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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 approach is more
profitable, conducive to carbon storage, favourable to biodiversity 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 (continuation 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 similar outcomes in terms of carbon storage. Financial indicators
were likewise largely unaffected, except in the oak-beech mixture, where uneven-aged silviculture increased profitability
through the substitution of oak by beech. This shift reduced tree species diversity in uneven-aged oak-beech stands. Tree
microhabitats, except in beech stands, were more abundant under uneven-aged silviculture. While mean values of forest
ecosystem functioning indicators are largely comparable 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

Introduction 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 cover-
ing at least one full rotation.

A further challenge lies in the fact that CCF advocates a set
of practices consistent 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,

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). How-
ever, from a scientific perspective, rigorously demonstrating

these presumed benefits remains challenging. Conducting a
robust comparison between CCF and conventional rotation
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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 carrying capacity,
and the establishment of natural forest edges (Pommerening
and Murphy 2004). In this study, we focus on one specific

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10113-026-02629-4&domain=pdf
http://orcid.org/0000-0002-8274-4593
http://orcid.org/0000-0002-1512-6760
http://orcid.org/0000-0002-5438-3612
http://orcid.org/0000-0002-8538-3009
http://orcid.org/0000-0002-5508-4358
http://orcid.org/0000-0002-3050-9559
http://orcid.org/0000-0002-6436-2727
http://orcid.org/0000-0002-8110-8640
http://orcid.org/0000-0003-0111-3130
http://orcid.org/0000-0002-9680-792X

151  Page20f19

Regional Environmental Change (2026) 26:151

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), thereby favour-
ing a continuous flow of natural regeneration (Schiitz 2002;
Vitkova and Ni Dhubhdin 2013).

Whether or not uneven-aged silviculture is more prof-
itable than even-aged silviculture is still being debated (Peura
et al. 2018; Hanewinkel and Pretzsch 2000; Hanewinkel
et al. 2014a; Mason et al. 2022; Stal 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 individual tree management (Pommerening and
Murphy 2004; Vitkovd and Ni Dhubhdin 2013). However,
this approach makes forest management more challeng-
ing, particularly 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 finan-
cial capital tied up in the forest. 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 sil-
viculture globally and found no clear advantage of either
approach for maintaining ecological diversity and processes.
To continue exploring this topic, Zeller et al. (2023) examined
links between forest structural attributes and species rich-
ness, as forest structure reflects both silviculture and natural
dynamics. They emphasized the role of large canopy gaps,
which benefit many species through increased light availabil-
ity (Pawson et al. 2006; Wallendorf et al. 2007; Bogdziewicz
and Zwolak 2014), and very old successional stages with
microhabitat-bearing trees and abundant deadwood favour-
ing fungi (Hilmers et al. 2018). Because even-aged systems
create larger gaps, whereas uneven-aged stands better 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 silvi-
cultural systems (Hanewinkel et al. 2014b; Mohr et al. 2024).
The growing conditions in uneven-aged stands allow for a
more gradual acclimatization to wind exposure (Schelhaas
2008). In contrast, wind resistance is ensured collectively in
an even-aged stand and may be compromised when neigh-
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bouring 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 products may be influenced by the sil-
vicultural system. Assessing which system favours carbon
storage requires comparing average standing C stocks over
a full rotation 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 the uneven-aged system
(Seidl et al. 2007; Diaz-Yafez 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:

(1) Whatimpact does the silvicultural approach (even-aged
vs uneven-aged) have on ecosystem functioning?
(i1) Isit 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; Vitkova et al. 2021) as well as on car-
bon sequestration, stability, and biodiversity (Hilmers et al.
2020).

Our aim is to simulate the evolution of fifteen stands span-
ning the most frequent 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 accord-
ing to economic and ecological indicators. We focused on the
most abundant tree species in Wallonia (Alderweireld et al.
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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 selec-
tive harvesting was used for the uneven-aged approach. No
plantation 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 with a detailed
spatial representation and great flexibility in the applica-
tion of silvicultural 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 per-
form 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 services. HETERO-
FOR simulates regeneration dynamics based on a spatially
explicit and process-based module. This represents a step for-
ward compared to previous modelling studies focused on the
transformation from even-aged to uneven-aged silvicultural
system, which were based on more empirical approaches
(Hanewinkel 2001; Hilmers et al. 2020; Vitkova et al. 2021;
Reventlow et al. 2021).

Materials and methods
Site description

The simulations were initialized using fifteen even-aged for-
est stands representative of Walloon forests. These included
broadleaved stands predominantly dominated by sessile
(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 development stage in
order to start the simulations with mature forests to be regen-
erated within the next 30 to 50 years, namely approaching the
target harvesting dimensions specified for the corresponding
species (see “Silvicultural routes”) 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 moni-
toring sites from various international networks (Long-Term
Ecosystem Research Network sites, ICP Forests level 11
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 Wallo-
nia, with mean annual temperatures (MAT) ranging from
8.4 to 10.5 °C and mean annual precipitation (MAP) vary-
ing between 779 and 1329 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 character-
istics are provided in Table 1.

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). HETEROFOR
has been developed within the CAPSIS platform (Dufour-
Kowalski et al. 2012) and uses some of its libraries to describe
specific processes.

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 understorey based on the SAMSARA-
LIGHT 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 (Mon-
teith 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 (G P P, measured in kgC tree~! h™1) for each
tree based on the intercepted radiation and the soil water
potential using the biochemical photosynthesis model from
the CASTANEA library (Dufréne et al. 2005). Next, the net
primary production (N P P, inkgC tree~! h™!) is empirically
derived from G P P using the carbon use efficiency (CUE)
approach. CUE is variable and depends on factors such as
tree size, shape, competition for light, and mean annual tem-
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Table 1 Main characteristics of the stands used to initialize the simulations

Site Species Tree density Basal area Mean DBH  Hdom Soil texture® MAP MAT
(Nha™h (m?ha~!) +std(cm) (m) (mm) (°C)
Oak Chimay Quercus petraea 68 14.2 505+ 112 205  Clay loam 911 9.3
(1.1 ha) Carpinus betulus 648 5.4 97+34 15.8
Total 717 19.7 13.5+12.8 194
Stoumont Quercus petraea 194 21.6 358+ 125 214  Siltloam 1124 8.6
- Oak Fagus sylvatica 56 3.2 23.8+11.2 149
(1.2 ha) Betula pendula 44 1.6 20.7 £ 5.3 14.9
Total 302 26.5 31.2+132 211
Beech Bruxelles Fagus sylvatica 77 36.9 774 +10.8 39.1 Silt loam 829 10.3
(1.0 ha)
Eupen Fagus sylvatica 253 20.0 283+134 259  Clay loam 970 74
(1.0 ha)
Virton Fagus sylvatica 297 14.5 22.6+£10.1 239 Clay 1070 9.4
(1.4 ha) Fraxinus excelsior 28 2.5 20.1+ 147 21.3
Acer pseudoplatanus 11 1.2 272+178 184
Total 372 20.3 23.5+11.4 240
Oak & Beech Baileux Fagus sylvatica 262 19.2 26.1£153 28.1 Silty 953 9.3
(1.7 ha) Quercus petraea 113 15.6 41.0+74 27.2 clay loam
Total 382 34.8 302+152 285
Wellin Fagus sylvatica 329 16.5 205+ 146 253 Loam 1061 8.8
- OakBeech Quercus petraea 42 8.8 49.6 £12.6 24.6
(1.2 ha) Total 371 25.3 23.5+16.9 252
Lauzelle Fagus sylvatica 36 8.7 469 £349 234 Silt loam 779 10.5
(1.4 ha) Quercus petraea 20 6.8 65.3+18.0 31.6
Acer pseudoplatanus 181 6.4 16.8 £ 12.7 244
Total 260 234 244 +235 299
Spruce &| Douglas  Gedinne Picea abies 217 31.4 424 £5.7 31.9 Loam 1329 8.0
(1.4 ha)
Honsfeld Picea abies 761 253 20.1 £4.2 18.0  Silt loam 964 74
(1.0 ha) Total 764 25.3 20.1 £4.2 18.0
La Roche Picea abies 607 33.8 262+4.7 226  Siltloam 1045 8.8
(1.4 ha) Pseudotsuga menziesii 34 3.7 36.1 £54 24.8
Total 641 37.5 26.7+£52 235
Blanche Virée Pseudotsuga menziesii 549 38.5 292+59 307 Loam 1061 8.8
(1.4 ha) Total 552 38.5 29.1+6.0 307
Stoumont Pseudotsuga menziesii 128 27.9 522+ 114 343  Loam 1124 8.6
- Conifers Picea abies 141 14.0 354+66  28.0
(1.2 ha) Total 275 42.3 414+ 123 34.2
Pine | Larch Wellin - Larch  Larix decidua 278 304 369+57 254  Loam 1061 8.8
(1.0 ha)
Wellin - Pine  Pinus sylvestris 195 314 44.6 £8.2 21.1 Loam 1061 8.8
(1.1 ha) Betula pendula 48 1.3 17.6 £5.0 14.8
Total 258 33.0 37.7+14.5 211

2USDA soil textural classification

Species with a basal area < 1 m? ha~! are not individually shown but are included in the total

DBH trunk diameter at breast height, Hdom dominant height, defined as the average height of the 100 trees per hectare with the largest trunk
diameter

Mean annual precipitation (MAP) and mean annual temperature (MAT) represent averages over the period 1980-2015, determined from ERAS
reanalysis dataset (Hersbach et al. 2020)
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perature (M AT). The N P P is first allocated to foliage and
fine roots (diameter < 2mm), ensuring a functional bal-
ance, and then distributed to structural components using
allometric equations. Dimensional growth is deduced from
the biomass allocated to the aboveground structural compo-
nents.

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. 12m). 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 disproportionately long calcula-
tion times and would be of little interest. The regeneration
development is therefore described using cohorts. A regen-
eration cohort is a group of seedlings/saplings of the same
tree species and age. To account for the spatial heterogeneity
of the regeneration, a matrix approach is used based on the
cells defined for the radiation transfer (Courbaud et al. 2003;
Andréetal.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 x 10m). 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
diameter, and the mean height of the individuals (seedlings
or saplings) that compose it. The model calculates the cohort
cover and L AI based on these characteristics. From the radi-
ation 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, which allows estimat-
ing the mean height increment by accounting for the shade
tolerance 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 surviv-
ing 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 the 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.

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 star-
vation: (i) competition for light, when carbon assimilation
becomes insufficient to maintain functional organs (i.e. cor-
responding 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 dam-
age 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 crit-
ical 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 descrip-
tion).

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

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 running the model for their calibration: the height
growth function and the carbon use efficiency. The calibra-
tion 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 conif-
erous) 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
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 devel-
opment, yellowing, and fall) and water balance dynamics
(throughfall, extractable water, individual transpiration, deep
drainage) was also carried out by de Wergifosse et al. (2020a)
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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) meteoro-
logical 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.

Simulation experiment
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 WSES 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 forc-
ing 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 robustness of manage-
ment 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 precipitation trajecto-
ries. 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-CMO6A -
LR, MPI-ESM1-2-HR, MRI-ESM2-0, and UKESM1-0-LL)
were selected based on the provided climate variables, the
model performance during the historical period, and their
representation of key processes, their structural indepen-
dence, and their climate sensitivity (Lange et al. 2021). To
avoid the uncertainties associated with the CO, fertilization
effect, the simulations were conducted using a fixed atmo-
spheric CO; 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 simula-
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tion 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 for all subsequent years was
randomly selected from within the final 30 years of the pro-
jection series.

Silvicultural routes

For each stand, two simulations were carried out consider-
ing 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 define the trees to be cut
according to fixed rules) developed specifically for HET-
EROFOR, 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 D B H value mentioned
in Table 2). Shelterwood harvesting was then carried out uni-
formly over the stand area in several cuts performed every 6
years. The number of shelterwood cuts was fixed accord-
ing to the 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 ‘regen-
eration from seed’ option was selected, regeneration cohorts
appeared automatically. The stand was then conducted fol-
lowing 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 thin-
ning, 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 m? ha~! 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 harvest-
ing dimension at each cutting cycle and by completing these
silvicultural operations with mixed thinnings where neces-
sary, limiting the harvest intensity to a maximum 20-25%
of the basal area to prevent stand destabilization. The cut-
ting cycle was 6 years for coniferous stands and 12 years for
broadleaved ones. For a given species, the target basal area
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Table 2 Main specifications of the silvicultural routes used for the simulations

Species Even-aged silviculture Uneven-aged silviculture Harvesting DBH Clearings
Cutting modalities Progressive  Cutting modalities®®  Target basal area (cm) Height Target density
cuts (m? ha~!) range (m) (N ha~1)
Oak? Thinnings from below 3 Harvest of trees with 16 79.6 5-8 2000
every 12 years DBH > 79.6 cm and
following the yield mixed thinnings,
table of Sardin every 12 years
(2008)
Hornbeam Coppice harvest every Coppice harvest every 1
12 years 12 years
Beech® Thinnings from below 4 Harvest of trees with 18 70.0 7-10 4000
every 12 years DBH > 70.0 cm and
following the yield mixed thinnings,
table of Vanniere every 12 years
(1984)
Spruce Thinnings from below 4 Harvest of trees with 33 47.7 7-10 2000
every 6 years DBH > 47.7 cm and
following the yield mixed thinnings,
table of Perin et al. every 6 years
(2016)
Douglas fir Thinnings from below 3 Harvest of trees with 34 66.8 7-10 2000
every 6 years DBH > 66.8 cm and
following the yield mixed thinnings,
table of Perin et al. every 6 years
(2016)
Larch Thinnings from below 2 Harvest of trees with 27 66.8 5-10 1000
every 6 years DBH > 66.8 cm and
following the yield mixed thinnings,
table of Pauwels every 6 years
(2003)
Pine Thinnings from below 2 Harvest of trees with 27 57.3 5-8 1500

every 6 years
following the yield
table of Vanniere
(1984)

DBH > 57.3 cm and
mixed thinnings,
every 6 years

#Regeneration clearings were carried out to promote oak seedlings: (i) for even-aged silviculture, every year during progressive cuts; (ii) for
uneven-aged silviculture, competing species were reduced to a cover of 10% every 3 years when oaks were 0-3m in height, and to a density of

500/ha every 6 years when oaks were 3—-6m in height

b Additional thinnings were carried out at mid-rotation in the presence of fast-growing species (maple, in Louvain-la-Neuve)

“Values after thinning, following Sanchez (2013)

dHarvest trunk diameter at breast height (DBH) for secondary species are 63.7 cm for maple, 57.3 cm for ash, and 44.6 for birch

post-cutting was set by selecting the upper end of the range
recommended by Sanchez (2013).

Simulation analysis

The analysis of the simulation results (e.g. comparison of
the two silvicultural scenarios for different stand types) was
conducted on the basis of indicators of forest ecosystem func-

tioning, provision of ecosystem services, wind resistance,
and biodiversity.

Forest ecosystem functioning was assessed using three
key indicators, gross primary production (G P P), net pri-
mary production (N P P), and evapotranspiration (ET P),
which were evaluated based on their annual mean values
and temporal stability over the simulation period. These vari-
ables represent major carbon and water fluxes and provide
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insights into forest productivity and overall vitality, while
evapotranspiration also constitutes an important climate ser-
vice due to its cooling effect at local and regional scales.
Stability, defined as the inverse of the coefficient of variation
(stability = u /o), characterizes the temporal dynamics of
the forest and its ability to maintain a 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 character-
ized by the average annual volume increment (7,,;, m> ha™!
year~!) over the whole simulation period, calculated using
the following:

o Volpary + (Volena — Volipir)
n

vol (1)
where Voljgry, Volini, and Volyg (m3 ha~!) are the cumu-
lated 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 half that at breast height
(Delevoy volume), while it corresponds to the stem volume
up to the 7cm diameter height level for coniferous.

The average annual profit (AA P,€ha~! year™!) was used
as a financial indicator for wood production, determined as
follows:

Z?:()(Ii - Ei) + (SVend - SVinit)

n

AAP = (2)

where I; and E; (€ ha_l) 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 SV;,;; and SV, are the
stumpage values (€ ha~!) 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 (€ ha™!). It is calculated as follows
(Vitkova et al. 2021):

n
I,' —E,‘ LV+SVend

NPV = - 3

B AT ¥

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

These financial indicators were computed using ECO-
NOMICS?2 (Ligot 2021), but with some adaptations to obtain
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the indicators specific to HETEROFOR. These calculations
require several information, including price lists for timber
and forestry operations as well as forest land value. The eco-
nomical data used for this work are presented in Tables S1
and S2.

Regarding carbon storage, two indicators were consid-
ered: 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 for-
est 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 cor-
responds 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 assump-
tion are discussed in the “Discussion” section.

The carbon stored in forest products, as well as the associ-
ated carbon emissions and substitution effects, was 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 matter 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 configura-
tion scheme that describes the carbon life cycle of wood
products, including transformation, recycling, and disposal
stages, CAT also provides estimates of the following:

(1) 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 (CHy, 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
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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 inter-
vals with a wind gust intensity of 40m s~!. 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,
2022) and Larrieu et al. (2022) whose outcomes were first
implemented in the SAMSARA?2 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 sim-
ulations (Larrieu and Amberger Unpublished). The higher
the score, the higher 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 con-
tributions of site, silvicultural scenario, global circulation
model, and residual variability, the following mixed-effects
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linear model was fitted for each indicator with the Imer func-
tion from the Ime4 package of the R software (R Core Team
2025):

Indicatorgpecies = [Silv+GCM] fixea +[Sitelrandom +€
4)

where the silvicultural scenario (Si/v) and the global circula-
tion model (G C M) were set as fixed effects and the site (Site)
was included as arandom effect. The interaction terms among
these factors were not considered as they did not appear to
be significant or were only slightly significant.

Results
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 sim-
ilar pattern (Fig. 1). After an initial period of stability, which
corresponded to the time required for the stand to reach the
harvesting dimension, a series of shelterwood cuts gradu-
ally 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,
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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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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 (Fig. 1).

Impact of the silvicultural scenario on ecosystem
functioning, profitability, wind resistance,
biodiversity, and carbon storage indicators

The mixed-effects linear models used to partition indica-
tor variability (Eq.4, and Table 3) explains around 90% of
the variance for G P P, N P P, evapotranspiration, profit, net
present value, volume increment, wind resistance, and Simp-
son index (Fig.2). For stability indicators, minimum wind
resistance, TreMs score, and carbon 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 indica-
tors except N P P stability, evapotranspiration stability, and
minimum wind resistance, for which it was around 75%.
For GP P, N P P, evapotranspiration, evapotranspiration sta-
bility, 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 G P P stability,
N P P 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 (GP P,
NPP,and ET P). In broadleaved stands, N P P under the
uneven-aged scenario was 6% lower than under the even-
aged scenario, whereas in coniferous stands, ET P was 6%
higher in the uneven-aged scenario compared to the even-
aged one (Fig.2). The reduction in NP P in broadleaved
stands conducted with an uneven-aged silviculture was
limited to beech stands, whereas the increase in ET P was
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observed only in spruce and/or Douglas fir stands (Fig. 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 (Fig.2).

Overall, no effect of the silvicultural scenario was observed
on financial indicators related to wood production (profit, net
present value). Nonetheless, these indicators were consis-
tently higher in coniferous stands compared with broadleaved
stands (Fig.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%) (Fig. S1).

Wind resistance was higher under the uneven-aged silvi-
culture 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 (Fig. 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 (Fig. S1). We also examined
the minimum wind resistance over the simulation period,
which corresponds to the state of highest vulnerability to
wind damage. For this variable, differences are much more
pronounced, with minimum wind resistance in uneven-aged
broadleaved stands reaching 0.54, compared with 0.29 under
the 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 (Fig.?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 abundant in uneven-aged coniferous stands
(particularly in pure or mixed stands composed of spruce
and/or Douglas fir). Both indicators remained consistently
lower in coniferous 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
(Fig. 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 Dou-
glas 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 (Fig. 3). In broadleaved stands, the carbon budget was
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Table 3 Contributions of the site, silvicultural scenario, and climate model effects to the variance of the indicators derived from the simulations

Effects® GPP NPP Evapotranspiration
% explained % total P-value Y% explained % total P-value % explained % total P-value
variance variance variance variance variance variance
Site 92.8 85.8 <0.001 92.0 79.2 <0.001 91.7 81.1 <0.001
Silvi 0.3 0.2 0.032 0.8 0.7 0.006 0.6 0.5 0.011
GCM 6.9 6.4 <0.001 7.2 6.2 <0.001 7.7 6.9 <0.001
Residuals 7.6 139 11.5
GPP stability NPP stability Evapotranspiration stability
% explained % total P-value % explained % total P-value % explained % total P-value
variance  variance variance  variance variance  variance
Site 85.4 57.6 <0.001 75.9 43.3 <0.001 74.6 51.8 <0.001
Silvi 10.3 7.0 <0.001 19.5 11.1 <0.001 7.0 4.9 <0.001
GCM 43 29 0013 4.6 2.6 0.068 18.4 12.8 <0.001
Residuals 325 43.0 30.5
Profit Net present value Volume increment
% explained % total P-value Y% explained % total P-value % explained % total P-value
variance variance variance variance variance variance
Site 93.4 86.0 <0.001 94.7 84.8 <0.001 88.5 75.6  <0.001
Silvi 0.3 0.3  0.020 0.7 0.6 0.015
GCM 6.3 5.7 <0.001 53 4.7 <0.001 10.8 9.3 <0.001
Residuals 8.0 10.5 14.5
Wind resistance Minimum wind resistance Simpson index
% explained % total P-value % explained % total P-value % explained % total P-value
variance  variance variance variance variance variance
Site 95.2 82.0 <0.001 75.1 62.3 <0.001 97.9 85.8 <0.001
Silvi 4.8 4.1 <0.001 24.9 20.6 <0.001 2.1 1.9 <0.001
GCM
Residuals 13.9 17.1 12.3
TreMs score Carbon budget Average carbon storage
% explained % total P-value Y% explained % total P-value % explained % total P-value
variance variance variance variance variance variance
Site 100.0 70.6 <0.001 90.9 75.8 <0.001 98.7 95.1 <0.001
Silvi 1.5 1.3 0.001 0.3 0.2 0.002
GCM 7.6 6.4 <0.001 1.0 1.0 <0.001
Residuals 29.4 16.5 3.7

4 Site, encompassing the influence of the stand type (Oak, Beech, Oak and Beech, Spruce and/or Douglas, Pine or Larch), the soil, and the climate;

Silvi, silvicultural scenario (even-aged, uneven-aged); GC M, general circulation model

18% greater under the uneven-aged scenario than under the

Discussion

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

Ecosystem functioning and carbon storage

a higher substitution effect in oak and beech mixtures man-
aged under an uneven-aged silvicultural scenario (Fig. 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 (Fig. S2).

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 excep-
tions: (i) a slight reduction in N P P in uneven-aged beech
stands and (ii) higher ET P rates in uneven-aged spruce
and/or Douglas-fir stands. In contrast, more pronounced dif-
ferences emerged in their temporal dynamics, with stands
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cate significant differences. Active carbon and stable carbon are two
components of mineral soil carbon. Active carbon is the fraction that
is readily decomposed by macro-organisms, while stable carbon is the
fraction that is more resistant to decomposition
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managed under uneven-aged silviculture exhibiting higher
stability, particularly in coniferous stands.

For beech, the lower N P P in uneven-aged stands appears
to be primarily driven by a difference in growing stock rather
than intrinsic effects of the silvicultural scenario itself. Basal
area dynamics differed substantially between the two sil-
vicultural approaches; overall, the uneven-aged silviculture
resulted in lower mean basal area in beech stands (22 vs
24m? ha~!), 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 temperate
broadleaved forests are typically built around low upper
limits of growing stock to secure continuous regeneration,
maintain adequate light in the understorey, and ensure suffi-
cient recruitment across cohorts (Briillhardt et al. 2022). Our
findings suggest that basal area thresholds in uneven-aged
stands can have an effect as important as the silvicultural
system itself. In line with our results, Kellomiki 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 find-
ings, they reported that differences in productivity (e.g. G P P
and N P P) were limited once stand basal area was consid-
ered.

In spruce and Douglas-fir, the uneven-aged scenario
resulted in a higher mean basal area (37 vs 31m? ha™!),
diverging from the response observed in beech; however, this
increase did not yield differences in LAL In this case, the
higher structural heterogeneity may have contributed to the
observed increase in evapotranspiration. Uneven-aged struc-
ture tends to favour evapotranspiration because it enhances
light penetration to lower canopy strata and increases under-
story 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 a thinner crown and need less
space to develop than broadleaved trees such as beech (Schiitz
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 (Schiitz 2002). This
raises the broader question of how basal area thresholds might
be optimized to balance regeneration requirements 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 a 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 struc-
ture, 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 for-
est type (broadleaved vs coniferous) exerts a much stronger
influence. Coniferous stands showed an increase in living
biomass and volume of harvested wood products remaining
in use, whereas most broadleaved stands exhibited a reduc-
tion 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 stock-
ing density and, consequently, to the standards applied in
classical and continuous-cover forestry in Wallonia. This
is consistent with previous studies reporting no or mini-
mal 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 sys-
tems (Nilsen and Strand 2013; Lundmark 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; Diaz-Yafiez 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 how-
ever 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).

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
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stand productivity since beech grows faster, which trans-
lated into improved economic performance. In mixed-species
stands, shifts in species composition can have a more pro-
nounced impact on financial outcomes than the silvicultural
approaches themselves.

One may question whether using a different discount rate
would have changed our conclusions. We tested several dis-
count 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 financial 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; Vitkova et al. 2021;
Reventlow 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 (N PV) 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 transformation compared to
the classical even-aged silviculture, except for some scenar-
ios with an older initial stand (60 years old instead of 30 years
old) and a higher discount rate (3%). They also found that sev-
eral 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 high profitability due to early incomes.
With younger initial stands, Vitkova et al. (2021) obtained
higher land expectation values for the transformation scenar-
ios 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 Vitkova et al. (2021).
The importance of initial conditions was also reported by
Kellomiki et al. (2019) who showed that economic assess-
ment 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.

@ Springer

Biodiversity and wind resistance

Biodiversity was assessed based on two indicators: the abun-
dance of tree-related microhabitats (TreMs score) and the tree
species diversity (Simpson index). The substitution 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 scores of
each living tree bearing microhabitats. 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 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). How-
ever, 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 partic-
ularly beneficial 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 mas-
sive 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 spa-
tial heterogeneity (in its horizontal and vertical dimensions)
and the understorey vegetation.

One of the most evident effects of the silvicultural
approach concerns wind resistance. 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 densities, 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 (Schel-
haas 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
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in even-aged stands is primarily expressed at the collec-
tive 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 transition phase, dur-
ing which dense, mature even-aged stands are progressively
opened to initiate transformation into an uneven-aged struc-
ture, also constitutes a period of heightened vulnerability to
wind damage (Vitkova and Ni Dhubhdin 2013).

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 vari-
ability (43 to 95%), particularly through stand characteristics
such as species composition, developmental stage, and den-
sity. In contrast, the effect of the silvicultural system, which
can be partly attributed to differences in density or species
composition dynamics associated with the uneven-aged sil-
viculture, 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. Indeed,
the suitability of a given approach strongly depends on the
local context. When natural regeneration is abundant, com-
posed of desirable species, and of good quality, uneven-aged
silviculture is particularly appropriate. This approach offers
greater resilience, notably through higher resistance to distur-
bances 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 ungulate brows-
ing (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 fructification. For instance, in mixed
oak and beech forests in Wallonia, maintaining oak is often
advantageous, as it is better adapted to projected future cli-
matic 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, includ-
ing both even-aged and uneven-aged stands (Vitkova and Ni
Dhubhdin 2013).

However, it must be acknowledged that even-aged sil-
viculture 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 prepara-
tion. 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 imple-
mented.

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%). However,
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 primar-
ily 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 currently developing a tree hydraulics
module that accounts for hydraulic failure and its conse-
quences for tree vitality. Compared with the model version
used in this study, this development will enable the rep-
resentation 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 con-
trasting radiative forcing, together with activating the tree
hydraulics module, would provide valuable complementary
insights. However, the influence of natural mortality on for-
est dynamics is likely to remain limited in a managed forest
context as long as mortality rates stay well below harvesting
intensity. As growth rates would likely differ among sce-
narios, harvesting intensity would be adjusted accordingly
under our approach. If the capacity of forest management to
absorb dead or declining trees is exceeded, however, forest
dynamics could be substantially altered, requiring alterna-
tive silvicultural approaches. Assessing such strategies falls
beyond the scope of the present study, but has been examined
in Guignabert et al. (2024).

Conclusion
Our simulation study indicates that, under comparable

conditions and using natural regeneration, even-aged and
uneven-aged silviculture yield similar outcomes in terms

@ Springer
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of profitability and carbon storage. While mean values of
forest ecosystem functioning indicators are largely com-
parable between the two approaches, uneven-aged stands
exhibit higher temporal stability, particularly in coniferous
forests. In terms of biodiversity, species richness tends to
be higher under even-aged silviculture, whereas tree micro-
habitats are more abundant in uneven-aged stands. Moreover,
uneven-aged silviculture 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 simula-
tions while varying target basal areas could provide further
insights, as growing stock appears to influence some indica-
tors more strongly than stand structure.

Supplementary Information  The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10113-026-02629-
4.
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