 2840 38.24 31.05 28.60 22.87
Q. petraea 0.74 2.37 2.86 3.60 1.46 4.05 4.57 5.14
Q. robur 3.79 4.19 4.55 4.97 5.17 5.93 6.48 6.93
Q. rubra 13.85 13.78 14.09 1479 11.63 10.11 9.98 9.83
P. nigra 13.64 10.74 9.34 756 1990 19.19 1856  19.83
P. sylvestris 5.51 4.31 3.93 2.90 5.38 4.32 4.08 3.14
P. menziesii 1196 1699 1849 2311 11.69 1493 16.13 19.19
P. abies 1.59 1.34 1.29 1.17 0.94 0.84 0.83 0.77
A. alba 0.85 0.65 0.61 0.53 0.60 0.47 0.45 0.41
A. pseudoplatanus 1.91 2.34 2.60 2.96 1.31 1.78 2.05 2.39
C. betulus 1.73 4.51 5.32 6.43 2.84 5.08 5.56 6.03
T. cordata 0.47 1.64 1.97 2.26 0.59 1.64 1.85 2.02
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Table 6: The mean share of trees (%) in every diameter class (D) of the last five years of the
simulation period as presented in Figure 10 and Figure 11 for every climate and management
scenario. The management scenarios are NM (no management), LI (low intensity), NI (normal

intensity), and HI (high intensity).

Historical Moderate
D (cm) NM LI NI HI NM LI NI HI
0-10 52.98 60.80 62.91 64.03 48.74 56.71 58.56 59.99
10-20 22.21 22.89 22.82 22.88 22.89 24.25 24.34 24.15
20-30 11.67 8.46 7.70 7.40 12.47 9.43 8.88 8.75
30-40 6.71 4.18 3.54 3.08 8.04 5.08 4.41 3.78
40-50 3.16 1.81 1.48 1.29 3.84 2.21 1.86 1.65
50-60 1.37 0.80 0.67 0.61 1.66 0.98 0.84 0.77
60-70 0.76 0.43 0.36 0.32 0.94 0.54 0.46 0.41
70-80 0.45 0.24 0.20 0.17 0.55 0.31 0.26 0.22
80-90 0.29 0.15 0.12 0.10 0.35 0.18 0.15 0.12
90-100 0.18 0.10 0.08 0.05 0.23 0.12 0.09 0.07
>100 0.21 0.14 0.11 0.07 0.29 0.18 0.14 0.09
Hot Hot and dry
D (cm) NM LI NI HI NM LI NI HI
0-10 48.41 55.49 57.36 59.12 59.03 63.44 64.14 64.77
10-20 23.54 25.52 25.58 25.03 24.97 25.04 25.09 24.42
20-30 12.57 9.73 9.19 9.05 8.54 6.72 6.49 6.63
30-40 7.76 4.88 4.22 3.63 3.85 2.49 2.22 2.18
40-50 3.75 2.14 1.78 1.55 1.66 1.09 0.98 0.98
50-60 1.61 0.94 0.80 0.72 0.78 0.49 0.45 0.46
60-70 0.91 0.52 0.44 0.39 0.45 0.27 0.24 0.24
70-80 0.54 0.30 0.25 0.21 0.27 0.16 0.14 0.13
80-90 0.35 0.18 0.15 0.12 0.18 0.10 0.09 0.07
90-100 0.23 0.12 0.09 0.07 0.11 0.07 0.06 0.05
>100 0.32 0.19 0.15 0.10 0.16 0.12 0.10 0.08
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Appendix C: the P-values from the Scheirer-Ray-Hare test and the Dunn’s post hoc test for

the pairwise comparison of the resistance of the species composition between

management or climate scenarios.

The Scheirer-Ray-Hare test depicts the influences of management, climate, and their

interaction on the resistance of the species composition against climate change (Table 7).

Next, a Dunn’s post hoc test compares the resistance of the species composition against

climate change between management scenarios in the historical (Table 8), moderate (Table

9), hot (Table 10), and hot and dry climate (Table 11).

Table 7: The Scheirer-Ray-Hare test showing the H-statistic, the degrees of freedom (df), and

the P-value to determine the influence of management, climate, and their interaction on the

resistance of the species composition.

H df P-value
Management 376.29 3 <0.001
Climate 69.14 3 <0.001
Management x climate 12.40 9 0.19

Table 8: The Z-statistic, unadjusted and adjusted P-values of the Dunn's post hoc test pairwise

comparison of the resistance in species composition between the different management

scenarios in the historical climate.

Z P.unadj P.adj
Higher intensity - Lower intensity 4.46 <0.001 <0.001
Higher intensity - No management 3.60 <0.001 <0.001
Lower intensity - No management -0.86 0.39 0.47
Higher intensity - Normal intensity 3.42 <0.001 0.001
Lower intensity - Normal intensity -1.03 0.30 0.45
No management - Normal intensity -0.17 0.86 0.86
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Table 9: The Z-statistic, unadjusted and adjusted P-values of the Dunn's post hoc test pairwise
comparison of the resistance in species composition between the different management

scenarios in the moderate climate.

Z P.unadj P.adj
Higher intensity - Lower intensity 10.19 <0.001 <0.001
Higher intensity - No management 12.81 <0.001 <0.001
Lower intensity - No management 2.63 0.009 0.009
Higher intensity - Normal intensity 5.37 <0.001 <0.001
Lower intensity - Normal intensity -4.81 <0.001 <0.001
No management - Normal intensity -7.44 <0.001 <0.001

Table 10: The Z-statistic, unadjusted and adjusted P-values of the Dunn's post hoc test
pairwise comparison of the resistance in species composition between the different

management scenarios in the hot climate.

Z P.unadj P.adj
Higher intensity - Lower intensity 7.74 <0.001 <0.001
Higher intensity - No management 10.37 <0.001 <0.001
Lower intensity - No management 2.63 0.009 0.009
Higher intensity - Normal intensity 5.03 <0.001 <0.001
Lower intensity - Normal intensity -2.71 0.007 0.008
No management - Normal intensity -5.34 <0.001 <0.001

Table 11: The Z-statistic, unadjusted and adjusted P-values of the Dunn's post hoc test
pairwise comparison of the resistance in species composition between the different

management scenarios in the hot and dry climate.

Z P.unadj P.adj
Higher intensity - Lower intensity 6.68 <0.001 <0.001
Higher intensity - No management 9.25 <0.001 <0.001
Lower intensity - No management 2.57 0.01 0.01
Higher intensity - Normal intensity 4.12 <0.001 <0.001
Lower intensity - Normal intensity -2.56 0.01 0.01
No management - Normal intensity -5.13 <0.001 <0.001
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A Dunn’s post hoc test compares the resistance of the species composition against climate
change between climate scenarios in the no management (Table 12), low intensity (Table 13),

normal intensity (Table 14), and high intensity scenario (Table 15).

Table 12: The Z-statistic, unadjusted and adjusted P-values of the Dunn's post hoc test
pairwise comparison of the resistance in species composition between the different climate

scenarios in the no management scenario.

Z P.unadj P.adj
Historical - Hot 2.77 0.006 0.01
Historical - Hot and dry -1.40 0.16 0.19
Hot - Hot and dry -6.17 <0.001 <0.001
Historical - Moderate -0.03 0.98 0.98
Hot - Moderate -4.84 <0.001 <0.001
Hot and dry - Moderate 2.24 0.02 0.04

Table 13: The Z-statistic, unadjusted and adjusted P-values of the Dunn's post hoc test
pairwise comparison of the resistance in species composition between the different climate

scenarios in the low intensity scenario.

Z P.unadj P.adj
Historical - Hot -0.41 0.68 0.68
Historical - Hot and dry -5.39 <0.001 <0.001
Hot - Hot and dry -7.55 <0.001 <0.001
Historical - Moderate -3.13 0.002 0.002
Hot - Moderate -4.52 <0.001 <0.001
Hot and dry - Moderate 4.02 <0.001 <0.001
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Table 14: The Z-statistic, unadjusted and adjusted P-values of the Dunn's post hoc test
pairwise comparison of the resistance in species composition between the different climate

scenarios in the normal intensity scenario.

Z P.unadj P.adj
Historical - Hot -1.32 0.19 0.19
Historical - Hot and dry -6.28 <0.001 <0.001
Hot - Hot and dry -7.56 <0.001 <0.001
Historical - Moderate -3.78 <0.001 <0.001
Hot - Moderate -4.05 <0.001 <0.001
Hot and dry - Moderate 4.47 <0.001 <0.001

Table 15: The Z-statistic, unadjusted and adjusted P-values of the Dunn's post hoc test
pairwise comparison of the resistance in species composition between the different climate

scenarios in the high intensity scenario.

z P.unadj P.ad]
Historical - Hot 1.61 0.11 0.13
Historical - Hot and dry -3.94 <0.001 <0.001
Hot - Hot and dry -8.32 <0.001 <0.001
Historical - Moderate 0.22 0.83 0.83
Hot - Moderate -2.43 0.02 0.02
Hot and dry - Moderate 6.77 <0.001 <0.001
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Appendix D: the P-values from the Scheirer-Ray-Hare test and the Dunn’s post hoc test for
the pairwise comparison of the resistance of the diameter class distribution between
management or climate scenarios.

The Scheirer-Ray-Hare test depicts the influences of management, climate, and their
interaction on the resistance of the diameter class distribution against climate change (Table
16). Next, a Dunn’s post hoc test compares the resistance of the diameter class distribution
against climate change between management scenarios in the historical (Table 17), moderate

(Table 18), hot (Table 19), and hot and dry climate (Table 20).

Table 16: The Scheirer-Ray-Hare test showing the H-statistic, the degrees of freedom (df), and
the P-value to determine the influence of management, climate, and their interaction on the

resistance of the diameter class distribution.

H df P-value
Management 70.83 3 <0.001
Climate 201.54 3 <0.001
Management x climate 97.00 9 <0.001

Table 17: The Z-statistic, unadjusted and adjusted P-values of the Dunn's post hoc test
pairwise comparison of the resistance in diameter class distribution between the different

management scenarios in the historical climate.

Z P.unadj P.adj
Higher intensity - Lower intensity 3.71 <0.001 <0.001
Higher intensity - No management 5.62 <0.001 <0.001
Lower intensity - No management 191 0.06 0.07
Higher intensity - Normal intensity 1.68 0.09 0.09
Lower intensity - Normal intensity -2.03 0.04 0.06
No management - Normal intensity -3.94 <0.001 <0.001
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Table 18: The Z-statistic, unadjusted and adjusted P-values of the Dunn's post hoc test
pairwise comparison of the resistance in diameter class distribution between the different

management scenarios in the moderate climate.

Z P.unadj P.adj
Higher intensity - Lower intensity 9.21 <0.001 <0.001
Higher intensity - No management 2.36 0.02 0.02
Lower intensity - No management -6.85 <0.001 <0.001
Higher intensity - Normal intensity 3.74 <0.001 <0.001
Lower intensity - Normal intensity -5.47 <0.001 <0.001
No management - Normal intensity 1.38 0.17 0.17

Table 19: The Z-statistic, unadjusted and adjusted P-values of the Dunn's post hoc test
pairwise comparison of the resistance in diameter class distribution between the different

management scenarios in the hot climate.

Z P.unadj P.adj
Higher intensity - Lower intensity 5.26 <0.001 <0.001
Higher intensity - No management 0.50 0.62 0.62
Lower intensity - No management -4.76 <0.001 <0.001
Higher intensity - Normal intensity 1.58 0.11 0.17
Lower intensity - Normal intensity -3.68 <0.001 <0.001
No management - Normal intensity 1.08 0.28 0.34

Table 20: The Z-statistic, unadjusted and adjusted P-values of the Dunn's post hoc test
pairwise comparison of the resistance in diameter class distribution between the different

management scenarios in the hot and dry climate.

Z P.unadj P.adj
Higher intensity - Lower intensity 2.66 0.008 0.009
Higher intensity - No management 7.41 <0.001 <0.001
Lower intensity - No management 475 <0.001 <0.001
Higher intensity - Normal intensity -0.47 0.64 0.64
Lower intensity - Normal intensity -3.13 0.002 0.003
No management - Normal intensity -7.88 <0.001 <0.001
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A Dunn’s post hoc test compares the resistance of the diameter class distribution against
climate change between climate scenarios in the no management (Table 21), low intensity

(Table 22), normal intensity (Table 23), and high intensity scenario (Table 24).

Table 21: The Z-statistic, unadjusted and adjusted P-values of the Dunn's post hoc test
pairwise comparison of the resistance in diameter class distribution between the different

climate scenarios in the no management scenario.

Z P.unadj P.adj
Historical - Hot -4.97 <0.001 <0.001
Historical - Hot and dry -5.07 <0.001 <0.001
Hot - Hot and dry -0.40 0.69 0.69
Historical - Moderate -4.47 <0.001 <0.001
Hot - Moderate 1.13 0.26 0.31
Hot and dry - Moderate 1.46 0.15 0.22

Table 22: The Z-statistic, unadjusted and adjusted P-values of the Dunn's post hoc test
pairwise comparison of the resistance in diameter class distribution between the different

climate scenarios in the low intensity scenario.

Z P.unadj P.adj
Historical - Hot 1.90 0.06 0.07
Historical - Hot and dry -1.44 0.15 0.15
Hot - Hot and dry -4.96 <0.001 <0.001
Historical - Moderate 5.12 <0.001 <0.001
Hot - Moderate 5.28 <0.001 <0.001
Hot and dry - Moderate 10.18 <0.001 <0.001
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Table 23: The Z-statistic, unadjusted and adjusted P-values of the Dunn's post hoc test
pairwise comparison of the resistance in diameter class distribution between the different

climate scenarios in the normal intensity scenario.

Z P.unadj P.adj
Historical - Hot 3.48 <0.001 <0.001
Historical - Hot and dry -1.36 0.17 0.21
Hot - Hot and dry -7.15 <0.001 <0.001
Historical - Moderate 4.20 <0.001 <0.001
Hot - Moderate 1.00 0.32 0.32
Hot and dry - Moderate 8.63 <0.001 <0.001

Table 24: The Z-statistic, unadjusted and adjusted P-values of the Dunn's post hoc test
pairwise comparison of the resistance in diameter class distribution between the different

climate scenarios in the high intensity scenario.

Z P.unadj P.adj
Historical - Hot 3.66 <0.001 <0.001
Historical - Hot and dry -1.35 0.18 0.21
Hot - Hot and dry -7.40 <0.001 <0.001
Historical - Moderate 4.09 <0.001 <0.001
Hot - Moderate 0.51 0.61 0.61
Hot and dry - Moderate 8.46 <0.001 <0.001

100



Appendix E: the P-values from the Scheirer-Ray-Hare test and the Dunn’s post hoc test for
the pairwise comparison of the resilience of the basal area of the forest between
management or climate scenarios.

The Scheirer-Ray-Hare test depicts the influences of management, climate, and their
interaction on the resilience of the basal area of the forest under climate change (Table 25).
Next, a Dunn’s post hoc test compares the resilience of the basal area of the forest under
climate change between thinning scenarios in the historical (Table 26), moderate (Table 27),

hot (Table 28), and hot and dry climate (Table 29).

Table 25: The Scheirer-Ray-Hare test showing the H-statistic, the degrees of freedom (df), and
the P-value to determine the influence of management, climate, and their interaction on the

resilience of the basal area of the forest complex.

H df P-value
Management 700.12 2 <0.001
Climate 366.50 3 <0.001
Management x climate 72.71 6 <0.001

Table 26: The Z-statistic, unadjusted and adjusted P-values of the Dunn's post hoc test
pairwise comparison of the resilience of the basal area of the forest between the different

thinning scenarios in the historical climate.

Z P.unadj P.adj
Higher intensity - Lower intensity -7.43 <0.001 <0.001
Higher intensity - Normal intensity -4.00 <0.001 <0.001
Lower intensity - Normal intensity 3.43 <0.001 <0.001
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Table 27: The Z-statistic, unadjusted and adjusted P-values of the Dunn's post hoc test
pairwise comparison of the resilience of the basal area of the forest between the different

thinning scenarios in the moderate climate.

Z P.unadj P.adj
Higher intensity - Lower intensity -26.68 <0.001 <0.001
Higher intensity - Normal intensity -11.69 <0.001 <0.001
Lower intensity - Normal intensity 15.00 <0.001 <0.001

Table 28: The Z-statistic, unadjusted and adjusted P-values of the Dunn's post hoc test
pairwise comparison of the resilience of the basal area of the forest between the different

thinning scenarios in the hot climate.

Z P.unadj P.adj
Higher intensity - Lower intensity -13.57 <0.001 <0.001
Higher intensity - Normal intensity -5.71 <0.001 <0.001
Lower intensity - Normal intensity 7.85 <0.001 <0.001

Table 29: The Z-statistic, unadjusted and adjusted P-values of the Dunn's post hoc test
pairwise comparison of the resilience of the basal area of the forest between the different

thinning scenarios in the hot and dry climate.

Z P.unadj P.adj
Higher intensity - Lower intensity -1.72 0.09 0.26
Higher intensity - Normal intensity -1.48 0.14 0.21
Lower intensity - Normal intensity 0.24 0.81 0.81

A Dunn’s post hoc test compares the resilience of the basal area of the forest under climate
change between climate scenarios in the low intensity (Table 30), normal intensity (Table 31),

and high intensity scenario (Table 32).
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Table 30: The Z-statistic, unadjusted and adjusted P-values of the Dunn's post hoc test
pairwise comparison of the resilience of the basal area of the forest between the different

climate scenarios in the low intensity scenario.

Z P.unadj P.adj
Historical - Hot 0.19 0.85 0.85
Historical - Hot and dry 5.04 <0.001 <0.001
Hot - Hot and dry 7.34 <0.001 <0.001
Historical - Moderate -3.31 <0.001 0.001
Hot - Moderate -5.87 <0.001 <0.001
Hot and dry - Moderate -13.29 <0.001 <0.001

Table 31: The Z-statistic, unadjusted and adjusted P-values of the Dunn's post hoc test
pairwise comparison of the resilience of the basal area of the forest between the different

climate scenarios in the normal intensity scenario.

Z P.unadj P.adj
Historical - Hot 1.07 0.29 0.29
Historical - Hot and dry 491 <0.001 <0.001
Hot - Hot and dry 5.85 <0.001 <0.001
Historical - Moderate -1.80 0.07 0.09
Hot - Moderate -4.86 <0.001 <0.001
Hot and dry - Moderate -10.76 <0.001 <0.001

Table 32: The Z-statistic, unadjusted and adjusted P-values of the Dunn's post hoc test
pairwise comparison of the resilience of the basal area of the forest between the different

climate scenarios in the high intensity scenario.

Z P.unadj P.adj
Historical - Hot -0.18 0.85 0.85
Historical - Hot and dry 3.81 <0.001 <0.001
Hot - Hot and dry 6.04 <0.001 <0.001
Historical - Moderate -2.59 0.01 0.01
Hot - Moderate -4.01 <0.001 <0.001
Hot and dry - Moderate -10.18 <0.001 <0.001
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Appendix F: Gebruik van Generatieve Artificiéle Intelligentie (GenAl) - Formulier

Faculteit Bio-ingenieurswetenschappen, KU Leuven (2023-2024)

Gebruik van Generatieve Artificiéle Intelligentie (GenAl) - In te vullen formulier

Naam student: ... Neufkens Anais
Studentennummer: ... r0790040

Geef met "X" aan of het gaat om een cursusopdracht, een BIG-project of een masterproef:

& Dit formulier heeft betrekking op mijn masterproef.
Titel masterproef: ...Sustainably managing forests for a resilient future: an evaluation of different thinning intensities
Promotor: ... Muys Bart

O Dit formulier heeft betrekking op een BIG-project.
Titel BIG-project: ...
Promotor: ...

O Dit formulier heeft betrekking op een cursusopdracht.
Cursusnaam: ...
Cursusnummer: ...

Geef met "X" aan:

X1k heb geen GenAl tool gebruikt.
o Ik heb wel een Gen Al tool gebruikt. Geef in dat geval aan welke (bv. ChatGPT/GPT-4/...): ...

Geef met "X" aan (mogelijk meerdere keren) op welke manier je de Gen Al tool hebt gebruikt:

[©]

Als taalassistent voor het herwerken of verbeteren van zelf geschreven teksten zonder nieuwe
inhoud toe te voegen. (Dit gebruik is gelijk aan spelling- en grammaticacheckers en hoef je niet
expliciet te vermelden.)

Als zoekmachine om eerste informatie te krijgen over een onderwerp of voor een eerste aanzet
om op zoek te gaan naar literatuur. (Deze toepassing is gelijkaardig aan het gebruik van een gewone
zoekmachine bij de uitwerking van een persoonlijk werkstuk. Als student ben je verantwoordelijk
voor het controleren en verifiéren van de afwezigheid of correctheid van referenties. Ga dus
vervolgens zelf op zoek naar wetenschappelijke referenties en voer zelf een analyse van de
brondocumenten. Interpreteer, analyseer en verwerk de verkregen informatie; kopieer ze niet
zomaar. Indien je vervolgens eigenhandig een tekst opstelt, hoef je het gebruik niet te vermelden.)
Om tekstblokken te genereren. (Wanneer je tekstblokken van GenAl output letterlijk overneemt,
dan vermeld je de GenAl bronnen en citeer je, m.a.w. je meldt duidelijk dat het item via GenAl is
aangemaakt d.m.v. citatie/referentie.)

Om grafieken of figuren te genereren. (Wanneer je grafieken/figuren van GenAl output letterlijk
overneemt, dan vermeld je de GenAl bronnen en citeer je, m.a.w. je meldt duidelijk dat het item via
GenAl is aangemaakt d.m.v. citatie/referentie.)

Om code te laten genereren als deelaspect binnen een grotere opdracht. (Let op, dit mag enkel als
de docent hier EXPLICIET toestemming voor heeft gegeven.)

Anders (Neem contact op met de docent van de cursus of de promotor van de thesis of het BIG-
project. Leg uit hoe je voldoet aan artikel 84 van het examenreglement. Leg uit wat het nut of de
toegevoegde waarde van het gebruik van GenAl.)

Bijkomende richtlijnen en opmerkingen

De faculteit volgt het beleid van KU Leuven om GenAl verantwoord in te zetten. Daarbij is transparantie
over het gebruik van GenAl door de student essentieel, waarvoor dit formulier hulp biedt. Onverantwoord
en niet-transparant gebruik van GenAl kan beschouwd worden als een onregelmatigheid en gesanctioneerd
worden. Studenten die overwegen om GenAl te gebruiken, moeten zich verder informeren via de
universitaire website met bijkomende richtlijnen (Hoe GenAl correct te citeren en naar te refereren? Wat is
(niet) toegelaten? Tips en aandachtspunten voor een verantwoord gebruik):

https://www.kuleuven.be/onderwijs/student/onderwijstools/artificiele-intelligentie
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