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Abstract
When an even-aged forest stand reaches maturity, it can be renewed within a
limited period to maintain the even-aged structure or gradually transformed to
an uneven-aged stand. However, there is still debate as to which silvicultural
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approach is more profitable, conducive to carbon storage, favourable to biodi-
versity or resilient. In this study, we simulated the evolution of fifteen stands
representative of the Walloon forest, whose initial structure was even-aged. The
stands were managed according to two contrasting silvicultural approaches (con-
tinuation of the even-aged system vs transformation to an uneven-aged one) and
the simulations were run with the SSP3-7.0 climate projections produced by five
global circulation models.
Our simulations indicate that even-aged and uneven-aged silviculture yield sim-
ilar outcomes in terms of carbon storage. Financial indicators were likewise
largely unaffected, except in the oak-beech mixture, where uneven-aged silvicul-
ture increased profitability through the substitution of oak by beech. This shift
reduced tree species diversity in uneven-aged oak-beech stands. Tree microhabi-
tats, except in beech stands, were more abundant under uneven-aged silviculture.
While mean values of forest ecosystem functioning indicators are largely compa-
rable between the two approaches, uneven-aged stands exhibit higher temporal
stability. Uneven-aged silviculture produces stands that are more wind-resistant
and avoid periods of extreme vulnerability.
Our study shows that the most appropriate silviculture may vary depending
on the aspect considered. Uneven-aged silviculture has a definite advantage in
terms of stability, risk management and tree microhabitats. However, maintaining
even-aged patches at the landscape scale remains important to facilitate the
regeneration of shade-intolerant species.

Keywords: Continuous cover forestry, Uneven-aged silviculture, Process-based
modelling, Stand transformation, Economic and ecological indicators, Climate change

1 Introduction
Many beneficial effects are attributed to continuous cover forestry (CCF), such as
its capacity to preserve biodiversity by providing a variety of habitats for plants
and animals (Zeller et al. 2023), and to enhance ecosystem resilience (Hanewinkel
et al. 2014b; Lafond et al. 2014; Hilmers et al. 2020). By avoiding large-scale clear-
cutting, CCF helps protect soils from erosion, maintain water quality, and preserve
soil and tree carbon stocks (Roth et al. 2023). However, from a scientific perspective,
rigorously demonstrating these presumed benefits remains challenging. Conducting a
robust comparison between CCF and conventional rotation forestry (CRF) is difficult
because there are few (and maybe even no) long-term experiments in which both
silvicultural approaches have been tested under identical site conditions and monitored
over sufficiently long periods, ideally covering at least one full rotation.

A further challenge lies in the fact that CCF advocates a set of practices con-
sistent with its guiding principles, although these practices are not exclusive to this
approach and can, to some extent, be integrated into CRF. While the defining feature
of CCF is the maintenance of continuous forest cover, preferably achieved through
an uneven-aged stand structure, it also promotes the use of native and diverse tree
species, the conservation of old trees, deadwood, and endangered flora and fauna, the
minimization of operational damage, wildlife management aligned with the ecosystem
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carrying capacity, and the establishment of natural forest edges (Pommerening and
Murphy 2004). In this study, we focus on one specific aspect: the silvicultural system
(even-aged vs uneven-aged), while maintaining the forest cover, since no clear-cutting
is considered.

When an even-aged stand reaches maturity, the old trees can be harvested all at
once (clear-cutting method) or by several regeneration fellings (shelterwood method).
In these cases, the stand is renewed within a limited time frame, either by planting
or by natural regeneration, and the even-aged structure of the stand is maintained.
Even-aged stands can also be transformed into uneven-aged ones by progressively
removing mature trees (selective harvesting), favouring thereby a continuous flow of
natural regeneration (Schütz 2002; Vítková and Ní Dhubháin 2013).

Whether or not uneven-aged silviculture is more profitable than even-aged sil-
viculture is still being debated (Peura et al. 2018; Hanewinkel and Pretzsch 2000;
Hanewinkel et al. 2014a; Mason et al. 2022; Stål et al. 2024). In the even-aged system,
high-quality timber is harvested towards the end of the cycle. In contrast, uneven-aged
silviculture enables the regular production of high-quality trees through selective indi-
vidual tree management (Pommerening and Murphy 2004; Vítková and Ní Dhubháin
2013). However, this approach makes forest management more challenging, particu-
larly when planning and carrying out harvesting (Mason et al. 2022). In addition, the
profitability of uneven-aged stands partly depends on the growing stock maintained
over time, as it represents a substantial amount of financial capital tied up in the for-
est. According to Ekholm et al. (2023), who focused on spruce-dominated forests, the
even-aged rotation system provides a higher long-term yield.

Nolet et al. (2018) compared even- and uneven-aged silviculture globally and found
no clear advantage of either approach for maintaining ecological diversity and pro-
cesses. To continue exploring this topic, Zeller et al. (2023) examined links between
forest structural attributes and species richness, as forest structure reflects both silvi-
culture and natural dynamics. They emphasized the role of large canopy gaps, which
benefit many species through increased light availability (Pawson et al. 2006; Wallen-
dorf et al. 2007; Bogdziewicz and Zwolak 2014), and very old successional stages with
microhabitat-bearing trees and abundant deadwood favouring fungi (Hilmers et al.
2018). Because even-aged systems create larger gaps whereas uneven-aged stands bet-
ter retain old trees, overall ecological trends remain difficult to infer, particularly at
large spatial or temporal scales.

Wind stability represents an additional dimension to consider when comparing
uneven-aged vs even-aged silvicultural systems (Hanewinkel et al. 2014b; Mohr et al.
2024). The growing conditions in uneven-aged stands allow for a more gradual accli-
matisation to wind exposure (Schelhaas 2008). In contrast, wind resistance is ensured
collectively in an even-aged stand and may be compromised when neighbouring stands
are harvested or when high-intensity cutting is suddenly applied in dense, mature
stands. In contrast, heavy thinning carried out early in young stands can strengthen
stand stability.

Carbon (C) storage in living biomass, litter, deadwood, and harvested wood prod-
ucts may be influenced by the silvicultural system. Assessing which system favours
carbon storage requires comparing average standing C stocks over a full rotation
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and accounting for harvested wood products. Studies comparing carbon balances and
stocks under even-aged and uneven-aged silviculture remain inconclusive, with some
reporting higher values under uneven-aged system (Seidl et al. 2007; Díaz-Yáñez et al.
2020), others finding no significant differences (Lundmark et al. 2016), or even less
favourable outcomes (Nilsen and Strand 2013).

In this study, we want to tackle the following questions:

(i) What impact does the silvicultural approach (even-aged vs uneven-aged) have
on ecosystem functioning?

(ii) Is it more profitable to manage a stand using an uneven-aged silviculture than
an even-aged one?

(iii) Which of the two approaches is more conducive to wind resistance, biodiversity
and carbon sequestration?

Ideally, long-term research experiments should be carried out to compare the two
silvicultural approaches on the same sites for a duration equivalent to the whole
rotation in the even-aged system. To our knowledge, such silvicultural trials do not
currently exist, or have not yet been conducted for long enough. Long-term trials were
established to monitor the transformation from even-aged plantations to irregular
forests (e.g., Glentress Trial Area in Scotland) but without considering any control
treatment (even-aged silviculture) and with problems in the record keeping (Kerr et al.
2010).

An alternative approach is to use modelling to answer these research questions
since it allows comparing stands in exactly the same ecological conditions for a long
period and at a limited cost. This solution was retained by several authors to test
the effect of various transformation methods and timings of initiation on productivity
and profitability (Hanewinkel and Pretzsch 2000; Hanewinkel et al. 2014a; Reventlow
et al. 2021; Vítková et al. 2021) as well as on carbon sequestration, stability and
biodiversity (Hilmers et al. 2020).

Our aim is to simulate the evolution of fifteen stands spanning the most fre-
quent stand composition and structure met in Southern Belgium, according to two
silvicultural approaches (continuation of the even-aged system vs transformation to
an uneven-aged one) and to compare their performances according to economic and
ecological indicators. We focused on the most abundant tree species in Wallonia
(Alderweireld et al. 2015) and initialized the simulations with existing even-aged
stands.

We compared the two contrasted silvicultural approaches (i.e., even-aged vs
uneven-aged) under near future climate change conditions. Stand renewal was based
on natural regeneration in both cases. For the even-aged approach, the shelterwood
method was applied to obtain a massive regeneration within a limited period of time
while the selective harvesting was used for the uneven-aged approach. No planta-
tion was therefore achieved and the forest cover was maintained during the whole
simulation in both cases.

Transforming an even-aged forest to an uneven-aged one creates a stand with a
much more complex structure. From a modelling point of view, it requires a model
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with a detailed spatial representation and great flexibility in the application of silvi-
cultural operations (e.g., cuttings). In addition, a process-based approach is necessary
to account for the changing climate. We have therefore used a spatially explicit,
individual- and process-based model (HETEROFOR) to perform the simulations
(Jonard et al. 2020). Given the major role of regeneration to obtain and maintain
uneven-aged structures, correct modelling of this process is essential to successfully
simulate the impacts of the silvicultural approach on ecosystem functioning and ser-
vices. HETEROFOR simulates regeneration dynamics based on a spatially explicit
and process-based module. This represents a step forward compared to previous
modelling studies focused on the transformation from even-aged to uneven-aged silvi-
cultural system, which were based on more empirical approaches (Hanewinkel 2001;
Hilmers et al. 2020; Vítková et al. 2021; Reventlow et al. 2021).

2 Materials and methods

2.1 Site description
The simulations were initialized using fifteen even-aged forest stands representative of
Walloon forests. These included broadleaved stands predominantly dominated by ses-
sile (Quercus petraea) or pedunculate oak (Quercus robur) and European beech (Fagus
sylvatica), as well as coniferous stands primarily composed of Norway spruce (Picea
abies), along with Douglas fir (Pseudotsuga menziesii), Scots pine (Pinus sylvestris),
and European larch (Larix decidua). These stands were selected based on their devel-
opment stage in order to start the simulations with mature forests to be regenerated
within the next 30 to 50 years, namely approaching the target harvesting dimensions
specified for the corresponding species (see Section 2.3.2) while still allowing time for
shelterwood regeneration as well as for transformation to uneven-aged stands. The
initial stand characteristics are presented in Table 1.

Most of the stands were selected among long-term monitoring sites from various
international networks (Long-Term Ecosystem Research Network sites, ICP Forests
level II plots) or regional experimental sites for studying mixture effects (Jonard et al.
2007) or transformation to an uneven-aged structure (Ligot et al. 2020). The climate
conditions at these sites are representative of those found in Wallonia, with mean
annual temperatures (MAT) ranging from 8.4 °C to 10.5 °C and mean annual precip-
itation (MAP) varying between 779 mm and 1 329 mm. All these sites were selected
because they are well-documented and cover an appreciable gradient of site conditions
and stand types (in terms of species composition, developmental stage). Detailed site
characteristics are provided in Table 1.

2.2 HETEROFOR model
For the simulations, we used the HETEROFOR model, which is a spatially explicit,
individual- and process-based model. This model is particularly well-suited for
assessing the effects of climate change on structurally complex forest stands.

In this study, we present a brief overview of the model functioning since it has
been described in detail in Jonard et al. (2020) and de Wergifosse et al. (2020a).
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HETEROFOR has been developed within the CAPSIS platform (Dufour-Kowalski
et al. 2012) and uses some of its librairies to describe specific processes.

2.2.1 Growth of adult trees

The model simulates growth at an annual time step and, for each year, starts by
determining the main phenological stages of deciduous species (such as budburst, leaf
yellowing, and leaf falling) based on meteorological data. Subsequently, the model
calculates the radiation intercepted by individual trees and transmitted to the under-
storey based on the SAMSARALIGHT library, using a ray-tracing method (Courbaud
et al. 2003; André et al. 2021).

Then, a water balance routine partitions rainfall into throughfall, stemflow and
interception (André et al. 2011), calculates tree transpiration and evaporation from
foliage, bark and soil using the Penman-Monteith equation (Monteith 1965), estimates
root water uptake (Couvreur et al. 2012) and describes soil water movements based
on the Darcy law. The model calculates the hourly gross primary production (GPP ,
measured in kgC tree−1 h−1) for each tree based on the intercepted radiation and
the soil water potential using the biochemical photosynthesis model from the CAS-
TANEA library (Dufrêne et al. 2005). Next, the net primary production (NPP , in kgC
tree−1 h−1) is empirically derived from GPP using the Carbon Use Efficiency (CUE)
approach. CUE is variable and depends on factors such as tree size, shape, compe-
tition for light, and mean annual temperature (MAT ). The NPP is first allocated
to foliage and fine roots (diameter ≤ 2mm), ensuring a functional balance, and then
distributed to structural components using allometric equations. Dimensional growth
is deduced from the biomass allocated to the aboveground structural components.

2.2.2 Regeneration development

In HETEROFOR, the regeneration phase begins with small seedlings (height ≤ 0.5
m) and lasts until saplings reach the recruitment height defined by the user (e.g.,
12 m). During this phase, the number of individuals per unit area is often too large
to allow a description of growth at the individual level. This would lead to dispro-
portionately long calculation times and would be of little interest. The regeneration
development is therefore described using cohorts. A regeneration cohort is a group of
seedlings/saplings of the same tree species and age. To account for the spatial hetero-
geneity of the regeneration, a matrix approach is used based on the cells defined for
the radiation transfer (Courbaud et al. 2003; André et al. 2021). The simulated scene
in HETEROFOR (i.e., the stand) is divided into cells according to a systematic grid.
Each regeneration cohort is associated with a cell whose size can be defined by the
user (e.g., 10 × 10 m). Several cohorts can be associated with the same cell.

Regeneration cohorts are generated automatically from the seed bank or specified
by the user through the inventory file or the plantation intervener. The cohorts are
characterized based on the tree species, the age, the number, the mean collar diam-
eter and the mean height of the individuals (seedlings or saplings) that compose it.
The model calculates the cohort cover and LAI based on these characteristics. From
the radiation transmitted to each cell, a radiation budget is performed using the Beer
Lambert law and provides the solar radiation received and absorbed by each cohort,
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which allows estimating the mean height increment by accounting for the shade toler-
ance of each species (Niinemets and Valladares 2006) and the net primary production
of the cohort, respectively. Based on the dimensional growth, the model calculates
the mean net primary production at the individual level. The ratio between the net
primary production calculated at the cohort and the individual level is the number of
individuals surviving to the next time step and accounts for the self-thinning process.
Once the mean height reaches a threshold value, the cohort is converted into trees in
the model. These trees are randomly placed within the cohort cell and their heights
are drawn from a normal distribution with a mean equal to the cohort mean height.
The crown base height, the height of largest crown extension and the collar diameter
are derived from the tree height using allometric relationships. The diameter at breast
height is obtained based on the collar diameter and is used to determine the crown
radii.

2.2.3 Tree mortality

Tree mortality can be the result of different processes. First, when a tree does not have
enough carbon to support its growth, the leaf biomass is reduced inducing a defoliation
that will ultimately lead to the death of the tree when the defoliation reaches 90%
(de Wergifosse et al. 2020a; Jonard et al. 2020). Several factors may explain this carbon
starvation: i) competition for light, when carbon assimilation becomes insufficient to
maintain functional organs (i.e. corresponding to self-thinning); ii) water stress, which
reduces carbon uptake in case of prolonged drought as soil drought drives stomatal
closure; and iii) senescence, as carbon use efficiency tends to decrease with age.

HETEROFOR is also able to consider windstorm damage with a dedicated module
based on the hybrid wind risk model ForestGALES-TMC (Hale et al. 2015). This
module compares the wind speed at the top of the tree to the critical wind speed
leading to overturning or stem breakage, and the subsequent impact on seedlings and
neighbouring trees (see Guignabert et al. (2024) for a detailed description).

Finally, mortality may also result from tree harvesting, which can be performed
using different thinning tools available in CAPSIS.

2.2.4 Model parametrization and initialization

HETEROFOR requires a significant number of parameters, the majority of which
are species specific. Values for almost all parameters were either retrieved from the
literature (e.g., specific leaf area, leaf turnover, drought sensitivity, wood density)
or were fitted using available data when dealing with empirical relationships (e.g.,
biomass functions, crown dimension functions). In addition, two important functions
require to run the model to be calibrated: the height growth function, and the carbon
use efficiency. The calibration procedure is described in detail in de Wergifosse et al.
(2022) and the values of the species-specific parameters are given in the supplementary
material of the same paper and in Guignabert et al. (2024). Some other parameters
are generic for all species or by species type (i.e., broadleaved vs coniferous) and were
presented in the supplementary material of Guignabert et al. (2023).

The performances of the model in terms of radial and height growth were evaluated
for European tree species using data from long-term forest monitoring networks in

8



Europe (level II plots of ICP Forests) (Jonard et al. 2020; de Wergifosse et al. 2022;
Guignabert et al. 2024). A detailed assessment of phenology processes (budburst, leaf
development, yellowing and fall) and water balance dynamics (throughfall, extractable
water, individual transpiration, deep drainage) was also carried out by de Wergifosse
et al. (2020a) using highly monitored stands of beech and oak (both pure and mixed)
in Wallonia.

For the initialization, the model requires various data describing: (i) soil horizons,
(ii) stand and (iii) meteorological conditions at an hourly or daily time step. The data
necessary for the model initialization are described in detail in de Wergifosse et al.
(2022). For each stand, we used the data collected by the research program to which
the plot belongs.

2.3 Simulation experiment

2.3.1 Simulation setup

The simulations were run with SSP3-7.0 climate projections produced by five global
circulation models (GCMs) and bias-adjusted with the univariate ISIMIP3BASD
method (Lange 2019; Lange et al. 2021) using the W5E5 dataset (Lange et al. 2021).
Given that climate change is already underway and expected to continue, we based our
analysis on a scenario that incorporates projected future conditions rather than his-
torical climate. We excluded SSP5-8.5, as it is increasingly regarded as less plausible in
light of current emission trends. Instead, we selected SSP3-7.0 as a plausible high-end
forcing scenario. This pathway reflects limited mitigation efforts and relatively strong
warming (increase of 3.6 °C by 2100), making it well suited to evaluating the robust-
ness of management strategies under substantial climatic stress (Frieler et al. 2025).
Our aim was not to represent a central or most likely trajectory, but rather to assess
how silvicultural strategies perform under challenging yet plausible future conditions.

To account for uncertainty in climate projections, we used an ensemble of five
GCMs under SSP3-7.0, thereby capturing a range of possible temperature and pre-
cipitation trajectories. This ensemble approach avoids reliance on any single climate
projection, whose specific biases or variability could unduly influence the results.
Instead, it allows us to sample a set of plausible future climates and to assess the con-
sistency of management effects across contrasting climate realizations. The five GCMs
(GFDL-ESM4, IPSL-CM6A-LR, MPI-ESM1-2-HR, MRI-ESM2-0 andUKESM1-0-
LL) were selected based on the provided climate variables, the model performance
during the historical period, and their representation of key processes, their structural
independence and their climate sensitivity (Lange et al. 2021). To avoid the uncer-
tainties associated with the CO2 fertilization effect, the simulations were conducted
using a fixed atmospheric CO2 concentration (430 ppm).

All simulations were initiated in 2015, though the duration of each varied according
to the type of stand. Simulations, with a duration of 250 years, were conducted for
oak-dominated stands, given the relatively slow growth rate of this tree species. For
stands dominated by beech, a simulation duration of 200 years was selected, while for
coniferous stands, given their rapid growth, the duration was reduced to 100 years.
Given that the available climate projections extend only to 2100, the climate data
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for all subsequent years was randomly selected from within the final 30 years of the
projection series.

2.3.2 Silvicultural routes

For each stand, two simulations were carried out considering contrasting silvicultural
routes with the aims of either maintaining an even-aged stand or evolving towards an
uneven-aged structure, so as to compare both silvicultural approaches. As presented
in Table 2, the modalities of the silvicultural routes were defined according to regional
silvicultural guidelines. The cuttings were achieved using interveners (i.e. algorithms
that defines the trees to be cut according to fixed rules) developed specifically for
HETEROFOR, but partly inspired by those developed by Ligot et al. (2023) and
already available in CAPSIS.

For the simulations aiming at perpetuating the even-aged structure, the existing
stand was grown until it reached the harvesting dimension (i.e., a tree average trunk
diameter at breast height close to the harvesting DBH value mentioned in Table 2).
Shelterwood harvesting was then carried out uniformly over the stand area in several
cuts performed every six years. The number of shelterwood cuts was fixed according
to shade tolerance of the main tree species. For more shade tolerant species, the
shelterwood harvesting was made over a longer period of time and therefore with
more numerous but less intensive cuttings (Table 2). As the ‘regeneration from seed’
option was selected, regeneration cohorts appeared automatically. The stand was then
conducted following regional silvicultural guidelines or yield tables from the literature
(Table 2). In HETEROFOR, the silvicultural guidelines are formulated as follows: for
successive ranges of dominant height, the target stand basal area after thinning, the
maximum thinning intensity as well as the thinning type (from above, mixed or from
below) are specified. The thinning cuts were carried out from below with periodicities
of 12 and 6 years for broadleaved and coniferous species, respectively.

Furthermore, in oak stands, the hornbeam coppice was cut every 12 years, leaving
around 1 m2 ha−1 standing basal area after harvest for this accompanying species.

The stand transformation to uneven-aged systems was achieved by felling the trees
that had reached the harvesting dimension at each cutting cycle and by completing
these silvicultural operations with mixed thinnings where necessary, limiting the har-
vest intensity to maximum 20-25% of the basal area to prevent stand destabilization.
The cutting cycle was 6 years for coniferous stands and 12 years for broadleaved ones.
For a given species, the target basal area post-cutting was set by selecting the upper
end of the range recommended by Sanchez (2013).

2.3.3 Simulation analysis

The analysis of the simulation results (e.g., comparison of the two silvicultural
scenarios for different stand types) were conducted on the basis of indicators of
forest ecosystem functioning, provision of ecosystem services, wind resistance and
biodiversity.

Forest ecosystem functioning was assessed using three key indicators, gross pri-
mary production (GPP ), net primary production (NPP ), and evapotranspiration
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(ETP ), which were evaluated based on their annual mean values and temporal sta-
bility over the simulation period. These variables represent major carbon and water
fluxes and provide insights into forest productivity and overall vitality, while evapo-
transpiration also constitutes an important climate service due to its cooling effect at
local and regional scales. Stability, defined as the inverse of the coefficient of variation
(stability = µ/σ), characterizes the temporal dynamics of the forest and its ability to
maintain consistent level of functioning through time. Higher stability can therefore
be attributed to an increase in the mean value of the indicator and/or a reduction
in its standard deviation. Other ecosystem services were also considered, including
wood production and carbon storage, both of which can be partly characterized by the
average annual volume increment (Ivol, m3 ha−1 year−1) over the whole simulation
period, calculated using:

Ivol =
V olharv + (V olend − V olinit)

n
(1)

where V olharv, V olinit and V olend (m3 ha−1) are the cumulated commercial volume
harvested during the simulation and the commercial volumes of the initial and the
final stands, respectively, and n is the number of years covered by the simulation. For
broadleaved trees, the commercial volume is defined as the stem volume between the
ground and the height at which the stem diameter is the half of that at breast height
(Delevoy volume), while it corresponds to the stem volume up to the 7 cm diameter
height level for coniferous.

The average annual profit (AAP , e ha−1 year−1) was used as a financial indicator
for wood production, determined as:

AAP =

∑n
i=0(Ii − Ei) + (SVend − SVinit)

n
(2)

where Ii and Ei (e ha−1) are, respectively, the incomes (i.e., sales of harvested trees,
hunting rents) and the expenses (i.e., costs of silvicultural operations, property and
personal income taxes) for year i, and SVinit and SVend are the stumpage values (e
ha−1) of the initial and the final stands, respectively.

Another financial indicator considered is the net present value (NPV ) of the stand,
including land value (LV ), expressed in euros per ha (e ha−1). It is calculated as
(Vítková et al. 2021):

NPV =

n∑
i=0

Ii − Ei

(1 + r)i
+

LV + SVend

(1 + r)n
(3)

where r is the discount rate, set at 1.25% for broadleaved stands and 2.5% for conif-
erous stands, reflecting the average internal rate of return on the respective forest
properties in Wallonia.

These financial indicators were computed using ECONOMICS2 (Ligot 2021), but
with some adaptations to obtain the indicators specific to HETEROFOR. These cal-
culations require several information, including price lists for timber and forestry
operations as well as forest land value. The economical data used for this work are
presented in Tables S1 and S2.
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Regarding carbon storage, two indicators were considered: the carbon budget and
the mean carbon stock. The carbon budget represents the sum of the change in living
biomass over the simulation period, the carbon stored in forest products still in use
at the end of the simulation, and the cumulative carbon emissions and substitution
effects that occurred during the simulation. The mean carbon stock corresponds to
the average amount of carbon stored throughout the simulation in deadwood, litter,
soil, living biomass, and forest product compartments. We assumed that the carbon
content of the mineral soil remained constant over the entire simulation period and
was not influenced by the silvicultural treatment. The implications and limitations of
this assumption are discussed in the Discussion section.

The carbon stored in forest products, as well as the associated carbon emis-
sions and substitution effects, were estimated by coupling HETEROFOR with CAT,
a carbon accounting software designed to assess the carbon balance of managed
forests. CAT follows the guidelines of the Intergovernmental Panel on Climate Change
(IPCC) for national greenhouse gas inventories in the Land Use, Land-Use Change
and Forestry (LULUCF) and Waste sectors (Pichancourt et al. 2018). In addition to
the dynamics of aboveground and belowground living biomass and dead organic mat-
ter compartments also simulated by HETEROFOR, CAT accounts for the harvested
wood product (HWP) carbon pool, both in use and deposited in landfill sites. Using
a user-customizable flux configuration scheme that describes the carbon life cycle of
wood products, including transformation, recycling, and disposal stages, CAT also
provides estimates of:

(i) material and energy substitution, corresponding to greenhouse gas emissions
avoided when HWPs replace alternative products;

(ii) fossil fuel carbon emissions associated with the HWP life cycle;
(iii) changes in degradable and non-degradable HWPs at landfill sites;
(iv) emissions from HWP degradation (CH4) and wood combustion (CH4, CO,

VOCs).

For this project, a flux configuration scheme developed for the Walloon wood
processing sector, based on the works of Wohlfrom (2022) and Charles (2023), was
applied.

The dynamics of aboveground and belowground living biomass, as well as dead
organic matter compartments, were simulated by both HETEROFOR and CAT.
However, only the outputs provided by HETEROFOR were used to calculate the
indicators.

The simulations were also compared in terms of wind resistance, assessed from
storms occurring at 10-year intervals with a wind gust intensity of 40 m s−1. Using
the wind damage module described in Guignabert et al. (2024), the model computes
the proportion of undamaged trees, expressed in terms of basal area, at each 10-
year interval, and then calculates the minimum and the mean values over the entire
simulation period.

Finally, based on the work of Courbaud et al. (2017), Courbaud et al. (2022)
and Larrieu et al. (2022) whose outcomes were first implemented in the SAMSARA2
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model of CAPSIS and then reused in HETEROFOR, the level of biodiversity was
expressed as a score integrating the size, the frequency, the degree of rarity and the
replacement rate of the tree-related microhabitats (TreMs) appearing on each tree
during the simulations (Larrieu and Amberger Unpublished). The higher the score,
the higher is the ecological interest of a tree with regard to its TreMs.

For different stand types (broadleaved vs coniferous) and species compositions, the
effect of the silvicultural approach (even-aged vs uneven-aged) on each indicator was
evaluated using Wilcoxon tests, as all the indicators did not meet the assumption of
normality.

To partition the variability of each indicator into the contributions of site, sil-
vicultural scenario, global circulation model, and residual variability, the following
mixed-effects linear model was fitted for each indicator with the lmer function from
the lme4 package of the R software (R Core Team 2022):

Indicatorspecies = [Silv + GCM ]fixed + [Site]random + ϵ (4)
where the silvicultural scenario (Silv) and the global circulation model (GCM) were
set as fixed effects and the site (Site) was included as a random effect. The interaction
terms among these factors were not considered as they did not appear to be significant
or were only slightly significant.

3 Results

3.1 General overview of the stand dynamics simulations
For all the simulations performed according to an even-aged approach, the temporal
change in basal area followed a similar pattern (Figure 1). After an initial period of
stability, which corresponded to the time required for the stand to reach the harvest-
ing dimension, a series of shelterwood cuts gradually harvested all the mature trees
in the stand and led to a sharp decline in basal area. With the growth of the regen-
eration cohorts, basal area began to rise again to recover a level equivalent to that
observed before the shelterwood cuts. Except for the periods of shelterwood cuts and
regeneration, the basal area followed a jagged pattern (repetition of the sequence:
gradual increase due to tree growth followed by a drop of the same magnitude due
to cutting). Simulations according to an uneven-aged approach show a much higher
stability in basal area. In most cases, the basal area remained stable in the long-term
while following a jagged evolution in a shorter term. The oak stands in Chimay and
Stoumont exhibited greater fluctuations in basal area compared to the other stands.
This pattern likely reflects the episodic nature of oak regeneration, which occurred in
waves despite efforts to promote continuous regeneration.

When comparing tree species, one can note that the basal area was maintained
at a much higher level in coniferous stands and somewhat higher under beech than
under oak. Except during the regeneration phase, basal areas were larger in even-
aged stands when compared with uneven-aged ones. This was particularly true for
broadleaved species (Figure 1).

14



B
aileux

B
ruxelles

C
him

ay
E

upen
Lauzelle

S
toum

ont
−

 O
ak

V
irton

W
ellin −

O
akB

eech

2050 2100 2150 2200 2250

0
10
20
30
40

0
10
20
30
40

0
10
20
30
40

0
10
20
30
40

0
10
20
30
40

0
10
20
30
40

0
10
20
30
40

0
10
20
30
40

Year

B
as

al
 a

re
a 

(m
²/

ha
)

BROADLEAVED

B
lanche
V

irée
G

edinne
H

onsfeld
La R

oche
S

toum
ont

−
 C

onifers
W

ellin −
Larch

W
ellin −
P

ine

2010 2040 2070 2100

0
10
20
30
40
50

0
10
20
30
40
50

0
10
20
30
40
50

0
10
20
30
40
50

0
10
20
30
40
50

0
10
20
30
40
50

0
10
20
30
40
50

Year

B
as

al
 a

re
a 

(m
²/

ha
)

CONIFEROUS

Silvicultural scenario
Even-aged Uneven-aged

Trajectories
Average Individual

Fig. 1 Temporal variation of the stand basal area for each silvicultural scenario and for each site. Seedlings are not considered. For each silvicultural
scenario, the semi-transparent lines show the simulations from the five GCMs, while the opaque line represents the mean of these five simulations.
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3.2 Impact of the silvicultural scenario on ecosystem
functioning, profitability, wind resistance, biodiversity and
carbon storage indicators

The mixed-effects linear models used to partition indicator variability (Equation 4,
Table 3) explained around 90% of the variance for GPP , NPP , evapotranspira-
tion, profit, net present value, volume increment, wind resistance, and Simpson index
(Figure 2). For stability indicators, minimum wind resistance, TreMs score and car-
bon budget, the proportion of explained variance was lower (57-84%), whereas it was
96% for carbon storage. The site effect, encompassing the stand type, the soil and
the climate influences, accounted for more than 85% of the explained variance for
all indicators except NPP stability, evapotranspiration stability and minimum wind
resistance for which it was around 75%. For GPP , NPP , evapotranspiration, evap-
otranspiration stability, profit, net present value, volume increment, carbon budget
and, to a lesser extent, carbon storage, the second most influential factor was the
GCM, which accounted for 1-18% of the explained variance. However, for GPP stabil-
ity, NPP stability, wind resistance, minimum wind resistance, and the Simpson index,
the silvicultural scenario was more important, accounting for 2-25% of the explained
variance.

The silvicultural scenario had only a minor influence on the mean indicators of
forest ecosystem functioning (GPP , NPP , and ETP ). In broadleaved stands, NPP
under the uneven-aged scenario was 6% lower than under the even-aged scenario,
whereas in coniferous stands, ETP was 6% higher in the uneven-aged scenario com-
pared to the even-aged one (Figure 2). The reduction in NPP in broadleaved stands
conducted with an uneven-aged silviculture was limited to beech stands, whereas the
increase in ETP was observed only in spruce and/or Douglas fir stands (Figure S1).
Although average indicators show little effect, differences emerge in terms of stability,
which was generally higher under the uneven-aged scenario, particularly for coniferous
stands (Figure 2).

Overall, no effect of the silvicultural scenario was observed on financial indicators
related to wood production (profit, net present value). Nonetheless, these indica-
tors were consistently higher in coniferous stands compared with broadleaved stands
(Figure 2). At the level of individual stand types, the uneven-aged scenario showed
greater profitability in mixed oak and beech stands (volume increment increased by
15%, profit by 17% and net present value by 24%) (Figure S1).

Wind resistance was higher under the uneven-aged silviculture than under the
even-aged silviculture. In broadleaved stands, wind resistance (already higher than
in coniferous stands) increased from 0.81 to 0.86 when shifting to an uneven-aged
structure. In coniferous stands, it increased more modestly, from 0.47 to 0.51 (Figure
2). When considering individual stand types, wind resistance was enhanced in oak
stands, oak and beech mixtures, as well as in pure or mixed spruce and Douglas fir
stands (Figure S1). We also examined the minimum wind resistance over the simula-
tion period, which corresponds to the state of highest vulnerability to wind damage.
For this variable, differences are much more pronounced, with minimum wind resis-
tance in uneven-aged broadleaved stands reaching 0.54, compared with 0.29 under the
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even-aged scenario. For coniferous stands, the contrast is even stronger, with values
of 0.21 and 0.02 for the uneven-aged and even-aged scenarios, respectively Figure 2).

Regarding biodiversity indicators, the Simpson index revealed that tree species
diversity was 40% lower in uneven-aged broadleaved stands (particularly in oak and
beech mixtures). In contrast, tree microhabitats (TreMs score) were 12% more abun-
dant in uneven-aged coniferous stands (particularly in pure or mixed stands composed
of spruce and/or Douglas fir). Both indicators remained consistently lower in conif-
erous compared with broadleaved stands. The apparent lack of silvicultural effect on
the TreMs score in broadleaved stands masked contrasting species-specific responses:
in beech stands, the TreMs score was lower under the uneven-aged scenario, while in
oak stands, it was higher (Figure S1).

The carbon budget was positive in all cases, being approximately fourfold higher
in coniferous compared with broadleaved stands, mainly due to the spruce and/or
Douglas stands. The carbon budget was more favourable under coniferous stands due
to an increase in living biomass (while a decrease was observed for broadleaved stands),
a higher storage in harvested wood products and a larger substitution effect (Figure
3). In broadleaved stands, the carbon budget was 18% greater under the uneven-aged
scenario than under the even-aged one. This effect was observed in oak stands and
in oak and beech mixtures, but not in pure beech stands. It partly resulted from an
increased living biomass in oak stands and a higher substitution effect in oak and
beech mixtures managed under an uneven-aged silvicultural scenario (Figure S2). The
silvicultural scenario had no overall effect on carbon storage, except in pure pine or
larch stands, which showed higher storage under the uneven-aged scenario. This effect
was mainly due to storage in living biomass and harvested forest products (Figure S2).
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Fig. 2 Assessment of the silvicultural scenario effect on various indicators for broadleaved and
coniferous stands. In each boxplot, the inner horizontal line represents the median value, the diamond
symbol represents the mean value, the lower and upper ends of the box correspond to the 25th

(Q1) and the 75th (Q3) percentiles, respectively, which delimit the interquartile range (IQR), and
the extremities of the whiskers correspond to the minimum and maximum values determined as
Q1 − 1.5 × IQR and as Q3 + 1.5 × IQR, respectively. Significant differences among silvicultural
scenarios for a given species type (P-value ≤ 0.05) are indicated in bold, while potential but non-
significant trends (0.05 < P-value ≤ 0.1) are shown in regular font.
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4 Discussion

4.1 Ecosystem functioning and carbon storage
Our simulation results indicate that uneven-aged silviculture had only limited effects
on the mean values of the ecosystem functioning indicators considered, with two
notable exceptions: (i) a slight reduction in NPP in uneven-aged beech stands and (ii)
higher ETP rates in uneven-aged spruce and/or Douglas-fir stands. In contrast, more
pronounced differences emerged in their temporal dynamics, with stands managed
under uneven-aged silviculture exhibiting higher stability, particularly in coniferous
stands.

For beech, the lower NPP in uneven-aged stands appears to be primarily driven
by a difference in growing stock rather than intrinsic effects of the silvicultural sce-
nario itself. Basal area dynamics differed substantially between the two silvicultural
approaches; overall, the uneven-aged silviculture resulted in lower mean basal area in
beech stands (22 vs 24 m2 ha−1), which in turn reduced stand LAI by about 22%
and consequently diminished light interception and NPP . This lower mean basal
area is consistent with the fact that uneven-aged silviculture guidelines for temper-
ate broadleaved forests are typically built around low upper limits of growing stock
to secure continuous regeneration, maintain adequate light in the understorey, and
ensure sufficient recruitment across cohorts (Brüllhardt et al. 2022). Our findings sug-
gest that basal area thresholds in uneven-aged stands can have an effect as important
as the silvicultural system itself. In line with our results, Kellomäki et al. (2019) used
a forest ecosystem model to compare even-aged and uneven-aged silviculture in boreal
Norway spruce and showed that mean annual carbon uptake and growth were very
similar under both approaches. Consistent with our findings, they reported that dif-
ferences in productivity (e.g., GPP and NPP ) were limited once stand basal area
was considered.

In spruce and Douglas-fir, the uneven-aged scenario resulted in a higher mean
basal area (37 vs 31 m2 ha−1), diverging from the response observed in beech; how-
ever, this increase did not yield differences in LAI. In this case, the higher structural
heterogeneity may have contributed to the observed increased in evapotranspiration.
Uneven-aged structure tends to favour evapotranspiration because it enhances light
penetration to lower canopy strata and increases understory evaporation (Beaudet
et al. 2004; Kassuelke et al. 2022). These processes intensify stand-level water loss
even when total LAI remains unchanged. For spruce and Douglas-fir, the uneven-aged
silviculture guidelines recommend a target basal area that is much higher than for
beech (Table 2) and closer to the levels suggested for even-aged stands. The high basal
area thresholds for uneven-aged spruce and Douglas-fir stands may seem surprising
given the lower shade tolerance of these species (compared to beech). The reason
for this is the fact that conifers have thinner crown and needs less space to develop
than broadleaved trees such as beech (Schütz 1997). Additionally, it is important to
remember that, unlike conifers, beech seedlings lose their ability to grow upright if
they remain in the shade for too long (Schütz 2002). This raises the broader question
of how basal area thresholds might be optimized to balance regeneration requirements
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with stand productivity and carbon storage. It would be interesting to make further
simulation tests (as well as in situ trials) to refine these standards.

Even if there is limited effect of the silvicultural scenario on evapotranspiration,
the uneven-aged stands may be more resistant and resilient to drought since the
young trees are protected from the stressing conditions of the atmosphere by their
underlying position within the canopy (Bennett et al. 2015). They can also take over
the dominant ones in case of mortality induced by water stress.

The silvicultural scenario, and consequently stand structure, appears to have only
limited effects on the overall carbon budget. In all cases, the substitution effect
accounts for the majority of the average carbon budget, highlighting the importance
of product use strategy for long-term carbon mitigation independent of management
options (Lundmark et al. 2016). Compared to the silvicultural scenario, the forest
type (broadleaved vs coniferous) exerts a much stronger influence. Coniferous stands
showed an increase in living biomass and volume of harvested wood products remain-
ing in use, whereas most broadleaved stands exhibited a reduction in living biomass,
apart from uneven-aged oak stands. This exception resulted in a higher carbon budget
for oak managed under uneven-aged silviculture.

There is also no effect of the silvicultural scenario on total carbon stocks, which
are likely to be more sensitive to stocking density and, consequently, to the standards
applied in classical and continuous-cover forestry in Wallonia. This is consistent with
previous studies reporting no or minimal differences between silvicultural systems,
with generally slightly higher C stock in soils under uneven-aged systems and slightly
higher C stock in biomass under even-aged systems (Nilsen and Strand 2013; Lund-
mark et al. 2016; Peura et al. 2018). However, other studies have shown a positive
effect of uneven-aged silviculture on total C storage (Seidl et al. 2007; Díaz-Yáñez et al.
2020), suggesting that no clear or consistent trend emerges across studies. Change in
soil carbon storage was not considered in this study. It may however be higher in the
uneven-aged stands, as demonstrated in French forests by Jonard et al. (2017), since
they are subject to less disturbance due to less intensive harvesting, especially for the
final cuttings (Mayer et al. 2020).

4.2 Economic assessment
The silvicultural scenario also had no significant impact on financial indicators, except
for the oak-beech mixture. In this case, the observed increase in profitability associated
with the uneven-aged silviculture appears to be driven primarily by a tree species
substitution effect. Even-aged silviculture has been shown to be more effective at
maintaining the original species composition, largely due to the abundant regeneration
of oak achieved using the shelterwood method (Pohl et al. 2025). In contrast, uneven-
aged silviculture has tended to result in a gradual replacement of oak by beech over
time. This tree species substitution resulted in higher stand productivity since beech
grows faster, which translated into improved economic performance. In mixed-species
stands, shifts in species composition can have a more pronounced impact on financial
outcomes than the silvicultural approaches themselves.
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One may question whether using a different discount rate would have changed our
conclusions. We tested several discount rates (1.25%, 2%, 3%, 5%) and found that it
did not affect the relative results.

We assumed that the regeneration and harvesting costs did not differ between the
two silvicultural approaches since natural regeneration was applied in both cases. A
more in-depth cost analysis would enable us to verify this hypothesis, but this type
of information is not readily available.

Previous studies comparing even-aged and uneven-aged silviculture based on finan-
cial indicators have also relied on modelling approaches, as long-term trials are scarce
and often insufficiently documented (Kerr et al. 2010). Most of this work focuses on
the transformation of pure even-aged Norway spruce stands into uneven-aged pure
or mixed stands (Hanewinkel 2001; Hilmers et al. 2020; Vítková et al. 2021; Revent-
low et al. 2021). These studies report both negative and positive impacts of such
transformations, which can be interpreted as the absence of a clear overall effect, con-
sistent with the pattern observed in our study. Hanewinkel (2001) obtained a lower
net present value (NPV ) with the transformation to an uneven-aged stand and this
effect was more pronounced with a lower discount rate (1% vs 3%). As Hanewinkel
(2001), Reventlow et al. (2021) obtained a lower expectation value for the transforma-
tion compared to the classical even-aged silviculture, except for some scenarios with
an older initial stand (60 years old instead of 30 years old) and a higher discount rate
(3%). They also found that several trajectories can produce a balanced uneven-aged
stand but with large differences in the time needed to obtain it. They were in favour
of the creation of small gaps to achieve a quick transformation with a high profitabil-
ity due to early incomes. With younger initial stands, Vítková et al. (2021) obtained
higher land expectation values for the transformation scenarios than for the even-aged
scenarios while the transformation of older stands was found to be less economically
viable. This contrasts with the results of Reventlow et al. (2021) but can partly be
explained by the fact that the age of the old stands (60 years old) in Reventlow et al.
(2021) corresponds to that of the young stands (52 years old) in Vítková et al. (2021).
This importance of initial conditions was also reported by Kellomäki et al. (2019)
who showed that economic assessment of uneven-aged silviculture is more favourable
when conducted from already mature stands rather than since the time of planting.
The uncertainties on the financial impact of transformations are thus still large, and
it is not clear how these depend on the species, the initial conditions and the region
studied.

4.3 Biodiversity and wind resistance
Biodiversity was assessed based on two indicators: the abundance of tree-related
microhabitats (TreMs score) and the tree species diversity (Simpson index). The sub-
stitution of beech for oak in the uneven-aged oak and beech stands reduced tree species
diversity. Except for the beech stands, the TreMs score was generally higher for the
uneven-aged silviculture than for the even-aged one. At the stand scale, the TreMs
score was obtained by summing the individual score of each living tree bearing micro-
habitats. The individual score depends on the size/abundance of the microhabitats on
the tree and on the type of microhabitats (Larrieu and Amberger Unpublished). This
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individual score tended to increase with age, as older and larger trees are more likely
to contain large and rare microhabitats (Courbaud et al. 2017, 2022). However, this
is not only the age and species of the trees that matter at the stand level, but also
the density of the trees. The higher score for the uneven-aged stands compared to the
even-aged ones can be explained by the combination of a high tree density and the
presence of old large trees (Peura et al. 2018). An important advantage of uneven-aged
stands is also that many habitat types are kept over time, which is particularly ben-
eficial for species with limited dispersal (Larrieu et al. 2022). In even-aged systems,
species associated with large trees and deadwood may be temporarily lost and can be
slow (or fail) to recolonize. In the case of beech, the massive recruitment that occurred
under the even-aged scenario explains why the TreMs score was higher for this system.
Biodiversity is a highly complex concept that is very difficult to summarize in one or
more indices (Larrieu et al. 2022), and other dimensions of biodiversity besides tree
diversity and TreMs could have also been considered, such as the spatial heterogeneity
(in its horizontal and vertical dimensions) and the understorey vegetation.

One of the most evident effects of the silvicultural approach concerns wind resis-
tance. Stands managed under uneven-aged silviculture exhibit greater resistance to
wind damage, whereas mature even-aged stands approaching the end of the rotation
are much more vulnerable to storms. While uneven-aged stands may experience low
levels of wind damage at any time, even-aged stands can suffer complete destruction
at advanced stages of development, especially in coniferous stands. The higher wind
resistance of uneven-aged stands is likely due to the growth conditions in which the
trees develop. In uneven-aged stands, recruited trees develop under lower stand den-
sities, resulting in larger crowns and greater individual acclimation to wind-induced
mechanical stresses. Moreover, the number of large trees likely to be blown over by
the wind is more limited in such stands (Schelhaas 2008). Furthermore, the presence
of understorey trees reduces the loading on adult trees by dissipating part of the gust
energy (Gardiner et al. 2005). In contrast, wind stability in even-aged stands is pri-
marily expressed at the collective stand level, particularly under conditions of high
stand density. These even-aged stands are particularly vulnerable when they reach an
advanced stage of development and when wind-sensitive species are present. The tran-
sition phase, during which dense, mature even-aged stands are progressively opened
to initiate transformation into an uneven-aged structure, constitutes also a period of
heightened vulnerability to wind damage (Vítková and Ní Dhubháin 2013).

4.4 Importance of initial stand conditions
The mixed-effects linear models used to decompose the total variance of the different
indicators showed that initial site conditions play a predominant role in explaining the
variability (43 to 95%), particularly through stand characteristics such as species com-
position, developmental stage, and density. In contrast, the effect of the silvicultural
system, which can be partly attributed to differences in density or species composi-
tion dynamics associated with the uneven-aged silviculture, explained only a limited
share of the variability (0.2 to 20.6%) as well as the GCMs (1 to 13%).

Site conditions not only exert a decisive influence on the various indicators, but also
play a key role in guiding the choice of the most appropriate silvicultural approach.
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Indeed, the suitability of a given approach strongly depends on the local context. When
natural regeneration is abundant, composed of desirable species, and of good qual-
ity, uneven-aged silviculture is particularly appropriate. This approach offers greater
resilience, notably through higher resistance to disturbances and a better capacity for
recovery, as younger cohorts can replace dominant trees in the event of damage. How-
ever, natural regeneration can be difficult to achieve due to irregular fructification
(e.g., in oak), the shade intolerance of certain tree species, and pressure from ungu-
late browsing (Candaele et al. 2023). Moreover, transformation toward uneven-aged
stands is not recommended when the risk of windthrow is high, as is the case in old,
dense Norway spruce stands (Reventlow 2020). Conversely, even-aged silviculture may
be more suitable for the regeneration of shade-intolerant species or with irregular fruc-
tification. For instance, in mixed oak and beech forests in Wallonia, maintaining oak
is often advantageous, as it is better adapted to projected future climatic conditions,
supports higher associated biodiversity, and yields higher-quality timber.

To strengthen resilience and maximise ecosystem services at the landscape scale,
attention must be paid not only to structural heterogeneity within individual stands,
but also to the diversity of stand structures across the landscape, including both
even-aged and uneven-aged stands (Vítková and Ní Dhubháin 2013).

However, it must be acknowledged that even-aged silviculture is often associated
with conventional forestry practices that can be highly disruptive for the soil, including
clear-cutting, the use of heavy equipment such as harvester-processors and skidders,
and various forms of soil preparation. These impacts, however, are not inevitable:
harvesting can be conducted using more soil-conserving techniques, and regeneration
can take place under an existing canopy through the shelterwood method. Similarly,
managing a stand as uneven-aged does not, by itself, prevent soil compaction by
machinery unless specific protective measures are implemented.

4.5 Uncertainties and limitations of the approach
Uncertainty in future climate was partially captured using projections from five
GCMs, but it accounted for only a limited share of the overall variability (∼5%). How-
ever, our approach relies on a single emissions pathway (SSP3-7.0), which does not
encompass the full range of uncertainty associated with future climate projections. In
this study, we deliberately limited the level of complexity to focus primarily on the
silvicultural scenarios. However, HETEROFOR has already been used to investigate
the effects of climate change on forest ecosystem functioning (de Wergifosse et al.
2020b, 2022), and will continue to serve this purpose in future work. We are cur-
rently developing a tree hydraulics module that accounts for hydraulic failure and its
consequences for tree vitality. Compared with the model version used in this study,
this development will enable the representation of drought-induced mortality not only
through carbon starvation, but also through hydraulic failure or a combination of
both mechanisms. Once validated against historical data, this module will be used to
generate future projections of forest dynamics. Exploring scenarios with contrasting
radiative forcing, together with activating the tree hydraulics module, would provide
valuable complementary insights. However, the influence of natural mortality on forest
dynamics is likely to remain limited in a managed forest context as long as mortality
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rates stay well below harvesting intensity. As growth rates would likely differ among
scenarios, harvesting intensity would be adjusted accordingly under our approach. If
the capacity of forest management to absorb dead or declining trees is exceeded, how-
ever, forest dynamics could be substantially altered, requiring alternative silvicultural
approaches. Assessing such strategies falls beyond the scope of the present study, but
has been examined in Guignabert et al. (2024).

5 Conclusion
Our simulation study indicates that, under comparable conditions and using natural
regeneration, even-aged and uneven-aged silviculture yield similar outcomes in terms
of profitability and carbon storage. While mean values of forest ecosystem functioning
indicators are largely comparable between the two approaches, uneven-aged stands
exhibit higher temporal stability, particularly in coniferous forests. In terms of biodi-
versity, species richness tends to be higher under even-aged silviculture, whereas tree
microhabitats are more abundant in uneven-aged stands. Moreover, uneven-aged sil-
viculture produces stands that are more wind-resistant and avoid periods of extreme
vulnerability, unlike mature even-aged coniferous stands. All scenarios were based on
regional guidelines; however, repeating the simulations while varying target basal areas
could provide further insights, as growing stock appears to influence some indicators
more strongly than stand structure.
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